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Simulation Models for Hydro-Electric Energy by
Steady-Rate and Night-Shift-Pumped-Storage
Operations

Tefaruk HAKTANIR'
Alper AYDEMIR?

ABSTRACT

New operation simulation models for hydroelectric energy and its financial benefit over an
N-year period in daily time steps by the steady-rate and the open-loop night-shift-pumped-
storage rules are developed. These models are applied on 11 existing dams in Tiirkiye, which
reflect a wide range of hydrologic and hydraulic peculiarities, for regulations between 90%
through 40% and the outputs are compared. Regulation is the ratio of (outflow for energy
generation, hm?/day) / (average inflow, hm3/day). The present worth of energy benefits and
of that of pumping costs computed with a discount rate of 9.5% over a 35-year period yield
that the night-shift pumped-storage operations are more profitable than the steady-rate rule.
Finally, generalized regression equations for average annual produced energy and for present
worth of net benefits by both operation rules against statistically significant explanatory
variables are developed using the results of these 11 dams, which are all meaningful by
relevant statistical criteria.

Keywords: Reservoir operation, hydro-electric production by daily time steps, pumped-
storage hydropower plants, renewable energy, water resources.

1. INTRODUCTION

According to a relevant report by the International Hydropower Association (IHA), the
pumped-storage hydropower is the world’s water battery because it provides flexible power
services to grids since the beginning of the 20th century [1]. Zhang et al (2015) mention the
advantages of the pumped-storage hydropower systems as balancing the peaking and dipping
energy demands, providing reserve capacity, controlling frequency, and regulating phase
fluctuations [2]. The pumped-storage hydropower is said to be the least-cost and hence the

Note:
- This paper was received on October 26, 2022 and accepted for publication by the Editorial Board on
May 26, 2023.
- Discussions on this paper will be accepted by November 30, 2023.
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preferred means for storing energy for durations between 4 and 16 hours in the Highlights
section of U.S. Hydropower Market Report [3].

In a fairly recent paper, having done detailed research by GIS and DEM analyses, considering
the existing reservoirs having at most 20 km distance from each other, it is concluded that
the realizable potential of pumped-storage hydropower of all of Europe including Tiirkiye is
28.7 TWh/year and of Tiirkiye alone is 19.63 TWh/year [4]. This means the pumped-storage
hydropower potential of Tiirkiye accounts for 68% of the European total. In spite of this fact,
unfortunately, there is not a single pumped storage system operating in Tiirkiye.

In the ‘Proposed Measures to be Taken in The Near Future’ Section of the General Activities
Report of the Year 2021 published by the General Directorate of State Hydraulic Works of
Tiirkiye, recommendations are made about implementing pumped-storage hydropower
systems by dams in cascade positions to serve for the same objectives as those expressed in
the first paragraph above [5] (www.dsi.gov.tr).

The Official Gazette of Republic of Tiirkiye dated 12.2.2020 presents the list of projects of
agreed upon and endorsed investments by then (https://www.resmigazete.gov.tr). One of
these projects is a closed-loop system of pumped-storage to be formed by constructing an
upper reservoir along with a hydropower plant (HPP) having a capacity of 1400 MW to be
jointly operated with the present Gok¢aya Dam and HPP. This project, which will be the first
pumped-storage system in Tiirkiye, is to be carried out by the Joint Venture formed by two
Japanese companies and one Turkish company. Aside from this tangible action for realization
of a first pumped-storage hydropower system, there have been quite a few academic theses,
technical reports, and papers about pumped-storage hydropower in Tiirkiye [6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16].

Ak et al (2019) using 19-year long gauged monthly stream flows data, formed an objective
function expressing the revenues gained by marketing the generated electricity minus the
costs spent for pumping at night hours by the hydropower plants of three dams of Arkun,
Yusufeli and Artvin, which are serially located in a cascading form on Coruh River [6].
Having solved the objective function using the package CONPOT, they determined that the
net annual benefit of these three dams were greater when they were operated as if they had
pumped storage hydropower plants than their present conventional hydropower operation.
According to Ak et al (2019), in spite of suffering an energy loss about 15 ~ 25%, the
pumped-storage systems provide technical benefits by regulating the fluctuations in
electricity flow in the grid, and by taking advantage of the variations in electricity prices in
parallel with demand patterns they also provide gains in financial revenues [6].

The main constraint of converting a dam into a pump storage facility is the excessive power
needed to pump the same amount of water back up to the main reservoir. This fact includes
two sub features. The first one is that the total head loss between the pump and the reservoir
through the penstock must be added to the gross head. The second one is that the overall
pump efficiency coefficient is in the denominator of the equation defining the power needed
to run the pump. These two disadvantages analytically show up as: the power generated by
the turbine is about 8*Q*(Hgross — Total head loss), whereas the power needed for the pump
is about 12*Q*(Hgross + Total head loss) for the same gross head (Hgross) and the same
discharge (Q) on the assumption that the overall turbine and pump efficiencies are tantamount
at the value of 0.8155. Yet, the costs of either a reversible turbine-pump system or of a



Tefaruk HAKTANIR, Alper AYDEMIR

separate turbine-generator and motor-pump system are greater than that of a conventional
turbine-generator unit.

Therefore, it is obvious that in order for a pumped-storage hydropower project to be feasible,
the market unit price of the hydroelectric energy generated during the peak-demand period
should be considerably higher than that of the low-demand time, the so-called energy
arbitrage as pointed out by both Zhang et al [2] and Firis et al [13]. The price differences in
parallel with the grid demands may also affect the overall financial benefit of even the
conventional HPPs. A typical example for this case exists in the feasibility report of Karakurt
Dam in Tiirkiye [17], in which the benefit/cost ratio of the overall project is computed by
taking 0.10 $/kWh during the peak-demand period in a day and 0.06 $/kWh during rest of
the day.

IHA classifies the pumped hydropower systems as ‘closed-loop’ and ‘open-loop’ [1] . The
closed-loop systems consist of two reservoirs, not necessarily on a running stream, having a
fairly high elevation difference from each other, and they circulate the same volume of water
between the upper and the lower reservoirs, pumping when there is a low demand and ample
extra energy in the grid, and generating during peak-demand periods. The cases mentioned
by DSI (2022), Ak et al (2019), and Gimeno-Gutierrez and Lacal-Arantegui (2015) are about
the open-loop systems [5, 6, 4] . There is a final disadvantage of the open-loop pumped-
storage hydropower systems, which is the necessity for a sufficient volume capacity just
downstream of the hydropower station to store water to be pumped back during the low-
demand night period. If there is another dam downstream in cascade position and if the
backwater extension of its reservoir stores a sufficient amount of water for pumping, this will
be an ideal case. Otherwise, there should be a small dam downstream to store the extra
volume of water to be pumped back. This problem can be solved at a minimal cost by placing
the downstream cofferdam a little further downstream from the construction site before the
beginning of the construction of the dam and its appurtenant structures.

The theme of this study is also about the open-loop systems. Here, the summary of comparing
the outcomes of the operation rules of the steady-rate and of the night-shift-pumped-storage
by applying them on 11 existing dams in Tiirkiye, which are selected within criteria based on
low-high dam body height, small-large reservoir volume, low-high hydropower energy
production capacity, is presented. The steady-rate rule aims to generate power at a constant
pace on a 7/24 basis. The night-shift-pumped-storage rule splits a day’s period in three
segments called DAYTIME shift (11-hours-long between 06 and 17 hours), PEAK shift (5-
hours-long between 17 and 22 hours), NIGHT shift (8-hours-long between 22 and 06 hours)
as done by the Energy Market Regulatory Authority of Tiirkiye (known by the acronym
EPDK in Tirkiye) (www.epdk.gov.tr/Home/En). By the night-shift-pumped-storage rule
energy is generated at full power capacity during the PEAK shift, and it is generated at a
percentage between about 50% and 100% of full capacity during the DAYTIME shift. The
extra volume of discharged water beyond the targeted release further downstream is pumped
back up to the main reservoir during the NIGHT shift. We have developed models for
operation simulations in daily time steps by these two rules and coded them as computer
programs. Our models are of “sequential streamflow routing” type as called in Engineering
and Design HYDROPOWER by USACE (1985) [18]. According to this relevant technical
report, the sequential streamflow routing is the most detailed approach for determining the
hydro-electric energy potential and the resultant financial benefits of hydropower dams, and
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yet analytically it is the most complex method [18]. A study of similar theme by the steady-
rate rule was done by Sever and Yurtal using the package program HEC-ResSim on three
dams sequentially positioned on Ceyhan River in Tiirkiye [19].

Each one of our models is concisely explained in the ‘Method’ section. As will be noticed
having perused the ‘Method’ and the ‘Results’ sections, they have original details peculiar to
themselves. For example, each package repeats the operations for 11 regulations of 90%,
85%, 70%, ..., 45%, 40%, all executed in a single run. Regulation is the ratio of (outflow for
energy generation, hm®/day)/(average inflow, hm*/day). The objectives of this study are (1)
to summarize the formulations and the steps of these newly developed models, (2) to apply
the coded programs executing these models to 11 dams serving for hydropower generation
in Tiirkiye, and (3) to determine generalized relationships for the average annual energy and
the net financial benefit relating them to effective explanatory variables by these two different
operation rules.

2. CASE STUDIES

Table 1 gives the names of 11 existing dams having hydropower plants in Tiirkiye along
with characteristic information about them.

Table 1 - Descriptive data of dams used in this study

Active Average Maximum Turbine Turbine
Name Name of storage annual gross Typ; andf design design
of dam stream capacity inflow head ntl:::'lbi‘:]reg head discharge
(hm’) (hm®/yr) (m) (m) (m¥s)
Agaghisar Orhaneli 77.8 526 75 Francis (2) 70 16.5
Altinkaya | Kizilirmak 2893 5755 133 Francis (4) 126 172
Bahgelik Zamanti 185 333 29 Kaplan (3) 25 11.3
Berdan Berdan 156 1632 39 Francis (2) 33 50
Ermenek Ermenck 1747 1459 360 Francis (2) 327 53
Hasan 1 oo crmak | 662 5417 126 | Francis(4) | 121 128
Ugurlu
Karakurt Aras 447 1329 134 Francis (3) 130 211(3%’
Kiligkaya Kelkit 831 2212 98 Francis (2) 91 83
Susurluk Simav 165 1095 32 Kaplan (2) 30 60
Yamula Kizilirmak 2020 2123 105 Francis (2) 97 55
Yedigoze Seyhan 300 4425 95 Francis (2) 91 190

The stream-gauging stations 1501-Yamula, 1533-Indzii, 1818-Ugtepe, 1823-Emegil are
almost at the same cross-sections where Yamula, Altinkaya, Yedigdze, and Bahgelik dams
are located. The construction of Yamula dam was completed in 2004. The gauging record of



Tefaruk HAKTANIR, Alper AYDEMIR

1501-Yamula began in 1939, and there are no missing records since then. The unregulated
35-year-long daily flows series between the years 1969 and 2003 are taken as the inflows to
Yamula dam. The construction of Yedigdze dam was completed in 2011. The gauging at this
station began in 1966 and continued until 2010 incessantly. The 35-year-long daily flows
between the years 1976 and 2010 measured at station 1818-Uctepe are considered to be the
inflows to Yedigéze dam. The construction of Bahgelik dam was completed in the year 2012;
but the station was closed in 2000. The gauging at 1823-Emegil began in 1974. In order to
complete the record length to 35 years, the missing 8-year-long part between 2001 and 2008
was approximately computed by the drainage-area-ratio formula using the daily flows gauged
at the close-by gauging station 1834-Kiligmehmet.

There are not any gauging stations close enough to the embankments of the other seven dams.
By investigating the beginning and ending record lengths of the nearest-by gauging stations
around those seven dams and by choosing the most suitable stations, the 35-year-long gauged
daily flows are approximately computed for them again by the drainage-area-ratio formula,
by the procedure proposed in a relevant study [20].
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Figure 1 - Map of case study dams

All of the necessary technical data of the pipes constituting the penstocks such as the lengths,
diameters, materials, and other peculiarities like bends, contractions, and valves were taken
from the final project drawings of these 11 dams. Similarly, the storage volume (hm?) and
the lake surface area (km?) against the lake water surface elevation (m) relationships were
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also obtained from their final project drawings. The pan evaporation data in mm/day units at
meteorological stations close-by to the reservoirs were obtained from the Turkish State
Meteorological Service. A map of the case study dams created using the Free and Open
Source QGIS software is given in Figure 1 [21, 22].

3. METHOD
3.1. Common Parts of the Two Simulation Models

The reservoir is top full at the beginning of an operation period of N years; namely, Sy =
Smax and WSE, = WSEmax, where S is the volume of water in the reservoir and WSE, is
the lake water surface elevation at the beginning of the first day of operations, WSEmax is
the maximum operation elevation which is the top of active pool, and Smax is the volume of
reservoir under WSEmax. The operation in a day is simulated by

Sijk = Sic1k  Lijx — ELijx — 2oy 08 (1)

Here, Si_1jx and S;;x are the volumes of water in the reservoir at the beginning and at the end
of the i’th day of the j’th month of the k’th year (hm?), I;x is the inflow (hm?/day), EL;; is
the loss of evaporation from the lake surface (hm*/day), Os;;x is the flow released through
the s’th spillway (hm*/day) during the i’th day, and NS is the number of spillways. i varies
from 1 through 30 for November, April, June, September, 1 through 31 for October,
December, January, March, May, July, August, 1 through 28 for February and 1 through 29
for February every other four years. j varies from 1 through 12 and k varies from 1 through
N. j=I is October and j=12 is September. There are at least two spillways in a dam having a
hydropower plant (HPP): the penstock and the flood spillway. There may be more spillways
for other releases like irrigation and municipal waters.

We compute the evaporation loss by multiplying the lake surface area in km? at the beginning
of the 1’th day by 80% of daily pan evaporation value in m/day measured at a nearby
meteorological station.

The water surface elevations of the tail-water pond in m is given against the total released
discharges in m%/s in form of two numerical columns at small enough increments of discharge
in the input data file. The gross head of the penstock at the end of the i’th day is computed
by

ngi,j,k = WSEi,j,k - TWSi,j,k (2)

The average gross head during the i’th day is computed as the average of the gross heads at
the beginning and at the end of the i’th day by

Hgryjx = (Hgri_qjx + Hgrj)/2 (3)
In some dams, there is one shaft spillway which branches in the powerhouse into as many

pipes as the number of turbines by means of a manifold (e.g. Yamula dam). In some other
dams, there are as many pipes as the number of turbines in parallel layouts from the intake
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down to the powerhouse (e.g. Yedigéze dam). Our models simulate both cases properly. We
denote the number of pressure conduits culminating in the powerhouse by NP. The total head
loss in m throughout the p’th pipe during the i’th day is computed by

THLp;jx = Cp * Qpfjx “4)

Here, Cp is the overall loss coefficient for the p’th pipe accounting for all the friction and
local losses from the trash rack down to the exit of the draft tube, Qpijx is the discharge in
m?3/s through the p’th pipe during the i’th day. With the help of another computer program,
the numerical value of the Cp coefficient is obtained beforehand taking into account all
geometrical and hydraulic peculiarities pertaining to that pipe covering a wide range of
discharges up to the maximum capacity [23].

The average net head on the turbine at the end of the p’th pipe during the i’th day is computed
by

Hnetp;y = Hgr;jx — THLp; jx Q)

3.2. Steady-Rate Operation Simulation

The relation between the target discharge to be released through the energy spillway in
hm3/day (Qesi;x) and the same discharge in m3/s (Qest;jx) is

Qest;jx (m*®/s) = Qes;;x (hm*/day) * (10°/86400) (6)

The maximum capacity discharge in m’/s of a single turbine unit, denoted by Qtmax, is
determined beforehand by the designers considering all the relevant geometric and hydraulic
peculiarities pertaining to the head race, tail race conditions and the chosen turbine properties.
If NP = 1, then Qestjx < Qtmax. If NP > 1, then as many pipes as the integer part of the
division of (Qest;;x / Qtmax), denoted by NFP, will flow with full capacity while one pipe will
convey as much a discharge as (Qest;;jx — NFP*Qtnax). Let NT denote the number of turbines.
And, the net power generated by a turbine-generator-transformer unit is determined by

Ppiji =1 *y * Qtpj;i * Hnetp;; (N

Here, 1 is the overall efficiency which equals multiplication of individual efficiencies of the
turbine, the generator, and the transformer, vy is the unit weight of water in kN/m?, Pp;jx is
the net power to generate electric energy by that turbine in kW. In Section 7 of Standard
Handbook of Power Plant Engineering it is suggested that 0.815 is a reasonable value for n
[24]. In Engineering and Design HYDROPOWER by USACE (1985), it is written: “A value
of 80 to 85 percent can be used prior to turbine selection, but once a turbine design has been
chosen, an average efficiency based on the characteristics of that unit should be used.” [18].
In a technical report about the hydropower potential of Sir Dam in Tiirkiye, 0.866 is taken
for n [25] The efficiency of the transformer is the highest and about 0.98. Next comes the
efficiency of the generator, which according to USACE (1985), is between 0.95 and 0.98
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[18]. The turbine efficiency depends on the specific velocity and hence on both the discharge
through and the net head on the turbine and also on the type and brand name of the turbine.
When both are operated at their optimum heads and discharges, the efficiency of the Pelton
turbines is said to be a little higher than that of the Francis turbines (e.g. [26]). Generally, the
efficiency of Francis turbines varies between 0.70 and 0.92, and for close to optimum ranges,
their efficiency is in the range: 0.80 and 0.92 [18, 26]. Our models use an average value for
n*y in the range: 8.0 — 8.5 given by the user.

There are operable ranges of net head and turbine discharge depending on type of the turbine
(e.g. [18, 24, 26]). The efficiency at heads and discharges higher than the design values will
be close to the design conditions. The lower bounds are problematic. Much lower discharges
and heads than the design values may cause cavitation damage on the runner blades, vibration
of the unit and will result in too low an efficiency. Table 5-1 in Engineering and Design
HYDROPOWER by USACE (1985) and Table 4.2 in Hydropower Engineering Handbook
(Gulliver and Arndt 1991) offer operable ranges of heads, discharges, and powers for various
types of turbines [18, 26]. In our models, we specify a lower bound for the power accounting
for the effects of head and discharge jointly, and we suggest this to be 25% of the rating
capacity. In any day, the turbine is shut off when the net power by that turbine turns out to
be smaller than this lower-bound value and power is not generated. That discharge is not
released downstream and the unreleased amount is recorded as the shortage of that day from
the target release.

The total power generated by the HPP of the dam in the i’th day is computed by
Ptotal;j = Y32, Ppijk 3
Here, Ppijx is the net power by the p’th turbine in the i’th day in kW. If the energy shaft

spillway is of a single pipe, then the total power is computed by equation (7), which is
distributed to NT number of turbines in the powerhouse in proportion to their capacities.

The energy produced in a normal day is computed by
HEEi,j,k = Ptotali‘j,k * 24 (9)

Here, HEE;« is the energy generated in the i’th day in kWh/day. Next, the monthly energy
produced is computed by

MHEE;; = X" HEE; j (10)
Here, iend-j equals one of 30, 31, 28, 29 depending on the j’th month, MHEE;x is the
generated energy in the j’th month of the k’th year in kWh/month. Next, the annual energy
produced in the k’th year in kWh/year is computed by

AHEE, = %;Z MHEE; (11)

The minimum of 365.25*N HEE;;\’s is known as the ‘firm energy’ (FE) [18]. In any day,
the difference of the energy of that day from the firm energy is called the ‘secondary energy’.
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Because the firm energy is available in any day over the entire N year period, it is treated as
an assured energy and that is why its unit price is a little greater than the secondary energy.
The annual financial benefit due to marketing of the produced energy in the k’th year is
computed by

FBy = 365 * FE * UP-FE + Y2, Yi"I(HEE;; ) — FE) * UP-SE (12)
Until 2015, in Tiirkiye the unit prices of the firm and the secondary energies were taken as:
UP-FE =0.06 $/kWh and UP-SE = 0.033 $/kWh. By a circular issued in 2015 by the General
Directorate of State Hydraulic Works [27], the concepts of firm and secondary energies are
abolished and a steady unit price for hydroelectric energy is adopted. Our model by the
steady-rate rule still determines the firm energy and computes the financial accounts of the
firm and the secondary energies separately. However, in the current study we have given the
same numerical value for both, which is 0.04 $/kWh.

The overall financial benefit is computed by
PWFB = YN | FB, * (1 + dr)~* (13)

Here, dr is the discount ratio, which is being taken as 0.095 over the last few decades in
Tiirkiye (e.g. [27]) and PWFB is the present worth of the financial benefits by the produced
energy at the beginning of the N-year operation period in Dollars.

Our models generate extra energy by releasing greater discharges than the target discharge
through the energy spillway during a day in which the lake water surface elevation is equal
to or very close to the maximum operation elevation (top of active pool) when a high inflow
comes such that the lake water surface elevation at the end of the day will exceed the top of
active pool. During such a day all of the turbines will run at or close to their maximum
capacity discharges and extra energy is produced by surplus waters which would otherwise
be discarded over the flood spillway. For a mild flood the excessive waters may be small
enough to be taken up by the turbines. As an example, while the average inflow to Altinkaya
Dam is 182 m?¥/s, the total discharge of its four turbines when all run at full capacity is 688
m®/s, about 3.8 times the average inflow. For a massive flood however, the excessive amount
of flows left over from fully operating turbines will still be conveyed over the flood spillway.
The surplus amount of water in such a day is given by

Surplus;ji = Si—1jx + lijk — ELijx — 28e1 > 0Sijk — Smax (14)

Here, NS—2 is the number of spillways other than the flood spillway and the energy spillway
(penstock) and Surplus;jx is the surplus amount of water in the i’th day in hm*/day that can
be diverted through the penstock. If Surplus;y is greater than the sum of capacity discharges
of NP pipes of the energy spillway, then all of the turbines will run with their maximum
discharges, and as much water as (Surplusijx — NP*Qtmax*86400/10°) in hm*/day will flow
over the flood spillway. If Surplus; jx < NP*Qtmax*86400/10°, then that means a mild flood is
effective while the lake is top full whose excess waters will all be taken up by the energy
spillway. In such a day, the integer part of the division: [(Surplus;;k*10%/86400) / Qtmax] gives
the number of turbines running at full capacity, denoted by NTF and one turbine will run



Simulation Models for Hydro-Electric Energy by Steady-Rate and Night-Shifi-Pumped-...

with a discharge: [(Surplus; ;«*10%/86400) — NTF*Qtmax]. The total head losses, the generated
powers and energies are computed by the equations given above.

Throughout the simulation, those discharges for purposes other than the energy generation
depending on their priorities in a day are either reduced or completely shut off when the lake
water surface elevation equals the minimum operation elevation (bottom of active pool) or
very close to that when little amount of inflow comes such that the lake water surface
elevation at the end of the day will become less than or equal to the bottom of active pool. In
that day a shortage from the targeted energy discharge also may occur and hence small power
and small energy is generated. In such a day, the power that could be generated may fall
below the lower-limit value peculiar to the used turbine, and hence, no flow is discharged
through any turbine, zero power is generated, and the target energy spillway flow of that day
in hm3/day is recorded as a shortage in release further downstream of the dam. In such a
critical day, the amount of water left for possible but little amount of power is given by

Lefti;x = Si—1jk + lijk — ELijx — 281 2 0Sijk — Smin (15)

The discharge that can be released through a turbine in m*/s equals (Left;jx*10°/86400).

3.3. Night-Shift-Pumped-Storage Operation Simulation

All of the turbines run at their maximum capacities during the PEAK shift. The turbines run
with a discharge in proportion to their maximum capacities during the DAYTIME shift. The
ratio of DAYTIME discharge to the maximum penstock discharge, which is within the range:
0.5 - 1.0, is initially assigned by the user. The difference of the volume of water released
during the DAYTIME and PEAK shifts from the target release further downstream is pumped
back up to the main reservoir during the NIGHT shift. The durations of these within-day
shifts are determined by the Energy Market Regulatory Authority (EPDK). The user of the
program can give durations different from the ones adopted by EPDK.

3.3.1. Energy Produced During the PEAK Shift and its Financial Worth

If the energy spillway is a single pipe branching into as many small pipes as the number of
turbines, then the total head loss, the average net head on each one of the turbines, and the
generated power during the PEAK shift of the i’th day are computed as follows.

THLpeaki’j'k =Cx (NT = thax)2 (16)
Hnetpeaki'j'k = H—gri,j,k - THLpeaki'j'k a7
Ppeaktotali_j_k =nN*y* NT thax * Hnetpeaki,j,k (18)

In these equations, C is the total head loss coefficient of the energy spillway including the
branching-pipe local loss and the exit velocity head of the draft tube of a turbine.

10
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If the energy spillway consists of as many pipes as the number of turbines from the intake at
the forebay down to the tailrace, then the total head loss, the average net head, and the
generated power during the PEAK shift of the i’th day are computed as follows.

THLpeakPijk = CP * Qtmax” (19)
HnetpeakPijx = HErijx — THLpeakDijk (20)
PpeakPijk = N * Y * Qtmax * Hnetyeaipijk (21)
Ppeatotaliji = X015 PoeakPijk (22)

Here, Cp is the total head loss coefficient of the p’th pipe.

In either case, the produced energy and its financial benefit during the PEAK shift of the i’th
day are computed by

HEEpeaki‘j’k = peaktOtali,j,k * Dpeak (23)
FBpeaki'j'k = HEEpeakilj‘k * UPpeak (24)

Here, Dyeax is the duration of the PEAK shift in hours, UPpcax is the unit marketing price of
energy produced during the PEAK shift.

The volume of water released through the energy spillway in hm3/day during the PEAK shift
of the i’th day while all of the turbines are running with their maximum capacity discharges,
Qespcaki,j,k, is

Qespeaki’j‘k = NT * thax * Dpeak * 3600/106 (25)

3.3.2. Energy Produced During the DAYTIME Shift and its Financial Worth

The upper limit for volume of water that can be released through the energy spillway during
the DAYTIME shift is equal to the sum of the maximum capacity discharges of all of the
turbines running throughout the DAY TIME shift. And, the lower limit equals the daily target
release minus the volume of water discharged during the PEAK shift. The below inequalities
depict these verbally expressed bounds.

(Qesijx — Qespeaki,j‘k) < Qesdaytime; i < (NT * Qtpay * Ddaytime * 3600/10°) (26)

Here, Qes;jx is the daily target release for energy production in hm*/day, also called target
penstock release, Qesdaytime;jx is the volume of water released through the energy spillway
in hm3/day during the DAYTIME shift of the i’th day, Ddaytime is the duration of the
DAYTIME shift in hours, and obviously this expression is valid for a daily target energy
spillway release greater than the amount discharged during the PEAK shift. In that case, if

11
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Qesdaytime; jx equals the lower bound of this inequality, then there is no amount of water to
be pumped back up to the main reservoir.

Labeling a ratio as: “ratio of daytime penstock target release” (symbolized by RDPR) which
equals (actual DAYTIME penstock discharge in m®/s)/(maximum possible penstock
discharge in m?®/s), taking Ddaytime as 11 hours and Dpeak as 5 hours, the algebraic
manipulations lead to the following boundaries for RDPR.

{Qes;; i + [0.0396 * NT * Qtypaye]} — 0.4545455 < RDPR < 1.0 27)

Here, Qtmax is the maximum capacity discharge of one of NP number of pipes constituting
the penstock. Having chosen a magnitude for RPDR within these bounds, the discharge of
energy spillway during the DAY TIME shift in m*/s units is computed by

Qesdaytimet;j, = RDPR * NT * Qtay (28)

The number of turbines running at their maximum capacities during the DAYTIME shift
equals the integer part of the division (Qesdaytime-t;jk / Qtmax). Denoting this number by
NTD, one turbine other than NTD turbines runs with a discharge: Qesdaytimet;jx —
NTD*Qtiax.

If the energy spillway is a single pipe branching into as many small pipes as the number of
turbines, then the total head loss, the average net head on each one of the turbines, and the
generated power during the DAYTIME shift of the i’th day are computed as follows.

THL-daytime; ;) = C * Qesdaytimet; (29)
Hnetdaytimei,j‘k = H_gri‘j‘k - THLdaytimei,j,k (30)
Pdaytimetotal;;, = n * y * Qesdaytimet; ;) * Hnetdaytime; (31

If the energy spillway consists of as many pipes as the number of turbines, then the total head
loss and the average net head in NTD number of pipes, and the generated power at NTD
turbines during the DAYTIME shift are the same as those of the PEAK shift. The total head
loss and the average net head in the pipe carrying a smaller-than-maximum discharge and the
power generated by the turbine at the end of that pipe are computed by equations (19), (20),
(21) by substituting (Qesdaytimetijx — NTD*Qtmax) for Qtmax. Next, the generated power
during the DAYTIME shift of the i’th day is computed by

Pdaytimetotal;j = Y321 " Pdaytimep; (32)

In either case, the produced energy and its financial benefit during the DAYTIME shift of
the i’th day are computed by

HEEdaytime; ;) = Pdaytimetotal;;) * Ddaytime (33)

12
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FBdaytime;;, = HEEdaytime;;) * UPdaytime (34)

Here, UPdaytime is the unit marketing price of energy produced during the DAY TIME shift.

3.3.3. Energy Produced During the NIGHT Shift and its Financial Worth

At the beginning of an i’th day, if the reservoir water surface elevation is equal to or very
close to the top of active pool and the inflow in that day is too much so as to cause the lake
water level at the end of the day to exceed the top of active pool, then, all of the turbines are
run at their full capacities during the DAYTIME shift also. Namely, regardless of the target
energy release, the actual DAYTIME release is increased to the value of the upper bound of
inequality (26). If the maximum operation elevation is still exceeded with all of the turbines
operating at full capacities during both the DAYTIME and the PEAK shifts, then pumping
during the NIGHT shift is not done since there is not available storage volume in the
reservoir. Instead, energy is generated during the NIGHT shift as well using some of these
surplus waters which would otherwise be discharged by the flood spillway. The volume of
water in hm?/day which will be used for power generation during the NIGHT shift of such a
day equals the smaller one of those computed by the two equations below.

Qesnight; ;) = Surplus; i — [(NT * Qtyay * Ddaytimeeay * 3600)/10°] (35a)
Qesnight;; = (NT * Qtpay * Dnight * 3600)/10° (35b)

Here, Ddaytimepeak equals the sum of Ddaytime plus Dpea, Dnight is the duration of the
HIGHT shift in hours, and Surplus;;x is the surplus amount of water given by equation (14).
Conversion of Qesnight; jx from hm?/day to m*/s units is done by

Qesnightt;; = (Qesnight;;y * 10%)/(Dnight * 3600) (36)

The number of turbines running with their maximum capacity discharges equals the integer
part of the division of (Qesnighttijk / Qtmax), Which could be zero if Qesnightt;;jx < Qtmax.
Denoting this number by NTN, one turbine other than NTN turbines runs with a discharge:
Qesnighttijx — NTN*Qtmax.

If the energy spillway is a single pipe branching into as many small pipes as the number of
turbines, then the total head loss, the average net head on each one of the turbines, and the
generated power during the NIGHT shift of the i’th day are computed as follows.

THLnight; ;) = C * Qesnightt; ;;° (37
Hnetnighti,j,k = H_gri’j,k - THLnighti_j’k (38)
Pnighttotal;;) = n *y * Qesnightt;;, * Hnetnight;; (39)

If the energy spillway consists of as many pipes as the number of turbines, then the total head
loss and the average net head in NTN number of pipes, and the generated power at NTN

13
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turbines during the NIGHT shift are the same as those of the PEAK shift. The total head loss
and the average net head in the pipe carrying a smaller-than-maximum discharge and the
power generated by the turbine at the end of that pipe are computed by equations (19), (20),
(21) by substituting (Qesnightt;jx — NTN*Qtpax) for Qtmax. Next, the generated power during
the NIGHT shift of the i’th day is computed by

Pnighttotali,]-,k = E§I1N+1 Pnight'pi,j.k (40)

In either case, the produced energy and its financial benefit during the NIGHT shift of the
1’th day are computed by

HEEnight; ;. = Pnighttotal;;; * Dnight 41)
FBnight;; ) = HEEnight; ) * UPnight (42)

Here, UPnight is the unit marketing price of energy produced during the NIGHT shift.

3.3.4. Energy Consumed for Pumping During the NIGHT Shift and its Financial Cost

At the end of a normal day of operations, the volume of water in the reservoir will be between
the dead storage and (dead storage + active storage capacity) (Smin < S;jx < Smax). In such
a day, all turbines run at their full capacities during the PEAK shift and the total volume of
energy flows during the DAYTIME shift, Qesdaytime;;k, will be between the lower and
upper bounds of inequality (26), which is decided on by the operators of the dam. Then, the
flowrate of water in m?/s to be pumped back up to the main reservoir during the NIGHT shift,
Qpumpt;x, is computed by

Qpumpt;; ) = (Qespeaki']_'k + Qesdaytime;y — Qesi,j,k) * 10° /(3600 * Dnight) (43)

In this study, we assume that the turbo-machinery units are either reversible turbine-pump
types or ternary systems having a common shaft.

We use the term Qpumpmax denoting the maximum capacity discharge of a pump, which
will be a close value to that of a turbine, Qtmax. Both Qtmax and Qpumpmax are predetermined
values computed by the project designers of the dam and the hydropower plant. Then, the
number of pumps running at their maximum capacities during the NIGHT shift equals the
integer part of the division (Qpumpt;;x / Qpumpmax). Denoting this number by NPN, one
pump other than NPN pumps runs with a discharge: Qpumpt;jx — NPN*Qpumpmax.

If the energy spillway is a single pipe branching into as many small pipes as the number of
turbines, then the total head loss, the average net head on each one of the pumps, and the
power consumed by all of the pumps during the NIGHT shift of the i’th day are computed as
follows.

THLpump;;, = Cpump * qumpti,]-,k2 (44)

14
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Hnetpump;;, = Hgr; ;) + THLpump; (45)
Ppumptotali‘j‘k =y * Qpumpt;; * Hnetpump; / npump (46)

In these equations, Cpump is the total head loss coefficient of the pipe used for pumping
when the flow is in reverse direction, npump is the overall pumping efficiency. Equations
(44) and (45) are valid for any system, whether it is the same pipe of a reversible turbine-
pump unit or of a ternary unit or even if the pumping is done through a separate pipe.

If the energy spillway consists of as many pipes as the number of turbines, then the total head
loss and the average net head in each one of NPN number of pipes, and the power needed for
each pump during the NIGHT shift are computed as follows.

THLpumpp; ;. = Cpumpp * Qpump,y,q,° 47)
Hnetpumpp ;. = Hgr;jx + THLpumpp; jx (48)
Ppumpp;; = y * Qpumpmax * Hnetpumpp; ;. / npumpp (49)

The total head loss and the average net head in the pipe in which a smaller-than-maximum
discharge is pumped, and the power needed for that pump during the NIGHT shift are
computed by equations (47) — (49) by inserting (Qpumpt;jx — NPN*Qpumpma) for
Qpumpmax. The total power needed for all of the running pumps are computed by
Ppumptotal;;, = X5EN*! Ppumpp; (50)

In either case, the energy needed for pumping during the NIGHT shift of the i’th day and its
financial cost are computed by

EEpump; ;. = Ppumptotal;j; * Dnight (62))]
FCpump;;; = HEEpump; ;) * UCpump (52)

Here, UCpump is the unit cost of energy consumed for pumping during the NIGHT shift.

3.3.5. Daily, Monthly, and Yearly Produced Energies and Their Financial Benefits
The generated energy and its financial benefit in an i’th day are computed as follows.
HEEi,j,k = HEEdaytimei‘j,k + HEEpeaki]- K + HEEnighti_j_k (53)

FBi,j,k = FBdaytimei_j_k + FBpeaki,]',k + FBnightilj‘k (54)

The monthly and yearly generated energies are computed by equations (10) and (11), and
their financial benefits are computed as follows.

MFB;; = 210" FB;) (55)
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YFB = Y12, MFB;,, (56)

The monthly and yearly energies spent for pumping and their financial costs are computed
as follows.

EEpump; = ;5" EEpumpy (57)
FCpumpj = ¥i2*? FCpump; j (58)
YEEpumpy, = 1%, EEpump (59)
YFCpumpy, = %2, FCpump (60)

The net difference of yearly financial benefit on account of marketing the generated energies
from the yearly cost accrued due to the electrical energy charged to the pump motors is
computed by

NFBy = YFBy — YFCpumpy (e1)

3.4. Present worth Values at the Beginning of an N-Year Operation Period and
Overall Optimization

The present worth at the beginning of an N-year operation period of either the benefits by
marketing the produced energy or the costs of energy consumed by pumping taking into
account the time value of money in proportion to the adopted discount ratio (dr) is computed
by the known formula as follows.

PWFB = YN_, YFB, * (1 + dr)7K (62)
PWFCpump = YN_, YECpumpy * (1 + dr)~* (63)

And, the present worth of the net income by the night-shift-pumped-storage rule is computed
by

PWFBnet = PWFB — PWFCpump (64)

The operation simulation models in daily time steps by a definite regulation summarized
heretofore determine that average energy spillway release providing for the highest present
worth of the net benefits over an N-year period as the outcome of 11 large loops for
regulations of 90% through 40% at 5% decrements. The execution of such a run for a 12,784-
day operation period (N=35) takes about five seconds in common PCs.

Although operations with regulations as low as 40% of the average inflow are executed, our
models automatically release more than the target flows in any day when the active pool is
top full. The assumption here is that the extra energy produced in any day will be used
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somehow. For example, according to a report funded by the European Union’s Horizon 2020
Research and Innovation Programme, the extra electric energy can be used up for
desalinization of sea water which in turn will be diverted to a nearby urban center [28]. Other
plausible usages of extra energy are: extraction of oxygen and hydrogen gases by electrolysis
of water, recharging of large-capacity battery fields developed in recent years to instantly
counter peak demands of towns for periods of a few hours or even a couple of days. In a
recent summit initiated by the European Union, a commitment for investment of large-scale
electrolysis facilities for production of hydrogen has been signed by many relevant
organizations including private commercial companies [29].

Our models take into account daily releases for all purposes next to energy, and they account
for all of them quantitatively and detect that regulation providing for the highest present
worth of financial benefits due to energy production. In short, our models realistically
quantify the potential capacity of optimum energy production and the net financial gains
thereof by simulating the actual hydrologic, hydraulic, and electric happenings in conjunction
with the active storage capacity and its rate of change with elevation, with the rating curve
of the tailwater pool, and with all the relevant peculiarities of the hydropower plant affecting
the production of energy such that over an operation period of 35 or 50 years, the optimum
potential is obtained as the outcome.

Concise flowcharts depicting all these phases and succinct details of our models are given in
Figure 2a and Figure 2b.

3.5. Regressions for the Average Energy Production and the Optimum Financial
Benefit

We have applied the steady-rate and the night-shift-pumped-storage operation simulation
models to 11 dams in various regions in Tiirkiye. By experience (e.g. [14, 23]) we
hypothesize that both the average annual produced energy and the present worth of financial
benefits by marketed energy over an N-year operation period may be related to some relevant
explanatory variables. In the following we are listing these variables along with the reasons
for choosing them.

1) Average inflow in hm?/year (symbolized by x; in the regression analyses).

Obviously, there must exist a positive relationship between the average hydroelectric energy
and the average inflow coming to the reservoir.

2) Ratio of (target outflow for energy generation in hm?/day)/(average inflow in hm3/day),
which is the regulation for a hydropower dam (symbolized by X, in the regression analyses).

If the total storage capacity of a dam is very large, then it can keep all of the hydrograph of
an extreme incoming flood. If such a case were real, then the maximum value of the average
outflow for generation of hydropower would equal the long-term average inflow. This is
impossible, and even those dams having considerably large storage capacities will have to
discard some portions of extreme floods over the flood spillway. Therefore, a regulation of
1.0 is impossible and it must be smaller than 1.0. Yet, it is a known fact that higher the active
storage capacity higher the regulation without causing depletion of water in the active
storage.
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Obtain: (1) N-year-long series of daily inflows and daily pan evaporations, (2) lake
surface area and lake volume versus lake water surface elevation, tailwater surface
clevation versus released discharge relations in numerical tables at fairly small
increments, (3) head loss coefficients of all pipes conveying water to turbines, and of
those conveying pumped waters up to main reservoir (4) discount ratio to be used in
feasibility computations

If operations will be simulated It operations will be simulated by night-shift-
by Steady-ra‘ge rule goto | pumped-storage rule, go to 7

I: Give unit prices ol energy for ‘[irm yield” and *secondary yield’. Reservorr is top
full. Begin operation simulations at 15 day of 1% month of 1® year(i=1,j=1,k=1)

goto?2
\ 4

2: Compute volume of water at end of i’th day (S;) by equation 1. ‘._
Is Smin < S; < Smax?
[
| 4 v
> YES: Apply equations 2 through 9, which ultimately NO: Go to 6
vield energy produced in i’th day; go to 3

="\
YES:Goto4 '~ 3:15i=30,0r31,0r287 W NOi=itl;gobackto2 =
| <
4: Compute energy produced in j’th month by equation 10. Is j=127
NO |
— —| YES: Apply equations 11-13, which

j=j+tlLi=1; goback to 2 : :
yvield energy produced and its
financial benefit in k’th year; go to 5

YES: Compute present worth

of all financial benefits by |
equation 13; then write all NO:
relevant quantities in ¢ | k=k+I1,
appropriate tables in suitable 5:-Isk=N? }— > i=1,
output files, and then STOP., i=1
Go back
YES: Compute extra energy in i’th day by 02

— surplus waters given by equation 14, § = <—|_‘
Smax: go back to 3 s 6:1s S; ? Smax? |<—

NO: This means S; < Smin; reduce or cutofl releases so as to make
—1 Si = Smin; compute small encrgy that could be produced if any by
volume of water given by equation 15; go back to 3

7: Give (1) ratio of (daytime discharge)/(maximum penstock discharge), (2) durations
of daytime, peak, night shifts, (3) unit energy prices for daytime, peak, night shifts
and unit energy cost for pumping during night shift. Reservoir is top full. Begin

operation simulations at 1% day of 1¥ month of 1¥year (i=1,j=1,k=1)go to 8

Figure 2a - Flowchart of the onset and flowchart of the model for the steady-rate rule
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8: Compute volume of water at end of i’th day (S:) by equation 1. Is Smin < §; < <
Smax?
' 2
YES: Apply either equations 16—18 or equations 19-22 NO: Is S; > Smax?
and compute head loss, net head, and power during peak
shift depending on whether penstock consists of one pipe '_I_‘
or more than one pipes; go to 9 YES: NO:
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i'th day by equations 23—25; go to 10 Smin;
| goto 12
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financial benefit during night shift of i’th day by equations 35—42: goto 14
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equation 15; compute power and energy during daytime shift if there is still any
volume left over from peak shift; go to 14

pump, its financial cost by equations 43—52; go to 14

A 4
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¥
| 15:1s i = 30, or 31, or 282 |

' ]

11: Compute discharge for energy and head loss, net head, power, energy and its -«
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Figure 2b - Flowchart of the model for the night-shift-pumped-storage rule
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3) Average net head on a turbine in m with the average target outflow for energy generation
when the volume of water in the active storage is as much as half of the active storage
capacity (symbolized by x3 in the regression analyses).

Because of existence of sub-periods of droughts and of excessive flows over the total N-year
operation, the water surface level fluctuates between the maximum and the minimum
operation elevations. Hence, the net head on turbines when the reservoir is half full should
be a realistic explanatory variable affecting the generated power and the resultant energy.

4) Ratio of (active storage capacity in hm®)/(average inflow in hm?®/year) (symbolized by x4
in the regression analyses).

This ratio reflects the maximum amount of storable water to be used during periods of low
flow and it quantitatively describes the relative size of the active storage capacity in
proportion to the average inflow. Higher this ratio higher the possible target outflow for
energy generation and higher the energy production capacity should be.

5) Ratio of (maximum penstock discharge in m*/s)/(average inflow in m?/s) (symbolized by
Xs in the regression analyses).

Higher this ratio higher the energy production potential should be simply because a large
portion of high flows will be diverted to the energy spillway instead of being discarded over
the flood spillway.

6) Variation coefficient of the long series of N*365.25 daily inflows (symbolized by x¢ in the
regression analyses).

This single variation coefficient of the long series of daily flows will reflect the fluctuations
both in annual inflows and in seasonal flows. If the fluctuations are mild, a high average
target energy outflow can be released from even small active storage capacities without going
dry. Therefore, a small-magnitude variation coefficient should positively affect the average
energy production.

7) Ratio of (average annual evaporation loss in hm?/year)/(active storage capacity in hm?).

Higher this ratio smaller the energy production potential should be because more volume of
stored water will be lost without being used for power.

4. RESULTS AND DISCUSSION

One of the results is that for a dam whose active storage capacity is fairly small as compared
to the average annual inflow, both the average annual produced energy and the present worth
of financial benefits tend to increase towards the lowest regulation of 40%. This is because
as the target release for energy gets small as compared to the average inflow, the active
storage becomes top full many times during the operation period and more than the targeted
discharge is released through the penstock in order to produce surplus energy using extra
waters which otherwise would be discarded over the flood spillway. Yedigdoze dam is a
typical example for this case. On the other hand, for dams whose active storage capacity is
considerably large as compared to the average annual inflow, like Yamula and Ermenek, 90%
regulation or close to it yields the highest average annual produced energy. As examples to
these cases, the results for Yedigoze and Yamula dams are presented in Tables 2 and 3 below.
Some relevant input data of Yedigéze and Yamula dams are: Average annual inflows =
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4424.7, 2123.2 hm¥/year; ratios of (active storage capacity, hm?)/(average annual inflow,
hm?/year) = 0.068, 0.95; ratios of (maximum penstock discharge, m?/s)/(average long-term
inflow, m3/s) = 2.71, 1.78; variation coefficients of observed daily flows over 35-year period
of record = 0.797, 1.30, respectively.

Table 2 - Final parts of the output files of the runs for the operations by (a) the steady-rate
and (b) the night-shift-pumped-storage rules for Yedigoze Dam

Averase Average
Average ann agl annual
annual ener " b energy Average net
Regulation(¥) | energy by ioh tgyh' f}t’ spent for head when
(%) steady-rate night=shitt- umpin active storage
pumped-storage pumping g
rule rule during is half full (m)
(GWh/year) NIGHT shift
(GWh/year) (GWh/year)

90 804.83 1014.09 390.49 82.20
85 814.93 1059.60 452.95 82.44
80 822.05 1106.64 519.76 82.67
75 830.24 1160.42 595.25 82.88
70 838.87 1211.39 655.50 83.08
65 846.86 1262.16 712.22 83.27
60 854.80 1319.38 777.46 83.44
55 863.42 1363.34 796.38 83.60
50 869.18 1344.35 740.10 83.74
45 872.01 1316.76 645.51 83.87
40 872.79 1281.71 591.42 83.99

(*): Regulation = (outflow for energy generation, hm*/day)/(average inflow, hm?/day)

The computer programs coded by the authors are executed to operation simulation models
used the unit prices of marketed energy as: 0.04 $/kWh by the steady-rate rule, 0.04 $/kWh
during the 11-hour-long DAY TIME shift, 0.06 $/kWh during the 5-hour-long PEAK shift,
and 0.02 $/kWh during the 8-hour-long NIGHT shift in those days when the reservoir is
overflowing by the night-shift-pumped-storage rule. In order for pumped-storage projects to
be feasible, it is obvious that the unit cost of energy spent for pumping must be as low as
possible as suggested by some relevant publications cited above. Therefore, the unit cost of
energy used for pumping during the 8-hour-long NIGHT shift is taken as 0.02 $/kWh, the
same price for the energy we use as that we sell. The operation period is 35 years and the
discount rate is 9.5% by both rules, which are officially advocated values for hydropower
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feasibility studies in Tiirkiye [27]. With these values, the present worth of financial benefits
on account of marketing the produced energy minus the present worth of the costs spent for
the energy used for pumping by the night-shift-pumped-storage rule has turned out to be
greater than the present worth of the marketed energy by the steady-rate rule. Table 4 presents
the maximum values of the net financial benefits by both operation rules for all of 11 dams.
As seen in this table, the night-shift-pumped-storage operation turns out to be financially
more profitable for all of the analyzed dams, and the average increase in net profit is 28%.

Table 3 - Final parts of the output files of the runs for the operations by (a) the steady-rate
and (b) the night-shift-pumped-storage rules for Yamula Dam

Average
Average annual Average net
Average annual | annual energy energy h:,a d g hen
Regulation(*) energy by by night-shift- spent for active svtvora e
(%) steady-rate rule pumped- pumping is half fullg
(GWh/year) storage rule during (m)
(GWh/year) | NIGHT shift
(GWh/year)
90 421.67 429.75 27.94 90.88
85 428.01 456.75 60.46 91.03
80 421.42 470.20 91.70 91.17
75 412.30 480.71 122.45 91.30
70 403.06 490.13 152.48 91.42
65 394.49 498.93 181.65 91.54
60 385.95 507.12 209.61 91.65
55 379.07 514.21 235.67 91.74
50 373.48 521.09 259.90 91.83
45 368.42 526.87 281.24 91.92
40 364.16 531.33 298.13 91.99

(*): Regulation = (outflow for energy generation, hm?/day)/(average inflow, hm?/day)

An ultimate goal of this study has been to obtain meaningful regression equations depicting
the average annual produced energy in terms of a few explanatory variables given in the
previous section. For the regression analyses we used the package program Minitab [30]. In
the following, only the regression equations including the significant explanatory variables
are presented, and the details like ANOVA (analysis of variance) tables are skipped in order
not to extend the length of the paper.
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Table 4 - Maximums of present worths of net financial benefits on account of marketing the
energy produced by the operation rules of (a) the steady-rate and (b) the night-shifi-
pumped-storage for all of 11 dams studied (Operation period = 35 years, discount ratio =

0.095, unit prices of marketed energy are: 0.04 $/kWh for steady-rate rule, 0.04 $/kWh
during 11-hour-long DAYTIME, 0.06 $/kWh during 5-hour-long PEAK shifts, and 0.02
S$/kWh produced during 8-hour-long NIGHT shift in those days when the reservoirs is

overflowing; unit cost of energy used for pumping during 8-hour-long NIGHT shift is: 0.02
$/kWh. Operations are simulated in daily time steps).

Maximum present

Maximum of difference of PW

of benefits minus PW of Relative
worth (PW) by . . . .
Dam pumping costs by night-shift- | Difference
steady-rate rule
(Million Dollars) pumped-storage rule (Percent)
(Million Dollars)
Agachisar 33.68 39.68 +18%
Altinkaya 636.71 972.94 +53%
Bahgelik 8.43 10.74 +27%
Berdan 44.26 48.57 +10%
Ermenek 469.88 568.43 +21%
Hasan Ugurlu 603.88 797.02 +32%
Karakurt 132.48 174.81 +32%
Kilickaya 170.83 216.73 +27%
Susurluk 28.63 37.89 +32%
Yamula 173.44 202.15 +17%
Yedigoze 380.49 516.15 +37%

Average relative difference = +28%

AESR = (—418.3) + (0.2112)*x; + (2.834)*x3 + (78.01)*x4 +
(124.9)*xs + (—149.5)*x,

(65)

Degree of freedom = 121 — 6 = 115, R%,; (adjusted determination coefficient) = 0.985

t values of the coefficients of this regression equation and their significance probabilities:

—418.3,-10.7, 100%; 0.2112, 48.1, 100%; 2.834, 26.5, 100%, 78.01, 3.00, 99.7%;

124.9,11.7, 100%; —149.5, =7.21, 100%

AENSPS = (-973.7) + (0.3509)*x; + (4.635)%x3 + (330.5)*xs + (—277.2)*xq

(66)
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Degree of freedom = 121 =5 =116, Rzadj =0.954

t values of the coefficients of this regression equation and their significance probabilities:
—973.7, -8.21, 100%; 0.3509, 27.9, 100%; 4.635, 20.8, 100%, 330.5, 10.1, 100%;
—277.2,-4.38, 100%

PWSR = (—146.5) + (0.08525)*x; + (1.297)*x3 + (46.82)*xs + (—67.22)*x¢ (67)

Degree of freedom = 121 — 5= 116, R%,4j = 0.989

t values of the coefficients of this regression equation and their significance probabilities:
—146.5,-10.8, 100%; 0.08525, 59.4, 100%; 1.297, 50.8, 100%, 46.82, 12.5, 100%;
—67.22,-9.30, 100%

PWNSPS = (~268.0) + (0.1215)*x; + (1.619)*x5 + (89.05)*xs + (~94.57)*x¢ (68)

Degree of freedom = 121 =5 =116, Rzadj =0.981

t values of the coefficients of this regression equation and their significance probabilities:
—268.0, —10.6, 100%; 0.1215, 45.2, 100%; 1.619, 33.9, 100%, 89.05, 12.7, 100%;
—94.57,-6.99, 100%

In these equations, the variables are: AESR: average annual energy produced by the steady-
rate rule in GWh/year, AENSPS: average annual energy produced by the night-shift-pumped-
storage rule in GWh/year, PWSR: present worth of financial benefits due to marketed energy
at the beginning of a 35-year operation period by the steady-rate rule in $’s, PWNSPS:
present worth of financial benefits due to marketed energy at the beginning of a 35-year
operation period by the night-shift-pumped-storage rule in $’s, the explanatory variables x;’s
are as explained before; and, the coefficients of the explanatory variables all are significant
with a probability greater than 99.8% as given by the Confidence Intervals based on the
Student’s t test. Figures 3 and 4 show the scatter plots of average annual energy produced
versus average annual inflow and the ratio of (maximum penstock discharge)/(average
inflow) by the steady-rate rule and Figures 5 and 6 show the same plots by the night-shift-
pumped-storage rule. The other graphs are not included in order to save space from the length
of the paper.

The regression equations presented for the average annual energy produced by either the
steady-rate or the night-shift-pumped-storage rule should be valid for a realistic initial
estimate everywhere, while those for the present worth of financial benefits are specific for
conditions used here. For example, the results of the night-shift-pumped-storage rule depend
on the assumption that the target release for energy during the 11-hour-long DAYTIME shift
equals 70% of the maximum penstock discharge capacity. Yet, the coded programs are
flexible and they will run for any operation periods, for any unit energy prices and unit
pumping costs, for any discount ratios, for any durations of the three shifts, and for any
DAYTIME penstock discharge ratios within the boundaries of inequality (27).
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Figure 3 - Scatter plot of average annual
energy versus average annual inflow for
all 11 dams by the steady-rate rule

Figure 4 - Scatter plot of average annual
energy versus ratio of (maximum penstock
discharge) to (average inflow) for all 11
dams by the steady-rate rule
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5. CONCLUSIONS

The technical details given in the final design projects of the selected dams are taken as the
material of this study. Most of these dams are on unregulated streams. For only a couple of
these dams, there are other dams at upstream locations quite far away. For example, Hirfanl
Dam is located on Kizilirmak River about 200 km upstream from Altinkaya Dam. So, the
regulation effect of those upstream reservoirs on stream flows will be minimal.

After having applied our operation simulation models in daily time steps to these 11 dams,
we have carried out the multiple regression analysis which we have summarized in the
preceding section. It is impractical and almost impossible (1) to acquire or calculate the daily
35-year-long stream flow series coming to the dam, (2) to obtain the design projects, (3) to
extract the necessary data from the project documents and prepare the input data files, (4) to
execute the runs, and (5) to deduce the generalized relationships on all dams in the world
with hydropower plants. However, as put forth in the previous section, we have still obtained
statistically highly meaningful regression equations as the outcome of applying our models
on these 11 dams. These particular dams have wide ranges of storage capacities, installed
powers, and average stream flows. The ranges of active storage capacities, of ratios of (active
storage capacity)/(average annual inflow), of net heads on the turbines when the volume of
water in the active storage is as much as half of its capacity, and of ratios of (maximum
penstock discharge)/(average inflow) of these 11 dams are: 80 hm? ~ 2900 hm?, 0.07 ~ 1.20,
19 m ~ 342 m, 1.8 ~ 3.8, respectively. Hence, the regression equations obtained using the
results of these dams cover such wide ranges, and therefore, these equations can be used for
a plausible and reasonable prediction of hydroelectric energy potential of prospective
projects.

For the night-shift-pumped-storage operation, the hydropower plant is running at maximum
turbines capacity during the PEAK shift and it is running at 70% capacity during the
DAYTIME shift. Yet, any value for this ratio between the lower bound given by expression
(27) and 100% can be assigned by the program user. The turbines can be operated at full
capacity during the DAYTIME shift also provided that the pumping capacity during the 8-
hour NIGHT shift is large enough to pump back the volume of water equalling the full
penstock discharge over a 16-hour period minus the target release further downstream from
the tailwater reservoir. Because the computer programs are user-friendly and the execution
time of a run takes about five seconds, sensitivity analyses with different DAYTIME
penstock discharges, with different unit energy prices, with different discount rates, and with
different operation periods can easily be done for any dam.

It has been shown that there are net positive relative financial benefits, varying between 10%
and 50%, by the night-shift-pumped-storage rule over the conventional rule of steady-rate for
all those 11 dams analyzed in this study. Since as of now, none of these dams are capable of
pumping, for the conversion of them to the night-shift-pumped-storage rule, the cost of either
installing a motor/pump unit or replacing the existing turbine/generator unit by a reversible
(turbine/generator)«>(motor/pump) system must be smaller than the net financial benefits.
The models and the coded programs provided can help the authorities to make feasible
decisions about such possible conversions.

The models and the computer codes developed and presented in this study for the simulation
of the operation of a dam with a hydropower plant either by the steady-rate or by the night-
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shift-pumped-storage rules in daily steps and involve novelties and precise details peculiar to
themselves. These codes, which are free to anybody interested, make up the major
contribution of this study. The statistically significant regression equations obtained for a
reasonable estimate of the annual average produced hydroelectric energy either by the steady-
rate or by the night-shift-pumped-storage rules can also be mentioned as another contribution.
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Kuzey Kibris’taki Havzalarin Morfometrik Parametreler
Kullanilarak Kiimelenmesi

Hasan ZAIFOGLU!
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Hidrolojik agidan birbirine benzer havzalarin siniflandirilmasi 6zellikle bilginin Slglim
yapitlmis havzalardan 6l¢iim yapilmamis havzalara tagimmasi agisindan onemlidir. Bu
calismada Kuzey Kibris’ta yer alan havzalar bir takim temel, gizgisel, alansal ve rolyef
morfometrik havza 6zellikleri goz oniine alinarak hibrid hiyerarsik k-ortalamalar kiimeleme
yontemi ile bes farkli kiimede smiflandirilmislardir. Cografi bilgi sistemleri (CBS)
kullanilarak elde edilen bu morfometrik parametreler ile havzalarin ve olusturulan havza
kiimelerinin hidrolojik ve morfolojik 6zellikleri detayli bir sekilde incelenmistir. Elde edilen
sonuglara gore havzalarin biiyilk ¢ogunlugunda ana akarsu kollarinin orta dereceli
akarsulardan olustugu ve sadece Kiime 1 igerisinde yer alan havzalar ile bazi Kiime 4
havzalarmin nehir olarak tanimlanabilecek ana akarsu kollar1 oldugu belirlenmistir.
Havzalarin biiylik ¢ogunlugunda ise iyi gelismis drenaj ag ile diisiik drenaj yogunluklarimin
oldugu saptanmistir. Ayrica Kiime 1 ve 3 igerisinde yer alan havzalarin yiiksek havza rolyef
ozellikleri ile taskinlar gibi dogal afetlere kars1 daha yatkin olduklar1 belirlenmistir.

Anahtar Kelimeler: Kuzey Kibris, morfometrik parametreler, cografi bilgi sistemleri, hibrid
hiyerarsik k-ortalamalar kiimeleme yontemi.

ABSTRACT
Clustering of Basins in Northern Cyprus Using Morphometric Parameters

The classification of hydrologically similar basins is essential in transferring information
from gauged basins to ungauged basins. In this study, the basins in Northern Cyprus were
classified into five different clusters with the hybrid hierarchical k-means clustering method,
taking into account some basic, linear, areal, and relief morphometric basin characteristics.
With these morphometric parameters obtained using geographic information systems (GIS),
the hydrological and morphological characteristics of the basins and the formed basin clusters
were examined in detail. According to the results, it has been determined that the main stream
branches in most of the basins are composed of medium streams. Only the basins in Cluster
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1 and some in Cluster 4 include streams that can be defined as rivers. It has been determined
that most of the basins have a well-developed drainage network and low drainage densities.
In addition, it has been determined that the basins in Clusters 1 and 3 are more prone to
natural disasters, such as floods, with their high basin relief features.

Keywords: Northern Cyprus, morphometric parameters, geographic information systems,
hybrid hierarchical k-means clustering method.

1. GIRiS

Diinya genelinde havzalarin biiyiikk ¢ogunlugunun hidrolojik Slgiimlere sahip olmamast
nedeniyle, su kaynaklar sistemlerinin planlanmasi ve tasarimi, ¢ogunlukla dogrudan veya
dolayli bir sekilde olgiilen diger havzalardan gelen veriler kullanilarak tahmin edilmektedir.
Bu gibi durumlarda, 6l¢iim yapilmayan havzalarin hidrolojik olarak bilgi saglayan havzalara
benzer olmasi beklenmektedir [1]. Bu baglamda havzalarin gelisen farkli meteorolojik
olaylara benzer tepki veren gruplar halinde siniflandirilmasi 6zellikle akim o6lgiimii
yapilmamis havzalardaki akarsu akisi tahminleri agisindan faydali ve onemlidir. Ancak
bugiine kadar genis kabul goren bir havza siniflandirma sistemi mevcut degildir [2]. Literatiir
incelendiginde hidrolojik bolgesellestirme farkli sekillerde yapilmakta ve genel olarak, ii¢
kategori altinda toplanmaktadir: benzerlik tabanli, regresyon tabanli ve hidrolojik imza
tabanli [3]. Benzerlik tabanli yontemlerde havzalarin benzer mekansal ve fiziksel
ozelliklerinden yararlanilarak bir siniflandirma gergeklestirilmektedir [4,5]. Regresyon
tabanli siniflandirmada ise, regresyon model parametreleri ve havza parametreleri arasinda
belirli bir regresyon iligkisi kurulmaktir. Bu iliski, hedef havzalarin model parametrelerini
tahmin etmek ve daha sonra 6l¢iilmemis havzalarda akim tahminleri i¢in kullanilmaktadir
[6]. Diger taraftan hidrolojik imza tabanli smiflandirma yoéntemlerinde ise havzalarin
hidrolojik &zelliklerini farklt zaman periyotlarinda yansitabilen statik (ortalama akis akisi,
taskin frekansi vb.) ve dinamik (taban akis endeksi, akis degisim hiz1 vb.) gostergelerden
yararlanilarak bir bolgesellestirme yapilmaktadir [7].

Gergeklestirilen bolgesellestirme caligmalarinin ciddi bir kismu kiimeleme teknikleri
kullanilarak havzalarin siniflandirilmasindan olugsmaktadir. Sonrasinda ise bolgesel frekans
analizi ile belli doniig araliklarina karsilik gelen taskin debileri ve tasarim yagiglari tahmin
edilmektedir. Kiimeleme analizi ayrica, asir1 yagislarin mekansal ve zamansal degisimlerini
incelemek, siddet-siire-frekans baglantilarini elde etmek, havza 6zelliklerinin akis tizerindeki
etkilerini anlamak gibi farkli amaglar icin de yaygin olarak uygulanmaktadir [8, 9]. Ornegin
Saf [10] ¢aligmasinda Bat1 Akdeniz Havzasi’ni ii¢ homojen bolgeye ayirmis ve daha sonra
yillik maksimum taskin serilerine bolgesel frekans analizi uygulayarak tagkinlarin cesitli
doniis araliklarina karsilik gelen degerlerini tahmin etmistir. Diger bir ¢alismada ise Firat vd.
[11] Tirkiye'de yillik toplam yagislari uygulanan kiimeleme analizi ile siiflandirmis ve
homojen bolgeleri belirlemistir.

Hosking ve Wallis [12] ¢esitli simiflandirma yontemlerinin kendilerine 6zgii bir takim
avantajlart ve dezavantajlari oldugunu ortaya koymustur. Ozellikle havzalarin farkli
Ozelliklerinin kullanilarak yapilacak kiimeleme analizinin hidrolojik ac¢idan homojen
havzalar1 elde etmenin en pratik yontemi oldugunu 6ne siirmiistiir. Bu noktada kiimeleme,
bir kiime i¢indeki havzalarin 6zellikleri bakimindan miimkiin oldugunca birbirine benzer ve
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farklt kiimelerdeki havzalarin ozelliklerindense miimkiin oldugunca farkli olmasi igin
havzalarin kiimelere ayrildigi bir yontem seklinde tanimlanabilir. Genellikle hidrolojide
kullanilan kiimeleme analizi havzanin fiziksel 6zellikleri, cografi konum 6zellikleri, havza
tepki siiresi Olgiileri, meteorolojik faktorler ve tagkin istatistikleri gibi havzay1 betimleyici bir
takim parametreler yardimiyla gergeklestirilmektedir [13]. Literatiirde yer alan ¢alismalarin
cogunda kullanilan kiime analizi yontemleri hiyerarsik kiimeleme ve hiyerarsik olmayan
kiimeleme yontemleridir. Ayrica bulanik kiime teorisinin kullanildig1 bulanik kiimeleme ve
dogrusal olmayan, 6rnegin kendini diizenleyen haritalar yontemi gibi diger kiimeleme
yontemleri de uygulanmaktadir.

Drenaj morfometrisi, herhangi bir drenaj havzasinin ¢izgisel, alansal ve rolyef 6zelliklerinin
bir l¢iimii olarak tanimlanir [14]. Ozellikle havzalarm hidrolojik 6zelliklerinin aragtiriimas,
havzanin gelistirilmesi ve yoOnetimi agisindan havzalarin morfometrik 6zelliklerinin
bilinmesi 6nemlidir [15,16]. Son zamanlarda yapilan bazi g¢alismalarda morfometrik
parametreler yeralti suyu potansiyelinin degerlendirilmesi, tagkin risk tahminleri, havza
onceliklendirmesi, erozyon oranlarmin tahmin edilmesi gibi konularda 6nemli faydalar
saglamugtir. Ozellikle uzaktan algilama ve cografi bilgi sistemlerinin gelismesiyle, sayisal
yiikseklik modelleri daha hizli ve daha dogru havza analizleri saglamaktadir. Bundan dolay1
morfometrik analizlerde de bu gelismeler siklikla kullanilmaya baslanmustir [17].

Kuzey Kibris’ta bulunan havzalarin belirlenmesi, bu havzalarin &zelliklerinin  ve
benzerliklerinin irdelenmesi ve neticede benzer havzalarin kiimelenmesi ile bir
bolgesellestirmenin yapilmasi konularinda literatiirde sinirli sayida ¢aligma bulunmaktadir.
Ornegin, Tiirker ve Hansen [18] Kibris’in kuzeyindeki meteorolojik kosullart ve
topografyay1 dikkate alarak akarsu havzalarini dort ana havza altinda toplamistir. Ancak bu
calismada herhangi bir kiimeleme yaklasimi kullanilmamigtir. Diger bir calismada ise
Nikolakis [19] Kibris adasinin tamaminin belli yagis rejimleri ile karakterize edilen dort alt
bolgeye ayrilabilecegini gostermistir. Havza 6zelliklerinin dikkate alinmadigi bu ¢alismada
aylik ortalama yagis verilerinden elde edilen bir takim istatistiklere faktor analizi
uygulanarak yagis temelli bir bolgesellestirme yapilmistir. Zaifoglu vd. [20] ise aylik yagis
verilerine uygulanan zaman serisi kiimeleme yontemleriyle adanin kuzeyini bes farkli
homojen bolgeye ayirmistir. Buraki bolgesellestirme de yine sadece benzer yagis davranist
gosteren istasyonlarin gruplanmasi seklinde yapilmistir. Bir baska deyisle yagis
karakteristiginin bolgesellestirilmesidir. Dolayisiyla, bu calismada literatiirde eksik oldugu
saptanan, Kuzey Kibris’ta yer alan havzalarin morfometrik 6zelliklerinin incelenmesi ve
ilgili havza o6zelliklerinin kullanilarak havza temelli bir bolgesellestirmenin yapilmasi
amaglanmigtir. Bu baglamda hibrid hiyerarsik k-ortalamalar kiimeleme yontemi kullanilarak
havzalar ~morfometrik  yakinlik bakimindan kiimelenmis ve bolgesellestirme
gerceklestirilmistir. Caligma alani igerisindeki havzalarin morfometrik analizi, havzalar
icerisinde akim go6zlem istasyonlarinin bulunmamast ve geg¢mis hidrolojik davraniglari
hakkinda bilgi sahibi olunmamasi nedeniyle 6zellikle 6nemlidir. Béylelikle uygulamacilar
ayn1 homojen bolgede yer alan ve akim gozlem istasyonlar ile oOlglilen havzalarda
gerceklestirilen hidrolojik modelleri ve model parametrelerini Olg¢iim yapilmayan
havzalardaki akim serilerini tahmin etmekte kullanabileceklerdir. Dolayistyla bilgi daha hizli
sekilde Ol¢lim yapilmamis havzalara aktarilip buralardaki sorunlara ¢oziim arayislarmi
hizlandiracaktir. Bunun yanisira elde edilen havza ve havza kiimelerinin morfometrik
ozellikleri 6zellikle karar alicilar tarafindan incelenerek tagkinlara duyarli havzalar belirlenip
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onceliklendirilebilecektir. Benzer sekilde bu caligmada elde edilen sonuglar potansiyel
erozyona egilimli alanlarin belirlenmesi ve 6nceliklendirilmesi i¢in de katki saglamaktadir.

2. CALISMA ALANI

Kibris, Dogu Akdeniz’de yer alan ve yazlar sicak ve kurak, kiglart ise 1liman ve az yagish
Akdeniz iklimi etkisi altinda bir adadir. Yillik ortalama yagis miktar1 470 mm civarindadir
[21] ve su kaynaklarmin ¢ogu ise adanin yaklasik %30'unu kaplayan Trodos Daglari’ndan
kaynaklanmaktadir [22]. Kibris adasi, kuzey kiy1 seridine paralel uzanan Girne Daglari,
Giiney Kibris’ta yer alan ve adanin agirlikli olarak merkez ve giinaybatisinda bulunan Trodos
Daglari, iki dag sirasi arasinda adanin merkezindeki diizliikleri igeren Mesarya Ovasi ve
Karpaz Yarimadasi’ndan olusan karmasik bir topografyaya sahiptir. Bu nedenle, yagis
diizenleri dahil yerel meteorolojik 6zellikler biiyiik 6l¢tide farklilik gostermektedir.

Sekil 1’de de goriildiigii gibi ¢alisma alani adanin kuzey kisminda yer alan ve adanin toplam
havza alanmin yaklasik %54’tinii kaplayan havzalarla smirlandirilmistir. Adanin kuzey
kismindaki derelerin neredeyse tamami yagisli donemlerde akan siirekli olmayan derelerdir.
Calisma alani icerisindeki akarsularin ¢cogu Trodos Daglari’ndan adanin orta kismina ve
Giizelyurt Korfezi’ne dogru akmaktadir. Ancak Girne Daglari'ndan da kuzeye ve giineyde
Mesarya Ovasi’na dogru uzanan akarsular da vardir. Ayrica i¢ kisimlardan Magusa
Korfezi’ne ve Girne Daglari’na dogru uzanan ve Karpaz Yarimadasi igeresinde yer alan daha
kiigiik akarsu havzalari da bulunmaktadir. Burada c¢alisma havzalar1 Kuzey Kibris Tiirk
Cumhuriyeti (KKTC) sinirlart i¢erisinde yer alan derelerin havzalari olarak tanimlanmustir.
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Sekil 1 - Calisma alaninin sayisal yiikseklik haritasi ve Kuzey Kibris 'taki ¢calisma havzalar
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3. YONTEM
3.1. Havzalarin Belirlenmesi

Calisma alanini olusturan havzalar1 ve drenaj agini elde etmek icin Kuzey Kibris Tiirk
Cumhuriyeti Harita Dairesi’nden 1/25,000 6l¢ekli haritalardan tiretilen 12.5 m ¢ozilintirliige
sahip sayisal yiikseklik modeli kullanilmistir. Bu model ArcGIS 10.5 cografi bilgi sistemleri
(CBS) tabanl1 yazilima aktarilmis ve yazilim igerindeki ¢esitli cografi veri isleme araglariyla
Kuzey Kibris’ta yer alan havzalar otomatik olarak tretilmistir. Bu asamada, 6ncelikle her
hiicre i¢in hakim akim yonii saptanmigtir. Bununla birlikte akim toplami haritasi igin, 0.0156
km?'ye karsilik gelen 100 hiicrelik bir esik degeri kullamlarak akarsu ag1 olugturulmustur.
Gorece olarak kiigiik ve igerisinde akarsu ag1 bulunmayan havzalar ise cografi ve fiziksel
durumlart degerlendirilerek kendilerine komsu havzalarla birlestirilmis ve Sekil 1°de de
goriilebilecegi gibi caligma alani toplamda 35 havzaya ayrilmustir.

3.2. Morfometrik Parametrelerin Hesabi

Kuzey Kibris’taki havzalarin ¢esitli morfometrik parametrelerini belirlemek i¢in ArcGIS
ortaminda yer alan bir takim cografi islem araglari kullanilmistir. Parametre hesaplanmasinda
kullanilacak devamli ya da gegici tiim akarsu kollarini igeren akarsu agi olusturulmus ve
akarsu aginin incelenmesi icin ilgili kollar derecelendirilmistir. Ayrica egim 6zelliklerinin
elde edilmesi igin ArcGIS’teki mekansal analiz araglarindan yararlanilmistir. Boylece
havzalarin temel, c¢izgisel, alansal ve rolyef ozelliklerinin degerlendirilmesi igin ilgili
morfometrik parametreler hesaplanmigtir. Bunlar havzalarin temel 6zellikleri olan havza
alan1 (A), havza gevresi (P), havza genisligi (W), havza uzunlugu (Lj); ¢izgisel 6zellikleri
temsil eden akis dizilimi (u), akis numarasi (N,), ¢atallanma orami (Rj), toplam akis
uzunlugu (L,,); alansal 6zellikleri gosteren bigim faktort (Fr), uzama orani (R, ), dairesellik
orant (R.), drenaj yogunlugu (D), tekstiir oram (R;), akarsu sikhigi (Sf), kompakthk
katsayis1 (C.); rolyef ozellikleri ifade eden havza rdlyefi (H), rolyef orami (Rj) ve
engebelilik oranidir (R,,). Tablo 1°de verilen formiiller veya yaklasimlar kullanilarak
havzalarin morfometrik dzellikleri hesaplanmustir.

Tablo 1 - Havzalarin morfometrik parametreleri

Parametre Formiiller Birim  Referans
Temel ozellikler:

Havza alani (4) CBS Araclan km? [23]
Havza gevresi (P) CBS Araglari km [23]
Havza genisligi (W) CBS Araglarn km [23]
Havza uzunlugu (L;) L, = 1.312 x A%588 km [24]
Cizgisel ozellikler:

Akis dizilimi (u) Hiyerarsik siralama - [25]
Akis numarasi (N,) Ny =Ny + Ny ++ Ny, - [25]
Catallanma orani (R) R, =N, /N, +1 - [26]
Toplam akis uzunlugu (L,,) Ly=Lyg+Ly+-+ Ly, km [24]
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Tablo 1 - Havzalarin morfometrik parametreleri (devam)

Parametre Formiiller Birim  Referans

Alansal 6zellikler:

Bigim faktorii (F) F=A/L3 - [24]
Uzama oran1 (R,) R, =2/L, X JA/m - [26]
Dairesellik oran1 (R,) R, = 4mA/P? - [25]
Drenaj yogunlugu (D) Dy =1L, /A km! [24]
Tekstiir orami (R;) R, = N, /P km'! [24]
Akarsu sikhigi (Sy) Sy = N, /A km [24]
Kompaktlik katsayist (C,) C.=0.282x P/VA - [27]
Rolyef 6zellikleri:

Havza rolyefi (H) H=R-r m [26]
Rolyef orami (R},) R, =H/L, - [26]
Engebelilik oran1 (R,) R, =H X Dy - [26]

3.3. Kiimeleme Analizi

Calismada hidrolojik agidan benzer havzalarin belirlenmesi igin hibrid hiyerarsik k-
ortalamalar kiimeleme yontemi kullanilmistir. Burada denetimsiz 6grenme yontemleri
icerisinde yer alan birlestirici hiyerarsik Ward kiimeleme yontemi [28] ve hiyerarsik
olmayan kiimeleme yontemlerinden k-ortalamalar yontemi [29] birlikte uygulanmustir.
Boylece, hibrid kiimeleme yaklagimi kullanilarak her iki yontemin bir takim
dezavantajlarinin giderilmesi hedeflenmistir. Ayrica bu yaklasim ile iki yontemden en iyi
sekilde faydalanilmasi amaglanmistir [30].

Hibrid yontemin ilk kisminda hiyerarsik Ward yontemi uygulanarak kiime sayist ve kiime
merkezleri belirlenmektedir. Baslangi¢c olarak havza sayisi kadar tek iiyeli kiime
olusturulmustur. Bagka bir deyisle her havza tek bir kiimede ayr1 ayr1 konumlandirilmistir.
Ardindan aralarindaki benzerlik uzakligina gore en yakin iki kiime birlestirilmektedir. Bu
islem neticede hiyerarsik yapiya dayali tiim havzalari igeren tek bir kiime elde edilene kadar
tekrarlanmaktadir. Hiyerarsik Ward yontemi uygulanirken mesafe matrisi adi verilen ve
kiimeler arasi1 benzerlik uzakliklarini gosteren bir matris olusturulmaktadir. Buradaki
degerler Karesel Oklid uzaklik 6lgiisii (d; ;) kullanilarak su sekilde hesaplanmaktadir:

dij = Yoy (i — xjk)z (1

Burada i =1,2,..,n; j=1,2,..,n; k=1,2,..,p olmak iizere n nesne sayisini, p de
degisken sayisini gostermektedir. Formiil icerisinde yer alan x;, i’inci nesnenin k’inci
degiskendeki degerini, xj;, ise j’inci nesnenin k’inci degiskendeki degerini ifade etmektedir.
Birbirine yakin olan havzalar mesafe matrisine gore agamali olarak birlestirilmekte ve adim
adim yeni kiimeler tiretilmektedir. Her adimda, yeni kiime ve diger kiimeler kullanilarak
uzaklik matrisleri yeniden hesaplanmaktadir. Daha sonra ise tiim istasyonlari iceren en biiyiik
kiimeye ulasmak igin birlestirme islemi gergeklestirilmektedir. Bu g¢aligmada yapilan
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kiimeleme analizinde havzalarin benzerligi morfometrik parametreler ve cografi konum
degiskenleri iizerinden degerlendirilmistir. Ayrica yontem igerisinde kullanilan Oklid uzaklik
Olciisii, degiskenlerin farkli 61¢ii birimlerinden etkilenebileceginden ilgili degiskenler analize
sokulmadan once standartlastirilmistir. Bu islem degiskenlerin her bir degerinden ortalama
degerin ¢ikarilip elde edilen farkin standart sapmaya boliinmesi ile gergeklestirilmektedir.

Hiyerarsik Ward kiimeleme yonteminde amag tiim parametreler tizerinden hesaplanan iki
kiime merkezi arasindaki sapmanin (hatanin) karelerinin toplamimin minimize edilmesidir.
Bu baglamda olusturulan amag fonksiyonu su sekilde ifade edilebilir [31]:

E=3%% En ()

Buradam = 1, 2, ..., g olmak iizere E tiim kiimelerin hata kareler toplamidir. E,,, ise kiime
ici hata karaler toplamuidir ve su sekilde hesaplanmaktadir:

n P _ 2
E, = 1:; kil(xml,k - xm,k) 3)

Burada [ = 1, 2, ..., n,, olmak {izere X,, , m’inci kiimedeki k’inci degiskene ait ortalamay1
Ve X, 1€ m’inci kiimedeki I’inci nesne i¢in k’inci degiskenin degerini gostermektedir.

Hiyerarsik kiimelemenin sonuglari genellikle kiimelerin hangi diizende birlestigini gosteren
ve dendrogram olarak bilinen diyagramlar kullanilarak verilir. Havzalarin kiimelenmesi
dendrogramin istenilen yiikseklikte kesilmesi ve diigiimlerden kiimeler olusturacak sekilde
ayrilmasiyla gerceklestirilir. Ancak dendrogramin hangi diigiim noktasindan ayrilacagi yani
havzalarin kag kiime altinda siniflandirilacagi belli degildir ve literatiirde bu konuda genel
kabul gérmiis bir yontem bulunmamaktadir. Dolayistyla bu ¢alismada toplam havza kiimesi
sayisinin belirlenmesi igin yaygin olarak kullanilan bir yaklagim olan kiime gecerlilik
indekslerinden yararlanilmistir. Kullanilan bu indeksler kiime sayisi, benzerlik uzaklig
Olgiileri ve kiimeleme yontemlerinin tim kombinasyonlarini deneyerek en uygun
kiimelemeyi Onermektedir. Temelde bu indisler kiime i¢i ve kiimeler arasi varyans
degerlerini birlikte dikkate alarak kiimeleme analizi sonuglarinin veriye ne kadar uyumlu
oldugunu degerlendirmektedir [32]. Bu asamada NbClust R programlama paketi [33]
kullanilarak 30 farkli indeks es zamanli olarak hesaplanmis ve indeksler tarafindan en fazla
onerilen kiime sayisina gore optimum havza kiime sayisi kararlastirilmistir.

Hibrid yontemin ikinci kisminda ise hiyerarsik yontem ile elde edilen kiimelerin her biri i¢in
kiime merkezleri hesaplanarak k-ortalamalar yonteminde baslangic deger olarak
kullanilmalar1 saglanmustir. Aslinda bu adim hibrid yontem kullanilarak yapilacak ikinci bir
siniflandirmanin saglayacagi avantaji ortaya ¢ikarmak icin gergeklestirilmektedir. Boylece
baslangi¢c asamasinda kiime sayis1 ve kiime merkezlerinin bu rasgele se¢imine karsi oldukga
duyarli olan ve sonuglari zaman zaman etkilenen k-ortalamalar yonteminin en 6nemli
dezavantaji ortadan kaldirilmaktadir. Bunun yaninda k-ortalamalar yonteminde ozellik
vektorleri bir kiimeden digerine amag fonksiyonunu minimize etmek i¢in dinamik bir sekilde
degisebilmektedir. Buna karsin Ward yontemi gibi hiyerarsik yontemlerde belli kiimelere
atanan Ozellik vektorleri kiimeler arasinda hareket edememektedir [34]. Hibrid yontem
uygulamasi bu baglamda her iki yaklagimin olumlu yonlerini kullanip sonuglarin
dogrulugunu olabildigince artirmay1 amaglamaktadir.
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Siniflandirma algoritmasi igerisinde her havza onceden tanimlanmis sayidaki kiimelere,
kiime merkezlerine olan uzakliklarmna gore dahil edilmektedir. Daha sonra olusturulan
kiimelerin yeni kiime merkezleri hesaplanarak havzalarin yeni merkezlere uzakliklar
giincellenmekte ve tekrar havzalarin siiflandirilmasi gergeklestirilmektedir. Burada amag
fonksiyonunun degeri en aza indirilerek her bir 6zellik vektoriiniin ait oldugu kiimenin
merkezine olan uzakligi minimize edilmektedir. Amag¢ fonksiyonu J su sekilde
hesaplanmaktadir [35]:

J =y, 3 x9 - ¢ 4

Burada ||X l.(] ) _ C]-||2 bir veri noktasi X l.(] ) ve kiime merkezi C; arasindaki segilen mesafenin
oOlgiisiidiir. Her havza igin kiime merkezine olan mesafe hesaplanir ve en yakin kiime
merkezine gore siniflandirma gergeklestirilir. Bu islem havza smiflandirilmasinda herhangi
bir degisiklik olmayincaya kadar devam etmektedir.

Literatiirde hibrid kiimeleme yontemleri kullanilarak yapilan bir¢ok hidroloji temelli ¢aligma
bulunmaktadir. Ornegin Rao ve Srinivas [36] hibrid kiimeleme analizinin bolgesellestirme
iizerindeki etkinligini, Amerika Birlesik Devletleri Indiana eyaletinde yer alan havzalardan
alman veriler kullanarak arastirmistir. Bu ¢aligma hibrid hiyerarsik Ward ve k-ortalama
yonteminin amag fonksiyonunu optimize etmedeki genel performansinin, ayni algoritmalarin
ayr1 ayri ¢aligtirtlarak elde edilen sonuglarindan daha iyi oldugunu ortaya koymustur. Smith
vd. [37] global 6lgekte farkli doniis araliklarina karsilik gelen tagskin debilerinin tahmini i¢in
taskin indeksi yontemiyle birlikte hibrid kiimeleme yaklagimi kullanmigtir. Hibrid Ward ve
k-ortalamalar yontemiyle uygun sekilde olusturulmus havza kiimelerine uygulanan bolgesel
taskin frekans analizi ile, kiiresel 6lgekte makul tagkin debisi tahminlerinin yapilabilecegi
gOsterilmistir. Diger bir ¢aligmada ise Kebebew ve Awass [38] hibrid Ward ve k-ortalamalar
yontemiyle ¢esitli havza oOzelliklerini dikkate alarak Etiyopya’daki havzalarin
bolgesellestirilmesini gergeklestirmistir ve taskin istatistiklerini kullanarak bu bdlgelerin
hidrolojik agidan homojenligi test edilmistir.

4. BULGULAR VE TARTISMALAR
4.1. Havzalarin Morfometrik Analizi
4.1.1. Temel Havza Ozellikleri

Kuzey Kibris’ta yer alan havzalarin morfometrik parametreleri 6nceden belirtilmis
yontemlerle hesaplanmig ve Tablo 2’de verildigi gibi bir takim istatistikler iizerinden
Ozetlenmistir. Buna gore dncelikle havzalarin temel 6zellikleri incelendiginde galisma alani
icerisinde bulunan havzalarin biiyiik bir kisminm 29.06 km? ile 176.38 km? arasinda degisen
havza alanlarina sahip oldugu, en biiyiik havzani ise 1302.09 km?’lik havza alaniyla hem
Girne Daglari’ndan hem de Trodos Daglari’ndan beslenen ve Kibris’m en uzun deresi olan
Kanlidere’yi de icerisinde barindiran 10 numarali havza oldugu goriilmektedir. Diger temel
havza ozellikleri arasinda yer alan havza gevresi, havza genisligi ve havza uzunlugu da,
sirastyla 254.00 km, 16.89 km ve 77.10 km degerleri ile yine bu havzada en yiiksek degerlere
sahiptir. Diger havzalarla kiyaslandiginda bu degerler ortalama degerlerin bir hayli
tizerindedir. Bunlarin yaninda 1 numarali havzanin en kiigiik havza alanina, 15 numarali
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havzanin en kii¢iik havza gevresine, 33 numaralt havzanin en kii¢iik havza genisligine ve 1
numarali havzanin ise en kiigiik havza uzunluguna sahip olduklar1 belirlenmistir.

4.1.2. Havzalarin Cizgisel Ozellikleri

Cizgisel ozellikler igerisinde incelenen akis dizilimi, akarsularin hiyerarsik siralamasina
dayal1 Strahler yontemi [25] kullanilarak belirlenmistir. Buna gére sadece toprak yiizeyinden
gelen sular1 alan kollar birinci derece olarak numaralandirilnustir. ikinci derece kol ise iki
birinci derece kolun birlesmesiyle meydana gelmektedir. Iki ikinci derece kol birlestiginde
ticiincii derece kolu olusturur ve bu sekilde derecelendirme devam eder. Bu yonteme gore
calisma alani igerisindeki akarsu kollar1 igiincii dereceden sekizinci dereceye kadar
derecelendirilmistir. Ortalama akarsu derecesi ise havzalarin gogunda goriilen besinci derece
olarak saptanmistir. Diger bir taraftan, havzanin en biiyiik akis dizilimi degeri, havzanin ana
akis kolunun tiiriinii belirlemek i¢in de kullanilabilir. Burada {igiincli dereceye kadar akis
dizilimi degerine sahip olan akarsular memba suyu, dordiincii ile altinci derece arasi akarsu
kollar1 orta dereceli akarsular ve altinci dereceden biiyiik akarsu kollar1 ise nehirler olarak
tanimlanabilir. Bu baglamda Kuzey Kibris’taki havzalarin ¢ogunda yer alan akarsular orta
dereceli akarsulardir. En biiyiik havzalar olan 6, 10 ve 27 numarali havzalar ile 10 ve 27
numarali havzalarin i¢erisinden gegen akarsu kollarinin daha mansabinda yer alan Havza 25
ve 26’daki ana akarsu kollar1 altinc1 dereceden biiylik akis dizilimi degerleri ile nehir olarak
tanimlanabilir.

Tablo 2 - Kuzey Kibris 'taki havzalarin morfometrik parametre istatistikleri

Parametre =~ Minimum 1. Kartil (Q;) Medyan Ortalama 3. Kartil (Q3) Maksimum

A (km?) 29.06 80.80 12038 214.89 176.38 1302.09
P (km) 38.45 48.47 65.55 7643 72.86 254.00
W (km) 3.27 4.99 6.04 6.87 7.41 16.89
L, (km) 8.89 15.89 19.94  24.47 24.74 77.10
u 3 4 5 4.97 5 8
N, 141 416 643 1153 857 7155
R, 1.67 2.06 2.52 3.78 4.00 13.21
Ly (km) 48.80 14647  239.83  426.81 362.08 2664.33
Fy 0.22 0.28 0.30 0.30 0.32 0.37
R, 0.53 0.60 0.62 0.62 0.64 0.68
R, 0.16 0.30 0.38 0.40 0.52 0.69
Dy (km) 1.63 1.80 1.90 1.92 2.06 2.22
R, (km™) 3.05 7.67 1024  11.94 14.11 29.65
Sy (km) 4.06 4.96 5.30 5.20 5.47 6.08
Ce 1.20 1.39 1.62 1.67 1.83 2.48
H (m) 70 359 714 800 1138 1954
Ry 0.003 0.018 0.031  0.037 0.054 0.090
R, 0.15 0.70 1.41 1.52 2.10 3.58
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Akig numaralari incelendiginde havzalarin farkli derecelerde toplam 40,354 adet akarsu kolu
icerdigi, en kiiclik havzanin 141 (Havza 1) en biiyiik havzanin (Havza 10) ise 7,155 adet
akarsu koluna sahip oldugu goriilmektedir. Bu drenaj ag1 igerisinde yer alan akarsu kollarinin
%51.6’s1 birinci derece, %23.6’s1 ikinci derece, %12.3’1 liglincii derece, %6.6’s1 dordiincii
derece, %3.8’1 besinci derece, %1.4’1 altinci derece, %0.5°1 yedinci dereece ve %0.2’sinin
sekizinci derece kollara sahip oldugu belirlenmistir. Agiktir ki, akis dizilimi arttik¢a akarsu
kollarinin sayis1 azalmaktadir [24].

Catallanma orani, belirli bir derecedeki akis numarasinin bir sonraki iist derecedeki akis
numarasina oranini ifade etmektedir [26]. Bu da akis agindaki dallanma miktarmin bir
oOlgtisiidiir. Bu parametre temelde drenaj aginin jeolojik yapilardan etkilenmedigi anlamina
gelen diisiik sinif ve jeolojik yapilar tarafindan kontrol edildigi anlamina gelen yiiksek siif
seklinde smiflandirtlir. Strahler [39] drenaj aginin iyi gelismis oldugu havzalarda ortalama
catallanma oraniin 2 ile 5 arasinda degistigini gézlemlemistir. Caligma alanini olusturan 35
havzanin bes havzasi hari¢ diger tiim havzalar1 bu aralikta oldugu i¢in ¢alisma alaninin
genelinde drenaj aginin iyi geligsmis oldugu sdylenebilir. En diisiik ¢atallanma orani 1.67
olarak 4 numarali havzada, en bilyiik ¢atallanma orani ise 13.21 olarak 27 numarali havzada
hesaplanmistir.

Toplam akis uzunlugu havza icerisinde derecelendirilen akarsu kollarinin toplam uzunlugu
olarak belirlenmektedir [24]. Havzalardaki toplam akis uzunlugu havza biiyiikliigiine bagl
olarak 48.80 km ile 2664.33 km arasinda degismektedir. Mesarya Ovasi igerisinde yer alan
nispeten biiylik havzalar haricinde genel olarak havzalarin ¢ogunun 362.08 km’nin altinda
toplam akis uzunluguna sahip olduklar1 goriilmektedir. Toplam akis uzunlugunun yiiksek
degerler aldig1 havzalarda ortalama akis degerlerinin diger havzalara oranla daha yiiksek
olacagi soylenebilir.

4.1.3. Havzalarin Alansal Ozellikleri

Alansal morfometrik Ozellikler arasinda bulunan bi¢im faktorii, havza alanmmin havza
uzunlugunun karesine oranidir. Dolayisiyla havzalardaki akis hidrograflari her zaman havza
formunun etkisi altindadir. Mitkkemmel dairesel bir havza i¢in bi¢im faktorii degeri her zaman
0.7854’ten kiigiik olmalidir. Havzanin daireselligini belirten bi¢im faktoriiniin degeri ne
kadar kiigiikse, havza o kadar uzun olacaktir [40]. Yiiksek bi¢im faktorlii havzalar daha kisa
stireli yliksek pik debili akimlara sahipken, diisiikk bigim faktoriine sahip uzun havzalarda
daha uzun siireli ve daha diisiik pik debiler gézlemlenmektedir. Kuzey Kibris’taki havzalarin
0.22 ile 0.37 arasinda degisen bicim faktorii degerleriyle daha ¢ok uzun ve orta dairesellige
sahip oldugu sdylenebilir.

Diger taraftan havza ile ayn1 alana sahip bir dairenin ¢apinin maksimum havza uzunluguna
orani olarak hesaplanan uzama orani [26] sifir (en yiliksek uzama) ile bir (en yiiksek
dairesellik) arasinda degisen bir morfometrik parametredir. Bire yakin uzama orani degerleri
havzada daha az jeomorfolojik kontrol oldugunu gostermektedir [25]. Calisma alani
icerisinde yer alan havzalarda hesaplanan uzama oranlar1 en diisiik 0.53, en yiiksek 0.68 ve
ortalama ise 0.62 olarak bulunmustur. Bu da havzalarin kismen dairesel havza o6zelligi
tastyabilecegini yani yliksek debili akim potansiyelini gostermektedir.

Dairesellik oran1 havzanin alaninin ayni ¢evreye sahip bir dairenin alanina orani olarak
tamimlanir [25]. Bu oran sifir (en az dairesellik) ile bir (en fazla dairesellik) arasinda degisir

40



Hasan ZAIFOGLU

ve yiiksek, orta ve diisiik olarak sirasiyla yasli, olgun ve geng jeomorfolojik gelisim evrelerini
tanimlayacak sekilde siniflandirilir. Adanin kuzeyinde yer alan havzalarin ¢ogunlugunda
dairesellik orant 0.52 degerinin altinda ve ortalama deger 0.40 oldugundan genel olarak
havzalarin jeomorfolojik acidan daha ¢ok geng veya olgun olduklari sdylenebilir.

Drenaj yogunlugu havza i¢indeki tiim akarsularin uzunluklarinin toplami ile toplam havza
alani arasindaki oran olarak tanimlanmistir [24]. Herhangi bir havzanin drenaj kapasitesi, bu
alanin drenaj yogunluguna baghdir. Yiiksek drenaj yogunlugu degeri, yagis olaylarina
nispeten hizli bir hidrolojik yanita sahip biiyiik 6l¢iide pargalanmig bir havzayi isaret eder.
Nispeten diisiik drenaj yogunlugu ise, yavas hidrolojik tepkiye sahip daha diisiik drenaj
kapasiteli bir havzayr gosterir [41]. Calisma alanindaki havzalarin ortalama drenaj
yogunlugu 1.92 km’!, en diisiik deger 1.63 km! ve en biiyiik deger ise 2.22 km™!' olarak
hesaplanmugtir. Havzalari ¢ogu 2.06 km! degerinin altindadir. Bu sonug havzalarin gogunun
diistik drenaj yogunluguna sahip dolayisiyla yagis olaylarina yavas hidrolojik tepki
gosterdiklerini ortaya koymaktadir. Diger bir grup havza ise orta derecede hidrolojik tepkiye
sahip orta drenaj kapasiteli havzalardir.

Tekstiir oran1 akis numarasinin havzanin ¢evresine orani olarak tanimlanir ve herhangi bir
havzanin drenaj aginin goreli araligini gosteren onemli bir morfometrik parametredir. Bu
orani etkileyen en 6nemli faktor havzanin sizma kapasitesidir [24]. Tekstiir orani 2’den
kiigiikse ¢ok kaba, 2 ile 4 arasinda kaba, 4 ile 6 arasinda orta, 6 ile 8 arasinda iyi, 8’den biiylik
ise ¢ok ince olarak nitelendirilir [42]. Caligma havzalarinin tekstiir oranlari 3.05 ile 29.65
km! arasinda degisen degerler oldugundan Kuzey Kibris’ta kaba ile ¢ok ince arasinda
degisen cesitli tekstiir 6zellikleri goriilmektedir. Ayrica biiyiik alan kaplayan havzalarin daha
yiiksek tekstiir oranina sahip olduklar1 saptanmistir. Bu yiiksek degerler ayrica havzalarin
diistik s1izma kapasitelerini, kayalarinin daha az gegirgenligini ve yiiksek rolyef 6zelliklerini
isaret etmektedir.

Akarsu siklig1 birim alandaki toplam akarsu sayisidir [24]. Calisma alanindaki havzalarin
4.06 ile 6.08 km? arasinda degisen degerler aldiklar1 belirlenmistir. Bu degerler adanin
kuzeyinin yiiksek akarsu sikligina sahip oldugunu gostermektedir. Ayrica akarsu sikliginin
akig ile dogru, yillik ortalama yagis ile ters orantili olarak iliskilendirildigi bilinmektedir
[43, 44]. Dolayistyla yiiksek akarsu siklig1 degerleriyle havzalarin daha diisiik ortalama y1llik
yagisa ve daha yiiksek akis potansiyeline sahip olmasi muhtemeldir. En yiiksek akarsu siklig
Gazimagusa Korfezi’ne dokiilen akarsu kollariyla 25 numarali havzadadir.

Kompaktlik katsayis1 havzanin gevresinin havzaya esdeger alana sahip dairenin ¢evresine
orani olarak tanimlanabilir [27]. Bu parametrenin diigiik olmasi ilgili havzanin daha uzun
olduguna ve diisiik erozyon yatkinligina isaret etmektedir. Diger taraftan yiiksek kompaktlik
katsayis1 havzanin daha az uzun ve yiiksek erozyon 6zelligini belirtmektedir. Calismada yer
alan havzalarda bu parametre en yiiksek 2.48 (Havza 17), en diisiik ise 1.20 (Havza 24) olarak
hesaplanmuistir.

4.1.4. Havzalarin Rolyef Ozellikleri

Havza rolyefi, havza icerisinde yer alan en yiiksek nokta ile en diisiik nokta arasindaki
yiikseklik farkidir ve havzanin altinda yatan jeoloji, jeomorfoloji ve bir takim drenaj
ozellikleri ile iligkilidir. Dolayisiyla 6zellikle havzanin erozyon asamalarinin ve yatkinliginin
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onemli bir gostergesi olarak disiiniilebilir. Kuzey Kibris’ta bulunan havzalar genellikle iki
dag kiitlesi arasinda ve Girne Daglari’nin kuzey yamaglarinda yer aldigindan orta ve yiiksek
rolyef degerlerine sahip olduklar1 goriilmektedir. Havza rolyefi 70 ile 1954 m arasinda ve
ortalama 800.1 m olarak hesaplanmistir. En yiiksek havza rolyefi Trodos Daglari’ndan
Giizelyurt Korfezi’'ne uzanan 32 numarali havzadadir. Yiiksek rolyef jeomorfik gelisimin
gen¢ asamalarini ve daha yiiksek erozyon potansiyelini gostermektedir. Ayrica ani rolyef
degisiklikleri igeren, 6zellikle Girne ve Trodos daglarindan diizliiklere uzanan havzalarin,
taskin gibi dogal afetlere jeomorfolojileri geregi daha yatkin olduklar1 sdylenebilir.

Rolyef oranit havza rolyefinin havza uzunluguna bolinmesiyle hesaplanmaktadir. Bu
parametre kayag tiirleri ve havza egimi ile iliskilendirilebilir. Boylece yiiksek rolyef orani
degerleri daglik bolgeleri, diisiik degerler ise vadi ve diizlikleri yansitmaktadir [45]. Caligma
havzalar incelendiginde rolyef oraninin ¢ok genis bir aralikta degerler aldig1 goriilmektedir.
En diisiik 0.003 rolyef oranit ayni zamanda en diisiik havza rolyefine de sahip Magusa
Korfezi’'nde bulunan 25 numarali havzada hesaplanmistir. En yiiksek rolyef orani 0.090
degeri ise en yiiksek havza rolyefine de sahip 32 numarali havzada bulunmaktadir. Genel
olarak havzalarin ortalama rolyef orani ise 0.037 olarak bulunmustur. Ayrica yiiksek rolyef
oranlar1 havzalarin yliksek akis potansiyeline de isaret etmektedir.

Engebelilik orani havza rolyefi ile drenaj yogunlugunun garpimi ile elde edilmektedir
[26]. Calisma alanindaki havzalarin engebelilik oranlart 0.15 ile 3.58 degerleri arasinda ve
ortalama 1.52 olarak hesaplanmstir. Ozellikle diisiik engebelilik oranlar1 daha ¢ok egimin
diisiik oldugu havzalarda, yiiksek oranlar ise yamaglarin dik ve uzun oldugu havzalarda
gozlemlenmektedir. Diger havza rolyef parametrelerinde oldugu gibi en bilyiik engebelilik
orani 32 numarali havza i¢in, en diisiik oran ise 25 numarali havza igin hesaplanmistir. Ek
olarak yiiksek engebelilik orani pik debinin nispeten yiiksek olabilecegini de gostermektedir.

4.2. Havzalarin Kiimelenmesi
4.2.1. Kiimeleme Analizi

Benzer morfometrik 6zelliklere sahip havzalarin olusturacagi kiimlerin sayisini bulmak i¢in
30 farkli indis degerlendirilmis ve en anlamli kiime sayisinin bes oldugu ¢ogunluk prensibi
gozetilerek belirlenmistir. Bdylece morfometrik veriye uygulanan hibrid hiyerarsik k-
ortalamalar yontemi ile Kuzey Kibris’ta yer alan tiim havzalar bes kiimede gruplanmistir.
Sekil 2’de kiimeleme analizinin dendrogrami goriilmektedir. Dendrogram incelendiginde
Karpaz Yarimadasi igerisinde yer alan 20 ve 21 numarali havzalarm birbirlerine en ¢ok
benzeyen havzalar olduklari goriilmektedir. Ayrica Girne Daglari’nin kuzeye bakan
yamagclarinda bulunan 11 ve 13 numarali havzalarin da aralarindaki uzakligin ¢cok az oldugu
dolayisiyla birbirlerine ¢ok yakin morfometrik 6zellikler gosterdigi belirlenmistir. Diger
taraftan olusturulan kiimeler incelendiginde, Havza 27°nin daha yakin 6zellikler gosteren 6
ve 10 numarali havzalar ile bir araya gelerek bir kiime olusturdugu ortaya ¢ikmistir. Havza
28,29, 30, 31, 32, 33 ve 34’{in yakin kiimeler aras1 uzaklik degerleri ile benzer olduklar ve
ayni kiime i¢inde yer aldiklar1 belirlenmistir. Ayni sekilde 15, 16, 17, 18, 19, 20 ve 21
numaralt havzalar da benzer havza morfometrisine sahip olduklart ortaya konmustur. Burada
Havza 17 ve 18 diger havzalara gore gorece olarak daha uzak bir mesafede kiimeye dahil
olmuslardir. Bunun yaninda Havza 12, 22, 23 ve 24 yakin morfometrik 6zellikler gostererek
kendi iglerinde gruplanmis ve ardindan Havza 25 ve 26 ile birleserek yeni bir kiime
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olusturmuslardir. Bu kiimedeki Havza 25 ve 26 6teki havzalara kiyasla daha uzak 6zelliklere
sahiptir. Son olarak 1, 2, 3, 4,5, 7, 8,9, 11, 13, 14 ve 35 numaral1 havzalar1 igerisinde
barmdiran bir kiime elde edilmistir. Bu havzalar genel olarak yakin 6zellikler gosterip ayni
kiime igerisinde bulunsalar da kiime igerisinde bir takim alt kiimelerden de s6z etmek
miimkiindiir. Ornegin Havza 5 ve 35; Havza 1 ve 14; Havza 7, 8,9, 11 ve 13; Havza 2, 3 ve
4 kendi iglerinde daha benzer havza karakteristiklerine sahip olduklari sdylenebilir.

4.2.2. Havza Kiime Ozellikleri

Kiimeleme analizi neticesinde elde edilen bes farkli havza kiimesinin Kuzey Kibris’taki
mekansal dagilimi Sekil 3’te gosterilmektedir. Buna gore Kiime 1, Girne ve Trodos Daglari
arasinda yer alan Mesarya Ovasi’nin orta kismini kapsayan iic havzadan meydana
gelmektedir. Bu havzalarin digerlerine kiyasla havza alanlarinim 6nemli 6lgiide biiyiik oldugu
goriilmektedir. Kiime 2 igerisinde ise 12 havza bulunmaktadir. Buradaki havzalarin biiyiik
cogunlugu Girne Daglari’nin Kuzey’e bakan yamaclarinda yer almakta ve topladiklart suyu
adanin kuzey sahilinden denize desarj etmektedir. Bu noktada Havza 2, 4 ve 35 ise Gilizelyurt
Korfezi dogrultusundaki akis yonleriyle digerlerinden farklilasmaktadir. Kiime 3’ Trodos
Daglari’ndan Giizelyurt Korfezi’ne dogru akan derelerin havzalari olusturmaktadir. Burada
birbirine ¢ok benzeyen ve komsu yedi farkli havza s6z konusudur. Kiime 4’te gruplanan
havzalarin ise adanin dogusunda bulunan Magusa Korfezi’ne dogru akis yoniine sahip
olduklar1 belirlenmistir. Bu kiimedeki havzalar Mesarya Ovasi’nin dogu kismini
olusturmaktadir. Son olarak, Kiime 5 ise esasen Karpaz Yarimadasi’ni temsil eden havzalar
icermektedir. Buradaki yedi adet havzanin ortak akis yonlerinden bahsetmek pek miimkiin
degildir. Havza 15, 16, ve 17’nin kuzeye, Havza 19, 20 ve 21’in ise giineye dogru akis
yonlerinin oldugu goriilmektedir.
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Sekil 2 - Kuzey Kibris taki havzalarin morfometrik ézelliklerine uygulanan hibrid
hiyerarsik k-ortalamalar kiime analizinin dendrogrami
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Diger bir taraftan belirlenen havza kiimelerinin kendilerine 6zgli morfometrik dzelliklerinin
belirlenmesi ve kiimeler arasindaki farklarin daha iyi anlagilmasi adina olusturulan kiimelerin
temel, ¢izgisel, alansal ve rolyef havza o6zelliklerinin medyan degerleri hesaplanmis ve
karsilagtirilmistir. Ornegin Sekil 4°te kiimelerin dort farkli temel havza 6zelliklerinin medyan
degerleri verilmistir. Buna gore agik bir sekilde Kiime 1’in diger kiimelere kiyasla ¢ok daha
biiyiik havza alani, havza cevresi, havza genisligi ve havza uzunluguna sahip oldugu agikca
ortaya cikmustir. Diger kiimelerin ise birbirlerine daha yakin temel havza ozellikleri
tagidiklar1 goriilmektedir. Ancak bu noktada da Kiime 2 igerisinde yer alan havzalar
genellikle Girne Daglari ile kuzey kiy1 seridi arasina sikismis olarak bulundugundan goérece
olarak en kiiciik temel havza 6zelliklerini tagimaktadir.

I Kime 1
- Kime 2
l:l Kime 3
[ Jkimes
[ Jkimes

O Kilometre
0 510 20 30 40

Sekil 3 - Kuzey Kibris taki havzalarim morfometrik ozellikleri temelinde olusturulan havza
kiimeleri

Sekil 5°te verilen kiimelerin ¢izgisel havza 6zellikleri incelendiginde Kiime 1 havzalarinin
sahip olduklar1 biiyiik temel havza 6zelliklerinden dolay1 akis numaralarinin diger kiimelere
kiyasla oldukga biiylik oldugu agik¢a goriilmektedir. Benzer sekilde akis dizilimi de temel
havza o6zellikleriyle dogru orantili olarak Kiime 1 i¢in en bilyliik durumdadir. Kiime 1
icerisinde bulunan akarsular detayli incelendiginde kollarin altinci derceden biiyiik akis
dizilimine sahip olduklart saptanmistir. Bu da ana akarsu tipinin nehir oldugu sonucunu
ortaya c¢ikarmaktadir. Geriye kalan kiimelerde ise bahsedilen iki ¢izgisel havza 6zelligi igin
Kiime 4’teki havzalarin digerlerinden daha biiyiikk degerlere sahip olduklari saptanmustir.
Kiime 4’te de yine nehir tipinde akarsular vardir. Diger dikkat cekici sonug ise en kiigiik
temel havza 6zelliklerine sahip Kiime 2’nin en biiyiik ¢atallanma oranina sahip olmasidir. Bu
noktada Kiime 2’de yer alan havzalarin kisa konsantrasyon siiresine sahip olduklar1 ve
dolayisiyla akisin daha erken pik debiye ulagsmasiyla tagkin yaratma olasiliginin daha yiiksek
oldugu séylenebilir [46]. Toplam akis uzunlugu igin ise kiimeler arasinda ciddi bir fark
bulunmamaktadir.

44



Hasan ZAIFOGLU

Kiimelerin alansal havza ozellikleri Sekil 6’da verilmektedir. Bu baglamda o6zellikler
sorgulandiginda Kiime 1°deki havzalarin tekstlir oranlarmin digerlerine gore daha biiyiik
oldugu belirlenmistir. Bu sonug ilgili havzalarin yiiksek akis ve erozyon potansiyeline sahip
olduklar1 seklinde yorumlanabilir. Kibris’in en uzun ve en yiiksek akis potansiyeline sahip
deresi olan Kanlidere de bu kiime icerisinde yer almaktadir. Ancak havzalarin bigim faktorii
ve uzama oranlar1 kiyaslandiginda Kiime 1’e¢ dahil olan havzalarin nispeten daha kiigiik
degerler aldig1 saptanmustir. Bu da havzalarin uzun ve gergeklesecek akiglardaki pik debilerin
genellikle daha ge¢ meydana gelecegi seklinde yorumlanabilir [24]. Usul [47] havza seklinin
hidrograf sekli ve pik degeri ile iligkili oldugunu belirtmistir. Burada uzun havzalarin dairesel
havzalara oranla daha yayvan ve daha diisiik pik degerlere sahip olacaklarini gdstermistir. Bu
sayede uzun havzalarin pike ulagma siireleri de daha fazla olacaktir. Diger taraftan Kiime
4’tin diger kiimelere kiyasla daha yiiksek dairesellik oran1 ve drenaj yogunluguna sahip
oldugu goriilmiistiir. Genel anlamda bu kiime icerisindeki havzalarin daha yiiksek akis hizi,
daha diistik havza gecikme siiresi ve daha yiiksek pik debiye sahip olabilecekleri sdylenebilir
[48]. Kompaktlik katsayilari ise tiim kiimelerde birbirine yakin olarak hesaplanmustir. Sadece
Kiime 4 digerlerine kiyasla daha kiiciiktiir.

Sekil 7°de gosterilen kiimelerin rolyef havza 6zelliklerine bakildiginda Kiime 1 ve 3’iin havza
rolyefi ve engebelilik oranlarinin birbirlerine yakin oldugu, diger kiimelerden ise daha fazla
oldugu gorilmektedir. Bunun yaninda Kiime 3’teki havzalarin rolyef oranlari da diger
havzalara oranla daha yiiksek olarak hesaplanmistir. Bu ¢er¢evede, Trodos Daglari’ndan
Giizelyurt Korfezi’ne dogru akan bu havzalarin ayrica yliksek sediment ve akis potansiyelleri
tasidig1 sdylenebilir. Kiime 5 igerisindeki havzalarin ise en diisiik rolyef havza 6zelliklerine
sahip olduklar1 belirlenmistir.
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Sekil 4 - Kiimelerin temel havza ozelliklerinin medyan degerleri

45



Kuzey Kibris taki Havzalarin Morfometrik Parametreler Kullanilarak Kiimelenmesi

_ _ 6000
26
< = 4000
23 £ 2000
<2 ] -
0 2 0
1 2 3 4 5 1 2 3 4 5
Kiime Kiime
_ 3,00 200
= z
=
5 2,00 < g 150
z = £ 100
£ 1,00 =8 50
= =
£ 0,00 0
o 1 2 3 4 5 1 2 3 4 5
Kiime Kiime
Sekil 5 - Kiimelerin ¢izgisel havza ozelliklerinin medyan degerleri
~ 0,40 _ 0,64
< s
g %0 £ 0,52
5 0,10 S 048
0,00 0,44
1 2 3 4 5 1 2 3 4 5
Kiime Kiime
_ 0,60 _ 220
5 2,00
5 0,40 e
4 2, 1,80
3020 160
Z 0,00 £ 1,40
A 1 2 3 4 5 5 1 2 3 4 5
Kiime Kiime

Sekil 6 - Kiimelerin alansal havza ozelliklerinin medyan degerleri
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47



Kuzey Kibris taki Havzalarin Morfometrik Parametreler Kullanilarak Kiimelenmesi

5. SONUCLAR

Bu c¢aligmada Kuzey Kibris’ta yer alan havzalarin temel, ¢izgisel, alansal ve rdlyef
morfometrik havza 6zellikleri cografi bilgi sistemleri kullanilarak elde edilmis ve detayli bir
sekilde incelenmistir. Boylelikle havzalarin esasen jeomorfoloji, jeoloji, rolyef ve hidrolojik
acidan Ozellikleri ve davraniglart anlamaya calisilmistir. Tiim bunlar1 bilmek havza bazli
yapilacak gelisim planlari ve ortaya ¢ikabilecek sel ve tagkin olaylari gibi olumsuz durumlara
kars1 plan ve strateji gelistirilmesi agisindan da 6nem arz etmektedir. Bu nedenle havzalar
once teker teker, ardindan ise kiimelenip bdlgesel olarak degerlendirilmistir. Bu baglamda
gerek havza bazli gerekse bolgesel bazda taskin potansiyelleri morfometrik analiz
sonuglara gore Onceliklendirilmelidir. Boylelikle karar vericilerin 6nlem almaya bu
sonuglara bagli olarak yapilacak oncelik sirasina gore baslamalari saglanabilir. Ayrica bu
calismada elde edilen sonuglar, tagkinlarin sorun oldugu ve veri eksikligi nedeniyle yapilacak
tagskin tahminlerinin giivenilirliginin saglanamadigt KKTC'de siirdiiriilebilir bir taskin
yonetimi gelistirme calismalari i¢in de olduk¢a Onemlidir. Caligma neticesinde ulasilan
homojen bdlgelerde yer alan tiim istasyonlardaki verilerin bir arada dahil oldugu bolgesel
analiz gelceklestirilir. Bu da en sik karsilagilan sorunlardan biri olan dl¢iim istasyonlarindaki
veri eksikliginin ve yetersizliginin ayn1 homojen bdlgedeki diger istasyonlarin katkisi ile
giderilmesini saglayacaktir.

Calisma neticesinde su sonuglara ulasilmistir:

e Hibrid hiyerarsik k-ortalamalar kiimeleme yontemi ile gergeklestirilen ve 18
morfometrik parametre ve havzalarin cografi konumlar1 temelinde yapilan kiimeleme
analizi neticesinda Kuzey Kibris’taki 35 havza bes kiimede smiflandirilmistir. Kiime
1’de 3, Kiime 2’de 12, Kiime 3’te 7, Kiime 4’te 6 ve Kiime 5°te ise 7 havza morfometrik
ozellikler agisindan birbirlerine benzer havzalar olarak belirlenmistir. Burada orta
Mesarya bolgesindeki havzalar Kiime 1’1, Girne Daglar ile kuzey kiy1 seridi arasinda
kalan havzalar Kiime 2’yi, Trodos Daglari’ndan Giizelyurt Korfezi’ne uzanan havzalar
Kiime 3’1, Dogu Mesarya bolgesinden Magusa Korfezi’ne uzanan havzalar Kiime 4’
ve Karpaz Yarimadasi’nda yer alan havzalar ise Kiime 5’1 olusturmustur. Elde edilen
havza kiimeleri igerisinde bulunan havzalarin hidrolojik agidan benzer olduklari
diistiniildiiglinde az da olsa akim g6zlem istasyonlarina sahip havzalardaki verilerinin bir
araya getirilmesiyle belli bir havza kiimesinin istatistiksel olarak davranisi
modellenebilir. Boylece gergeklestirilecek bolgesel analiz ile gdzleme sahip olmayan
veya sinirli verisi olan bir istasyonun davranigi hakkinda da bilgi sahibi olunabilir. Bu
sonuglar 6zellikle su kaynaklarinin planlanmasi agisindan 6nem arz etmektedir.

e (Calisma alani igerisinde yer alan havzalarin ¢ok gesitli havza alanlaria sahip olduklari
goriilmektedir. Ozellikle orta Mesarya bolgesinde yer alan ve Kiime 1’i de olusturan
havzalarin havza alani, havza cevresi, havza genisligi ve havza uzunlugu gibi temel
havza 6zellikleri diger havzalara kiyasla oldukca biiytiktiir. Bu havzalar Girne ve Trodos
Daglari’ndan adanin batisina ve dogusuna su ileten havzalardir. Bunun yaninda Girne
Daglar ile kuzey kiy1 seridi arasinda bulunan havzalar (Kiime 2) ise nispeten kiigiik
temel havza 6zellikleri tagimaktadir.

e  Akis dizilimi ve 6zellikle akis numarast Kiime 1°deki havzalarda digerlerine gore daha
yiiksektir. Kiime 1 igerisinde yer alan akarsu kollarmin akis dizilimi altinct dereceden
biiyiik oldugundan ana akarsu kollarimin tamaminin nehirlerden olustugu belirlenmistir.
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Ayrica Kuzey Kibris’taki havzalar igerisinden gegen ve nehir olarak tanimlanabilecek
akarsularm bir kismi1 da Kiime 4’te bulunmaktadir. Ancak tiim c¢aligma alan1 dikkate
alindiginda havzalarin biiylik cogunlugunun ana akarsu kolu orta dereceli akarsulardan
olugmaktadir. Bunlara ek olarak, yiiksek ¢atallanma oranlar1 ile Kiime 2’deki havzalarin
diisiik konsantrasyon siirelerine sahip olduklar1 ve daha yiiksek taskin potansiyeli
tagidiklart soylenebilir. Genel olarak ise ¢atallanma orani temelinde g¢alisma alani
icerisindeki havzalarmm biiyilk ¢ogunlugunda drenaj aginmn iyi gelismis oldugu
goriilmektedir. Buradan elde edilen sonuglar ile hangi bdlgelerin tagkina duyarli oldugu
belirlenmistir. Dolayistyla dncelikle buralardaki havzalarda gelistirilecek hidrolojik ve
hidrolik modeller ile tagkinlar analiz edilebilir ve alinabilecek yapisal ve yapisal olmayan
onlemler ile olasi tagkin etkileri azaltilabilir.

En yiiksek tekstiir oranlartyla Kiime 1 igerisinde yer alan havzalar ayni zamanda en
yiiksek erozyon ve akis potansiyellerine de sahip havzalar olarak belirlenmistir. Buna
karsin bigcim faktorii ve uzama oranlari ise diger kiimelere kiyasla daha diisiik oldugu
saptanmustir. Kuzey Kibris 6l¢eginde havzalarin bigim faktorii degerleri daha ¢ok uzun
ve orta dairesellige sahip olduklar1 yoniinde fikir vermektedir.

Kiime 4’teki havzalar genel olarak daha yiiksek dairesellik orani ve drenaj yogunlugu
olan havzalar olarak ortaya c¢ikmaktadir. Kiime 2’deki havzalar ise diger havzalarla
kiyaslandiginda genel olarak en diisiik akarsu sikligina sahip havzalar olarak
bulunmustur. Adanin kuzeyinde yer alan havzalarin genel olarak dairesellik oranlari
havzalarin jeomorfolojik agidan daha ¢ok gen¢ veya olgun havzalar olduklarim
gostermektedir. Ayrica havzalarin ¢ogunlugunun sahip oldugu disiik drenaj
yogunluklar1 yagis sonrasi yavas hidrolojik tepkiler gosterdiklerini ortaya koymaktadir.
Bu bulgular tagkin arastirmalari i¢inde 6nem arz eden havza davraniglarinin anlasiimasi
konusuna katki saglamalar1 acisindan degerlidir.

Havza rolyef 6zellikleri incelendiginde Kiime 1 ve Kiime 3 igerisinde yer alan havzalarin
digerlerine kiyasla daha yiiksek rolyef havza 6zelliklerine sahip olduklar1 belirlenmistir.
Bu havzalar genellikle Girne ve Trodos Daglari’nin Mesarya Ovasi’na dogru olan
yamaglarinda veya Dogu Mesarya’dan Magusa Korfezine dogru uzanmis sekilde
konumlanmuglardir. Buralardaki ani egim degisiklikleri havzalarin taskinlar gibi dogal
afetlere kars1 daha yatkin olduklarini gostermektedir. Diger bir taraftan en diigiik rolyef
degerlerine sahip havzalar Karpaz Yarimadasi’ni temsil eden Kiime 5 igerisindeki
havzalardir. Burada ulagilan sonuglar ¢esitli dogal afetlere kars1 havzalarmn yatkinligim
gostermektedir ve alinacak onlemler baglaminda havzalarin onceliklendirilmesi igin
kullanilabilir.

Tim bunlara ek olarak, elde edilen sonuglar hidrolojik degiskenler ile morfometrik
parametreler arasindaki iliskinin daha iyi anlasilmasi agisindan 6nemlidir. Bdylelikle ayni
kiime gruplar icerisinde yer alan ve 6l¢iim degerleri olmayan havzalar i¢in farkli hidrolojik
degiskenlerin tahminlerinde elde edilen bu bulgular kullanilabilir. Ornegin ileride yapilacak
bir ¢aligma ile akim gozlem istasyonu bulunan havzalarin yagis-akis iligkileri hidrolojik
model gelistirilerek elde edilebilir ve aymi kiimedeki diger havzalar i¢in bu iligkilerin
benzerligi arastirilabilir. Ayni uygulamada ayrica farkli kiimeleme yontemlerinin sonuglar
lizerindeki etkileri de incelenebilir. ilave olarak, bu ¢alismanin sonucunda elde edilen
bulgular ve sonuglar; Kuzey Kibris’taki havzalarin ve benzerlerinin karar vericiler tarafindan
daha iyi anlasilmasini saglayabilir. Dolayisiyla havzalar i¢in tiretilecek kalkinma, yonetim ve
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koruma politikalarimin 6nceliklendirilip uygulanmasi noktasinda referans alinmasi agisindan
faydali olacaktir.

Bunun yant sira, bu ¢alismada gerceklestirilen kiimeleme analizinde morfometrik 6zellikler
kullanilsada ortaya ¢ikan havza kiimelerinin harita iizerindeki konumlar1 temelde cografi ve
iklimsel faktorlerin de havza benzerliklerinde etkili olduklar1 konusunda fikir vermektedir.
Bu ¢alismada morfometrik 6zellikler temelinde yapilan bolgesellestirme ile Zaifoglu vd. [20]
tarafindan yagis serileri kullanilarak elde edilen homojen bolgeler biiyiik o6lgiide
ortiismektedir. Dolayisiyla Kuzey Kibris’ta hidrolojik agidan benzer havzalar iizerindeki
yagis karakteristiginin de benzer olabilecegi goriilmektedir. ilerde yapilacak bir ¢aligma ile
bu iliskinin anlamlilig1 arastirilabilir. Ayrica topografik 6zelliklerle birlikte farkli iklimsel,
jeolojik ve ylizey ozellikleri gibi daha gesitli veri setleriyle de havzalar siniflandirilabilir.
Ozellikle iklim degisikliginin havzalar farkli dzellikleri iizerinde yaratacagi etkilerin
calisilmast siirdiiriilebilir havza yonetimi agisindan degerli olacaktir.
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E : Tiim kiimelerin hata kareler toplamidir
E,,  :Kiime ici hata karaler toplanu

F¢ : Bi¢im faktorii

H : Havza rolyefi

] : K-ortalamalar yontemindeki amag¢ fonksiyonu
Ly : Havza uzunlugu

L, : Toplam akis uzunlugu

N, :Akis numarasi

n : Nesne sayist

P : Havza cevresi

p : Degisken sayisi

R : Havza igerisindeki en yiiksek kot

R,  :Rolyef oram

R,  :Catallanma orani
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: Dairesellik orani

: Uzama orani

: Engebelilik orani

: Tekstiir orani

: Havza igerisindeki en diisiik kot

: Akarsu sikligi

: Akis dizilimi

: Havza genisligi

: j’inci kiimeye ait i’inci 6zellik vektori

: i’inci nesnenin k’inci degiskendeki degeri

: j’inci nesnenin k’inci degiskendeki degeri

Xmik : m’inci kiimedeki I’inci nesne igin k’inci degiskenin degeri

fm,k

: m’inci kiimedeki k’inci degiskene ait ortalama

Tesekkiir

Bu ¢alismanin gergeklestirilmesi igin gerekli topografik haritalari saglayan Kuzey Kibris
Tiirk Cumhuriyeti Harita Dairesi’ne tesekkiir ederiz.
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ABSTRACT

This study aims to investigate the possible relationships of risk factors related to traffic
accidents playing important roles in increasing the likelihood of accidents. In the previous
studies, parametric models are mostly used to investigate the causes of traffic accidents. As
a non-parametric data mining model with its increasing usage in recent years; association
rule mining was employed in this study to analyse the traffic accident data for the period of
2015 and 2020 in the city of Sakarya, Turkey. The analysis of the data studied revealed the
relationships among the external/environmental, driver, road, vehicle and nature of accident
factors. Some important rules regarding accidents occurring on daylight came into
prominence within the scope of this study. In addition, the correlations between the driver
casualties and their education level and ages are established. The findings are beneficial for
transportation authorities to apply effective operational strategies and campaigns to increase
the road safety.

Keywords: Traffic accidents, road crashes, traffic safety, data mining, association rules,
driver faults.

1. INTRODUCTION

According to the data given by World Health Organisation (WHO) while around 1.35 million
people die each year due to traffic accidents world-wide, more than around 35 million people
are also involved in traffic accidents not fatal but leave many disabled. The data also state
that although car ownership and trip rates are relatively higher in industrialized countries,
more than 90% of road-traffic related deaths occur in low and middle-income countries.
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Similarly, in high-income industrialized countries, people from low socioeconomic
backgrounds are more likely to be involved in road accidents. These accidents are the leading
causes of deaths for children and young people aged between 5 and 29. Males world-wide
are more likely to be involved in traffic accidents than the same age group of young females.
The figures obtained across the world and presented by WHO state that about three-quarters
(73%) of all road traffic fatalities are caused by young males under 25 years old who are
almost 3 times more likely to die in a road traffic accident than young females [1].

To reflect the effect of road injuries for the life quality of the people, it was stated by a study
conducted in 2019 involving 204 countries from all over the world that they are the seventh
causes of disability-adjusted life [2].

According to the report of injuries related to the European Union countries for the period of
2009-2018, as shown in Figure 1, the average traffic accident rate (TAR) is 5.74 per 1000
people. On the other hand, this average figure doubles as almost 10 per 1000 people in
Turkey, making it as the second highest country in Europe [3].

Rates for Road Traffic Accidents of EU Countries (per 1000, average
2009-2018)

5,74

Rates for RTA

Figure 1 - Average road traffic accident rates of non-fatal traffic injuries for EU countries
for the period of 2009-2018 [3]

In 2018, while the number of deaths in traffic per 100 thousand people was 4.9 in EU
countries, Turkey had the figure of 8.1 [4].

The total number of fatal and injury related accidents occurred in Turkey, an upper-middle-
income country [5], with regard to 2015, 2016, 2017, 2018, 2019 and 2020 are given as
183,011, 185,128, 182,669, 186,532, 174,896, 150,275, respectively. It is important to note
that, the quarantine enforced in many countries in effect of the Covid-19 pandemic caused
the number of traffic accidents dropped drastically [6]. In addition, driver fault rates for these
stated years are given as 89.76, 90.02, 90.29, 89.64, 88.89 and 88.65 percent, respectively
[7]. These high rates of the accidents involving driver faults led the accidents without driver
faults to be excluded for the analysis in this study. Furthermore, as non-faulty drivers simply
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do not have any contribution to the occurrence of the accidents, this study mainly analysed
the correlations between the characteristics of the faulty drivers involved in the accidents and
the nature of the accidents without considering the features of the drivers having no
responsibility or fault. However, if the accident reports give responsibility to all the drivers
in the accident to some extend then each of these drivers are taken into consideration through
the analysis.

A wide range of parametric methods such as regression and logit models have been used by
numerous researchers in order to control and reduce the number of traffic accidents [8, 9, 10,
11].

The dataset used in this study provides ample contents with regard to numerous attributes
having effect on the occurrence of the traffic accidents. In addition, it is needed to note that
a meticulous data pre-processing was carried out by excluding noisy data, by both combining
the attributes to get meaningful rules when needed, and by converting numerical data into
categoric one, etc. to prevent the biased results to be attained.

The dataset was also divided into groups to obtain different inter-correlations. Furthermore,
after pre-processing, the analysis was carried out by changing support and confidence values
repeatedly through the evaluations of the rules produced by the software, R, so that the best
and comprehensive association rules are assured to be acquired.

2. LITERATURE REVIEW

In the literature there are numerous studies with regard to traffic accidents. In these studies,
a lot of factors were investigated to analyse their potential effects to traffic accidents. The
literature review is divided into two sections: 1) studies on traffic violations and prediction
of accident severity and 2) studies on identifying co-occurring accident factors.

2.1. Studies on Traffic Violations and Prediction of Accident Severity

Alver et al. examined the relationship of four major traffic rule violations with the
characteristics of the traffic accidents involving young drivers through the data collected from
2057 participants of their questionary survey conducted as face-to-face interview. They
employed binary logit model to establish the correlation between the socio-demographic
background of the young adults and their behaviours in traffic leading to an accident [12].

Katanalp et al. used a dataset of bicycle accidents recorded for the period of 2013-2017 for
the assessment of the classification of injury-severity in accidents involving cyclists by
employing DT-based hybrid-fuzzy models (DT-CFL and DT-RFL). C4.5 decision tree
algorithm was used both to classify the injury-severity level and to obtain all splitting
conditions to set up the DT-CFL fuzzy prediction model. The analysis illustrated the
performance of the injury-severity classification in terms of accuracy, precision, recall, and
F-measure values [13].

Kadilar examined the factors having effect on the severity of drivers in traffic accidents via
ordinary logistic regression assessment model. The study modelled the Turkish driver
fatalities and the meaningful estimations of the accident severity levels in Turkey for the first
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time. According to the findings of the research it was determined that age and education
level of the driver, existence of alcohol-drug usage, availability of seat belt, condition and
type of the roadway, location and type of the collision are among the important factors having
major effect on the accident severity to be considered for the analysis. On the other hand, it
is engrossingly claimed that gender, roadway surface, weather condition and vehicle age do
not have statistically significant effect on the accident severity [8].

Zhang et al. identified main risk factors causing traffic violations and their relations with the
severity of the accidents. In this study, stepwise logistic regression model was applied to
reveal the most important factors affecting the probability of traffic violations. The results
indicated that drivers with less than two-years of experience have less risk of getting involved
with severe accidents although they tend to perform higher possibility of rule violations.
Another important finding of the study is that morning rush hours involve the probability of
more violations with unimportant effect on accident severity [9].

Ma et al. investigated different age groups of drivers involved with accidents resulted in
pedestrian injury. Pedestrian age, vehicle type and weather conditions were pointed out as
important variables for pedestrian injury types. Another finding is that number of vehicles
and traffic type as independent variables affect young and middle-aged drivers' behaviours
at intersections. Moreover, hit-and-run pedestrian involved accidents caused by young and
older drivers are related to a significant variable of whether the roadway is divided or not.
With the developed probit regression models, it was revealed that education level of the
drivers along with control and intersection design measures are effective in the decision-
making processes to increase the safety of pedestrians at intersections [10].

Adanu et al. explored frequent and improper lane-changing behaviours having a profound
impact on both the operation and safety of traffic. The analysis of severity of injuries due to
lane changing-related accidents involving young and old drivers resulted in two models for
young and old drivers. According to the model estimation results, young male drivers are
more likely to be injured in terms of lane changing-related accidents compare to older male
drivers. This is mainly due to the fact that older drivers are more careful when changing the
lanes for different purposes preventing them to get involved that kind of accidents [14].

Chiou et al. analysed parameters of both of the vehicles causing the accident rather than
concentrating on only one of them by employing Generalized Estimating Equations (GEE)
to examine level of severity. The accident data included variables like driver features (for
both parties), type of vehicles, road-intersection-lighting conditions, and type of collision.
According to this study, the most influential factors on accident severity are vehicle type
(motorcycle), speeding, angle impact type of accident, and drunk driving [15].

AlKheder et al. investigated accident severities by employing Decision Trees, Bayesian
Network and Linear Support Vector Machine (SVM) as data mining analysis methods.
Among these, Decision Trees have many advantages over traditional statistical approaches.
This method can work with different types of variables like binary, categorical, ordinal, and
continuous ones. Another advantage of applying decision trees is the ability to indicate the
importance of the selected predictors. Age (under 17, 18-30, 31-60, over 60), seat belt,
seat/place of the injured person (driver, front/back seat, pedestrian, etc.), road class, speed
limit, number of lanes, type of accident (pedestrian, T-bone, side-by-side, rear-end collision
and other) were regarded as variables. The performances of these three used methods were
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compared through different parameters. While Bayesian network produced the most
successful results for predictions of the severity of the accidents, SVM resulted in the most
unsuccessful. It was stated that pedestrians are more vulnerable road users compared to
drivers and passengers. Another finding of the research is that male drivers and front seat
passengers are more exposed to severe and fatal consequences. Likewise, older drivers are
shown to be more likely to get involved in severe injuries and fatalities [16].

Batouli et al. conducted research in Colorado, USA. In this study the factors affecting the
hitting pedestrian accident severity were examined through the data for the period of time
from 2006 to 2016. Probability ratios of occurrence of fatal and non-fatal pedestrian
accidents were calculated through the established logistic regression model by considering
the proximity of the accident to the intersection, daylight condition, vehicle type and vehicle
speed as the variables. The outcomes of the paper state that since the older drivers’
involvement within car technological devices and mobile phones is less than the younger
drivers, the older drivers are less distracted improving their reaction time and vision ability
leading them to get involved in less severe accidents. Another interesting finding of the
research is that pedestrian severity is affected by the impairment of both pedestrian himself
and driver [11].

2.2. Studies on Co-Occurring Accident Conditions

Cai examined the effect of type and location of accident, season, time of the day, weather
condition, lighting, visibility distance, barrier positions, type of road pavement and
intersection with the rules of association. The rules specify that fatal accidents occur when
“driving with other behaviours that undermine driving safety”. Furthermore, “collision with
moving vehicles” results in more fatality when season is summer and time of the day hour is
deep night. Another remarkable outcome of the study points out that the fatality rate of the
accidents increases when weather is sunny, terrain is plain, time is evening without street
lighting [17].

Yu et al. applied a priori algorithm to analyse features and factors affecting severity of traffic
accidents in Wisconsin, United States. According to study results, male drivers aged between
16 and 29 are more tend to be involved in accidents on roadways with no median. The other
important findings state that fatal accidents are more likely to happen at towns while property
damage accidents in the cities [18].

Das et al. examined pedestrian deaths between 2014 and 2018 through association rules
applied to 4 groups of the most common fatal accident scenarios. This study developed all
twenty best rules for 4 subgroups using a priori algorithm and taking lift as a performance
measure. Some key variable categories are considered as; lighting, straight moving vehicles,
turning vehicles, local municipality streets, and pedestrian age range. Patterns of rules
differed according to the position of the pedestrian being inside and outside the crosswalk.
When the pedestrian is in a place other than a crosswalk, the absence of lighting at night is
associated with many accidents [19].

Kong et al. with the naturalistic driving dataset, investigated the potential rules between fast
driving behaviour and journey/driving/road characteristics by employing classification-based
association rules algorithms. One of the findings of the study is that the fatigue and distraction
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that occurs on long journeys with the combination of fast driving on high class roads can
cause severe accidents [20].

Zhu derived association rules to find accident-related features that increase the probability of
vehicle-bike hit-and-run accidents. One of the rules expresses that the likelihood of vehicle-
bicycle hit-and-run accidents reduces when the collision type is rear-end occurring at
morning peak hours [21].

Hong et al. produced worthful outcomes by explaining the fundamental rules in the field of
freight vehicle accident data. According to the study, a priori algorithm as an association rule
mining method is an acceptable method for analysing features of freight vehicle accidents.
They also spotted that the accidents involving young freight vehicle drivers in their 20s and
30s are linked with specific regions having well-designed roadway geometry, excluding
vertical and horizontal curves. Furthermore, the study indicates the connection between
young freight vehicle drivers’ traffic violations and good conditions of roadways [22].

Das et al. developed an effective way of discovering important association rules explaining
accidents when the weather is rainy. One of the remarkable findings is that drivers from the
age group in between 15 to 44 get involved in the accidents during rainy weather when the
illumination is poor, and roadway has curves [23].

According to the study conducted by Xu et al., factors associated with traffic accidents
involving serious casualty include road user behaviour, condition of the vehicles, road
geometric design, and environmental features. The factors associated with poor vehicle
operation conditions such as flat tires, braking-related problems, and faulty steering systems
may cause severe accidents on even high standard roads having relatively decent safety
facilities [24].

3. METHODOLOGY AND DATA

In this study, the association rule mining was chosen as the data mining method to determine
the co-occurrence pattern of traffic accidents with regard to related attributes stated in the
accident reports. The association rule analysis, which has recently been increasingly applied
in road traffic safety research, is designed to investigate a set of elements that typically occur
together in a given incident. Association rule mining is a suitable method to investigate road
traffic accidents when the large amount of data makes it difficult to extract a latent hypothesis
for the research analysis. This makes association rules to be extremely useful tool for a big
set of unsupervised data [19].

The raw data in this research covers 6 years of traffic accident data having over 23,551 rows
representing accidents and 26 columns of attributes designating the possible factors
contributing to the occurrence of the accidents. As the association rules in this sense provides
profound and effective analysis of the big data, it was employed for the analysis of the data
available within the concept of this study.

60



Zeliha Cagla KUYUMCU, Hakan ASLAN, Nilufer YURTAY

3.1. Study Area

Covering 4817 km? area and residing 1.06 million people, Sakarya is located in the northwest
part of Turkey [25].

While the car ownership rate per 1000 people was 162 in Turkey in 2021, it was 151 in
Sakarya, making the city to characterize Turkey's average with that respect [25].

The highway network of Sakarya consists of highways, state roads, provincial roads and
urban roads. The motorways passing through Sakarya are O-4 (TEM) and O-7 (NMM)), the
state roads, on the other hand, passing through Sakarya are D-100, D-650 and D-020 [26].

Another important fact to be mentioned is that Sakarya is a transit point of four major cities
of Turkey, Kocaeli (37 km), Istanbul (148 km), Bursa (158 km), Bolu (114 km) and Ankara
(306 km). Sakarya is 110 km from Istanbul Kurtkdy Sabiha Gokgen Airport and 176 km from
Istanbul Airport [26]. This important location of the city led to one of the 20 accident black
spots planned to be investigated across Turkey in 2021 to be in city of Sakarya [27].

The total number of the registered motor vehicles in the city is 312,552 out of them 160,200
being automobile. The total number of accidents, number of people killed, and number of
people injured in 2021 are given as 15,758 (43 per day), 2727 (59 per day; 33 at the accident
scene, 26 accident follow-up) and 3972 (11 per day), respectively [25].

These facts establish the background of why city of Sakarya was chosen for the analysis. The
study area covers all the transportation network of the city and available roads on it, streets,
avenues and state roads are all investigated.

3.2. Data Description and Processing

The raw accident data for this study was provided from the Republic of Turkey General
Directorate of Security. All traffic accident reports recorded after 2015 in Turkey, hence in
Sakarya, include the 30-day hospital follow up period to see whether any further fatal results
are the case for the accidents involving serious injury at the accidents. Thus, the dataset used
in this study covers fatal or injury related accidents in city of Sakarya for 6 years of time
period from 2015 to 2020 by covering this 30 day follow up period.

Since the number of fatal accidents involving drivers, pedestrians or passengers constitutes
only 126 records out of 14,226 being considerably lower than the total number of injury and
non-injury accidents, all fatal accidents are included in the dataset of injury accident classes.

There are two raw datasets; one with 14,226 records which signify the characteristics of all
real accidents, and the other with 23,551 records involving driver’s characteristics. As many
accidents involved more than one car, hence drivers, the second raw data had more rows than
the initial one. These two datasets with 14,226 and 23,551 rows consist of 43 and 26 columns,
respectively, as presented in Table 1.

Finally, these two raw datasets were combined to acquire the dataset to be used for the
analysis purposes. The combination was carried out through the common accident ID
numbers. In this way an actual analysis data involving 14,387 records with 11 columns
symbolising all the attribute related features were obtained.
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In this dataset used in the analysis, each row covers the information related to only the
accidents and involved one unique driver faulty. For example, if two vehicles are involved
in an accident and both drivers are at fault, they are represented by 2 rows in the dataset used
in the analysis. If one of the drivers is responsible for the occurrence of the accident, however,
those drivers are represented in the dataset as a single row. It should be mentioned that each

row arranged in this way includes the related “driver severity”, “driver age” and “vehicle
damage level ” information.

Table 1 - Summary of frequencies and distributions of some important attributes of raw

data

Attribute F % Attribute F %
Driver Gender INlumination
Male 20,950 89 Good street-lighting 8815 62
Female 1627 7 No street-lighting 5411 38
Unknown 974 4 Traffic Signal
Driver Age Range Yes 1636 12
Young 6264 27 No 12,371 87
Middle-aged-1 8492 36 Broken 219 2
Middle-aged-2 7591 32 Weather
Elderly 1204 5 Sunny 11,975 84
Driver Lapses Rainy 1802 13
Following too close 1298 5 Cloudy/foggy 300 2
Failure to yield 2556 11 Snowy 152
Improper turn 1675 7 Vehicle Type
Speeding 5172 22 Car 12,986 55
Improper lane changing 1670 7 Heavy vehicle 1985 8
Drunk driving 183 1 Van 4031 17
Other 1842 8 Others 4549 19
No lapse 9155 39 Vehicle Damage
Driver Severity Major damaged 3528 15
Injured 9816 42 Minor damaged 9857 42
Non-injured 12,671 54 None damaged 2857 12
Fatal 68 0 Functional damaged 1720 7
Unknown 996 4 Can't move 5067 22

Not identified 552 2
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Table 1 - Summary of frequencies and distributions of some important attributes of raw
data (continued)

Attribute F % Attribute F %
Driver Education Municipality Type

Primary school 7862 34 Urban 11,886 84
Middle school 2371 10 Rural 2340 16
High school 6546 28 Pavement Condition

Higher education 2623 11 Dry 11,561 81
Unknown 4149 17 Wet 2479 17
Seatbelt/Helmet Usage Snowy 96 1
Yes (Seatbelt) 847 4 Ice 55 0
No (Seatbelt) 157 1 Puddle 20 0
Yes (Helmet) 142 1 Other slippery cond. 15 0
No (Helmet) 124 1 Alcohol Usage

Unknown 22,281 95 Yes 1058 4
Driver License No 18,060 77
Yes 19,753 84 Unknown 4433 19
No 2723 12 Lighting Condition

Unknown 1075 5 Daylight 9503 67
Collision Type Night 4331 30
Rear 1717 12 Twilight 392 3
Side collision 5115 36 Season of the Year

Rsr 2325 14 Winter (dec-feb) 2760 20
Head on Collision 835 6 Spring (mar-may) 3188 23
Hitting Pedestrian 2756 19 Summer (june-aug) 4181 31
Boo 1478 10 Autumn (sep-nov) 3578 26

Rsr: Rollover/ skidding/run off road, Boo: Bumping into fixed objects and others

As some variables in raw data are in unbalanced nature expressing the dominant structure of
the classes available in these attributes, the related association rules lead to only the same
type of classes. This is why these attributes are not included in the final dataset for the
analysis. The final data contain 2854, 2919, 2660, 2430, 1949 and 1575 samples for each
year for the analysis period, respectively.

The dataset includes information regarding the factors related to external and environmental
conditions, road conditions, vehicle and driver characteristics and nature of accident features.
The data examined within the scope of this study are related only with the accidents involving
driver faults. To find effective and meaningful association rules; attributes such as accident
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ID, vehicle ID, hours and coordinates of the accidents, number of the road section were
excluded since these attributes have individual values and do not create a group of datasets
resulting in extremely small percentage values in the general dataset.

On the other hand some attributes; such as vehicle type, district of accidents, geometrical
structure of the roadway (vertical or horizontal sections, etc.), availability of the pedestrian
crossings and traffic signs, weather conditions, types of road surface, number of involved
vehicles, infrastructural road degradations, existence of road maintenance works, barriers,
road lines, shoulders, traffic police and obstacles, along with gender and license type of
drivers are all used at the elementary stages of the analysis but removed for further detailed
investigation due to overwhelmingly unbalanced nature that they have.

Moreover, the remaining number of some attributes might be enough to be evaluated in the
analysis but the percentage of the missing data for them are so high that their inclusion for
the analysis may lead to deceptive results. These attributes related to road width, the physical
condition of the vehicles, recorded alcohol levels, the psychological and physical states of
the drivers, the usage of the driver seat belt were also excluded from thorough analysis.

Attributes regarding the date of accidents converted to seasons that they belong to.

Classes set up by discrete continuous numerical data with respect to the age of drivers and
vehicles were required to apply a priori algorithm for association rule mining analysis. Some
variables were integrated because of necessity. For example, if the accident occurred at day
time under daylight conditions and the illumination variable recorded as the lighting exists
or not, then a new variable named “revised lighting condition” was derived by combining
these two variables. This is simply because of the fact that there is no need to check whether
the street was lightened or not for the accidents occurred during day time, as it is against the
nature of the day time conditions. In this way by eliminating the day time situation, it was
possible to evaluate the accidents in terms of the availability of the lighting. Accordingly, if
the accident occurred at night-time, the new variable allows us to determine whether lighting
was available at the time of the accident. In the same manner, existence of intersection and
traffic sign variables were also integrated.

The summary statistics of the obtained latest data used in this study are illustrated in Table
2. Data was divided into subsections to identify how the severity of traffic accidents correlate
with the attributes under external and environmental, driver, road and vehicle factors as
accident-causing factors along with the other group of factors.

External and environmental factors are related to the Seasons of the year, Lighting conditions
at Daylight or night-time in that accident occurred. Seasons of the year are defined as Spring
(march-may), Summer (june-august), Autumn (september-november) and Winter
(December-February). Revised lighting condition is classified into Daylight, Good and Bad
Street Lighting at night.

Driver factors are related to the driver age and driver-education level. Ages, one of the driver
related factors, are divided into four groups: 18-25, 26-40, 41-64 and 65+ years described as
young, middle-aged-1, middle-aged-2 and elderly, respectively. As another driver factor,
education level is classified into four groups: Primary school, Middle school, High school
and Higher education.

While road types are mainly divided into three groups: Divided, Two-way, One-way, the
availability of intersections were also included in dataset. Signal type of intersection was
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divided into three groups: Unsignalized, Signalized and No-intersection (any section of the
roadway apart from intersections).

Age of vehicle was obtained by subtracting the manufacturing years of the vehicle from the
accident year.

Driver severity was categorised as Injured and Fatal (first group), and No-injured (second
group). The accident causes are classified as Ftc (Following too close), Fty (Failure to yield),
Improper Turning, Speeding, Ilc (Improper lane changing), Drunk driving and other.
Collision types are taken into consideration under six allocated parts: Rear (Rear end), Sc
(Side collision), Rsr (Rollover/skidding/run off Road), HC (Head on Collision), Hitting
pedestrian, Boo (Bumping into fixed objects and others).

As can be seen from Table 2, the vehicle damage variable from the raw accident dataset
having six classes as Major, Minor, None damaged, Functional damage, Can't move and Not
identified, has been reduced to three classes due to the fact that some of them share similar
concepts. This reduction was carried out by combining Major and Can't move as Major,
Minor and Functional damage as Minor, None damaged and Not identified as None Damaged
classes.

Table 2 - Summary of frequencies and distributions of key attributes

Attribute F % Attribute F %
Nature of Accidents Driver Factors

Driver Severity Age Range

Injured and Fatal 7050 49 Young 3453 24

Non-injured 7337 51 Middle-aged-1 5035 35

Accident Cause Middle-aged-2 4604 32

Following too close 1150 8 Elderly 719 5

Failure to yield 2446 17 Unknown 576 4

Improper turn 1583 11 Education

Speeding 4748 33 Primary school 5323 37

Improper lane changing 1583 11 Middle school 1439 10

Drunk driving 1007 7 High school 4172 29

Other 1870 13 Higher education 1583 11

Collision Type Unknown 1870 13

Rear 2014 14 Vehicle Factor

Side collision 6474 45 Age of Vehicle

Rsr 2014 14 3orLess 2877 20

Head on collision 1007 7 4 between 10 4604 32

Hitting pedestrian 1439 10 11orMore 6906 48

Boo 1439 10
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Table 2 - Summary of frequencies and distributions of key attributes (continued)

Attribute F % Attribute F %
Nature of Accidents (continued) Road Factors

Vehicle Damage Road Section

Major damaged 5899 41 Divided 4172 29

Minor damaged 6618 46 Two-way 2590 18

None damaged 1870 13 One-way 432 3
External and Environmental Factors Intersection 5323 37

Revised Lighting Condition Roundabout 1151

Daylight 9639 67 Other intersections 719 5

Good street lighting 3309 23 Signal type of Intersection

Bad street lighting 1439 10 Signalized 1151 8

Season of the Year Unsignalized 5899 41

Winter (dec-feb) 2877 20 No-intersection 7337 51

Spring (mar-may) 3309 23

Summer (june-aug) 3741 26

Autumn (sep-nov) 4460 31

F: Frequency, Rsr: Rollover/ skidding/run off road, Boo: Bumping into fixed objects and others

The proportional rate of the accidents occurred each year from 2015 to 2020 with respect to
the total number of accidents for this period of time are obtained as 0.19/0.20
/0.19/0.17/0.14/0.11, respectively. Hangi Tablo?

The definition and variety of the values of eleven attributes are listed in Table 2. Some of the
items like Day light condition, Unsignalized, 11orMore, Speeding, Sc (Side collision) have
high support values. Although some other factors have been analysed, they have not been
illustrated at this table due to their relatively low values being under the determined lowest
support and confidence criteria selected for the analysis.

3.3. Data Mining

Data mining is exploration of hidden, attractive or worthful patterns in big datasets. The
structure of data is important for an effective analysis. Furthermore, it is expected that the
importance of collecting quality data will be better understood with the increasing popularity
of data mining [28]. Raw data generally have missing and irrational items. To handle this,
records should be processed into structured data. Figure 2 indicates one of the mostly used
data mining processes proposed by Yu [18].
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Data
Raw L) Datzll N Data. L) Data b Data‘ For
Data Cleaning Integration Transformation Reduction Mining

Figure 2 - The process of data mining [15]

The methods to be used for the analysis of the main data mining problems are Regression,
Classification, Clustering, Association rule mining, and attribute selection [23]. In this study,
Association Rule Mining method (ARM) was chosen for the data analysis of traffic accidents.
This method is a combination of nonparametric technique and a machine learning method
suggested by Agrawal and Srikant [29].

Within the scope of this research, the outcomes obtained through ARM are evaluated to
reveal the interrelationships between the antecedents and consequents of traffic accidents.

The method, on the one hand, ensures to find most effective group of components causing
accidents, on the other hand, effectively releases critical and concealed knowledge from the
big dataset. The main decisive concepts of association rule mining method are support,
confidence and lift. The rules with high support values point out a high frequency of mutual
occurrence of the related attributes setting up those association rules. In the same manner,
high confidence values state the likelihood of happening of a consequent incident when the
antecedent element occurs in an accident. The support of the rule X =Y is the percentage of
the records that include both X and Y within the whole dataset of |D|. The confidence of the
rule X =Y is the ratio of total records of X and Y occurring together on the condition that X
is already at hand to the total records of |X]| in the whole dataset. The concept of “/iff” has
been developed to overcome some problematic analysis of the generation of useless
association rules. This is mainly due to the fact that some specific circumstances may be
contradictory to the nature of the mutual interaction of the attribute pairs although the
confidence values may have the same figures for the related attribute pairs. If lift > 1, the
association rules are identified as creditable rules. As the value of lift gets higher, the strength
of the association rules regarding the related variables becomes more meaningful and worthy
[18].

Lift in the concept of data mining analysis represents the amount of times a given rule comes
to light to be true in practice over the number of times that related attribute or attributes of
the rule appears in the whole dataset. Hence, to evaluate, for example, the frequency of the
mutual coexistence of two attributes to the frequency of one of them in terms of all the
elements in the dataset, lift values play an important role. As a result of this fact the
association rules obtained through the data mining analysis were ordered according to the lift
values revealing the set of the most common nature and the structure of the accidents.

The dataset is initially subdivided through a threshold value in a way that those attributes
having equal or higher values than this value are considered to be investigated in detail
further. In the literature, the predetermined critical support value was taken between 0.001
and 0.05 depending on the main dataset [20, 22, 24, 30-34]. Within the scope of this research,
this value has been determined as 0.05 by trying some other higher and lower values, too.
The higher values resulted in more but repeating rules. The less values, on the other hand,
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produced inadequate rules causing the analysis having quite limited meaningful outcomes.
Considering the structure and volume of the main dataset of this study, the threshold
confidence and lift values are taken as 0.07 and 1.0 respectively.

Although the support and confidence values by themself may produce numerous association
rules, it is required to eliminate them in order to obtain the most important and valuable ones.
The concept of lift is used for this purpose. While support values express the importance
degree of single or combined attributes within the whole dataset, confidence values state the
intercorrelation of these attributes regardless of their influence within the available full
dataset. On the other hand, lift values evaluate this correlation in terms of its weighted effect
within the total dataset. The lift value with this regard plays more important role to determine
the strength of an association rule compared to support and confidence values.

The followings express the way how support, confidence and lift values are calculated.

|XuY]| |XuY| _Conf(X -Y)

Support(X - Y) = N Confidence(X »Y) = X Lift = Sup (M)

4. RESULTS OF DATA ANALYSIS

Association rule mining is one of the most prevalent methods used to generate useful and
unseen knowledge from a large dataset. This method was preferred to generate valuable and
meaningful outcomes through the data analysis of this study.

Initially, as shown in Figure 3 the data were grouped into five main groups to acquire
association rules. Four of them are considered as the groups with the attributes causing the
accidents. The fifth one consists of the layers as shown in Table 2 to represent the nature and
structure of the accidents.

The interrelationships between each attribute in the four groups and the fifth group are sought
through the association rules to release the important factors causing different type of the
collisions. In this way, the relationships between the attributes of driver factors, for example,
and driver wounding severity or damage level of the vehicles can be obtained.

At this stage it is quite important to state that the dataset consists of accidents with at least
one casualty. In the analysis, the driver related attributes whether they are antecedent or
consequent are all only related to the drivers involved in the accidents. With that regard it
can be concluded that if, for example, the non-injured-attribute related rules are the case, it
means that at least one of the drivers is definitely injured or dead unless there are no injured
passengers or pedestrians in the accidents. Even in the case of both drivers are non-injured,
then there must be at least either one injured passenger or pedestrian.

Nature of Accident Nature of Nature of Nature of
Nature of and Accident and Accident and Accident and
Accident External/Environmental

Driver Factors Road Factors Vehicle Factors
Factors

Figure 3 - Five main groups of attributes to obtain association rules
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A priori algorithm was used to create the association rules with R Studio package program.

This algorithm iteratively scours the dataset to find frequent items playing important and
comprehensive role in the occurrence of the accidents [35].

As shown in Figure 4, 13 association rules were obtained by employing only the attributes
regarding the nature of the accident with threshold values of support and confidence equal to
0.05 and 0.70, respectively, and lift greater than 1.0.
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Figure 4 - Scatter plot for 13 association rules regarding the nature of the accident

The top 9 association rules with the highest lift values obtained from the subgroup data based
on the nature of the accidents are illustrated in Table 3 in descending order.

In the same way, the top 10 association rules concerning accident and external-environmental
features, the top 4 association rules regarding accident and driver features, the top 11
association rules with regard to accident and road features, the top 4 association rules relating
accident and vehicle features are also shown in Table 4, 5, 6 and 7, respectively, in terms of
the lift values they have.

Table 3 -Top 9 association rules having highest lift values related to nature of the accident

Rule Antecedent Consequent Support Confidence Lift
1 Fty Rear 0.06 0.74 5.38
2 Fty, Minor d. Sc 0.07 0.78 1.76
3 Non-injured, Fty, Minord. Sc 0.05 0.79 1.76
4 Speeding, Rsr Injured 0.07 0.85 1.74
5 Rsr, Major d. Injured 0.07 0.82 1.68
6 Improper turn, Minor d. Non-injured 0.05 0.82 1.62
7 Hitting pedestrian Non-injured 0.08 0.81 1.61
8 Speeding, Major d. Injured 0.11 0.72 1.46
9 Improper turn Non-injured 0.08 0.74 146
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Ftc: Following too close, Fty: Failure to yield, Minor d: Minor damaged, Rsr: Rollover/skidding/run off road,
Major d.: Major damaged

The analysis of results from Table 3 can be summarized as; (1) The highest lift value, 5.38,
is related with the Following too close (Ftc) as an antecedent and Rear as a consequent
reflecting the relatively strong correlation between Rear collisions and Following too close
driving faults. In the same way, high lift value indicates the relatively high weigh of the
connection between the Ftc (Following too close) correlated Rear collision to the general
weigh of the rear collision accidents in the whole dataset. As can be seen from the support
value between these two attributes, 74 rear collision accidents out of 100 rear collision type
of accidents are related to following the car in front too closely. (2) Non-injured, Fty (Failure
to yield) and Minor damage accidents are mostly related with Sc (Side collision) type of
collisions; (3) Speeding and Rsr (Rollover/skidding/run off road) accidents often lead to
driver injury. Although there are some other rules with lift values over 1, they have not been
included at this table simply because they are the elements of the combinations of the sets
constituted by the attributes of the list at the table above. It is worthwhile to mention that the
same criterion also applied for all the lists given below.

As shown in Figure 5, there were 72 pieces of association rules that were obtained from the
accident and external and environmental factors with the same threshold values as the
previous scatter plot has (Figure 4).
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Figure 5 - Scatter plot for 72 association rules between the accident and external and
environmental features

Out of these 72 rules, the following ones are the most remarkable ones to mention considering
mutual relationship of the attributes with respect to support, confidence and lift values.

As can be seen from Table 4 the highest lift value, 1.81, is related to the interrelation between
daylight, Fty (Failure to yield) and Minor damaged attributes leading to Sc (Side collision).
The support and confidence values are 0.05 and 0.81, respectively. Another rule reveals the
fact that accidents involving daylight and hitting pedestrian attributes result in mostly non-
driver injury accidents. On the other hand, daylight and Rsr (Rollover/skidding/run off road)
inclusive accidents often lead to driver injuries. There is a strong interdependence between
Daylight, Fty (Failure to yield), Minor damaged vehicle and side collision accidents.

Figure 6 demonstrates the 18 pieces of association rules with regard to accidents related to
driver factors.
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Table 4 - Strong association rules between accident and external-environmental-related

attributes
Rule Antecedent Consequent  Support Confidence Lift
1 Daylight, Fty, Minor d. Sc 0.05 0.81 1.81
2 Daylight, Fty Sc 0.10 0.79 1.76
3 Daylight, Hitting pedestrian Non-injured 0.06 0.82 1.62
4 Daylight, Rsr Injured 0.07 0.78 1.58
5 Daylight, Speeding, Major d.  Injured 0.08 0.72 146
6 Summer, Non-injured, Sc Daylight 0.06 0.76 1.15
7 Spring, Non-injured Daylight 0.09 0.73 1.12
8 Summer, Minor d. Daylight 0.10 0.74 1.11
9 Spring, Speeding Daylight 0.05 0.73 1.11
10 Summer, Speeding Daylight 0.07 0.73 1.10

Fty: Failure to yield, Minor d: Minor damaged, Rsr: Rollover/skidding/run off road, Major d.: Major damaged, Sc:
Side collision.
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Figure 6 - Scatter plot for 18 association rules related to driver factors

Four rules reflecting important noteworthy relationship based on the lift values have been
selected out of these 18 rules and represented in Table 5.

Table 5 - Strong association rules for accident and driver-related attributes

Rule Antecedent Consequent Support Confidence Lift
1 Primary School, Fty Sc 0.05 0.82 1.83
2 Middle-aged-1, Sc, Minor d.  Non-injured 0.06 0.76 1.51
3 Young, Major d. Injured 0.08 0.74 1.50
4 Middle-aged-2, Sc, Minor d.  Non-injured 0.05 0.74 147

Fty: Failure to yield, Minor d: Minor damaged, Major d.: Major damaged, Sc: Side collision.
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Regarding the attributes of driver factors causing the accidents, it is worth mentioning that
people are less obedient to give way to other vehicles as the education level gets relatively

low.

As for the young drivers, it should be noted that they get involved with major damage and
injury accidents pointing out the importance of their education and enforcement regarding
the way of driving vehicles and obeying the rules. Although middle-aged drivers also involve
with side collision types of collisions, the severity of them are relatively low causing
generally non-injury accidents.

As shown in Figure 7, there are 128 pieces of association rules obtained from the attributes
of road factors triggering the accidents investigated.
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Figure 7 - Scatter plot for 128 association rules regarding road factors

Table 6 - Strong association rules between road factors and nature of the accidents

Rule Antecedent Consequent Sup. Conf. Lift
1 Intersection, Fty, Minor d. Unsignalized 0.05 092 227
2 Intersection, Fty, Sc Unsignalized 0.08 091 224
3 Intersection, Speeding, Sc Unsignalized 0.07 09 221
4 Intersection, Non-injured, Sc, Minor d. ~ Unsignalized 0.07 0.89 2.19
5 Intersection, Injured, Speeding Unsignalized 0.05 088 2.17
6 Unsignalized, Injured Intersection 0.13 073 199
7 Divided, Boo No-intersection 0.05 1 1.96
8 Divided, Ilc No-intersection  0.05 1 1.96
9 Intersection, Unsignalized, Fty Sc 0.08 087 1.95
10 Intersection, Severe Unsignalized 0.11 077 1.90
11 Roundabout Sc 0.06 0.72 1.61

Sup: Support, Conf: Confidence, Fty: Failure to yield, Minor d: Minor damaged, Sc: Side collision, Rsr:

Rollover/skidding/run off road, Major d.: Major damaged, Boo: Bumping into fixed objects and others, Ilc:
Improper lane changing.
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Among these numerous rules, the selected ones by taking into consideration the criteria
mentioned above have been illustrated in Table 6.

Through the analysis of the results from Table 6, it can be seen that the rule with the highest
lift value, 2.27, reflects the strong interaction between Intersection, Fty and Minor damaged
with Unsignalized intersections. Failure to give way at intersections leads to minor damaged
accidents at unsignalized junctions. The support value in Table 6 indicates that 8 percent of
all the accidents are related to side collision accidents occurred on unsignalized intersections
due to failure to yield behaviour of the drivers. When the roads are divided, the accidents are
generally related to bumping and caused by improper lane changing at any section of the
roadway apart from intersections. The location of these type of accidents is denoted as No-
intersection. This class term may, obviously, also be used for any accidents occurred at the
locations apart from intersections. Rules also state that the accidents at roundabouts are
mostly side collision type.

Figure 8 illustrates 17 pieces of association rules for the accidents obtained from vehicle
factors.
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Figure 8 - Scatter plot for 17 association rules regarding the vehicle features and the
accidents

Table 7 shows the age of vehicle and the resulted type of the collisions.

Table 7 - Strong association rules between accident and vehicle-related attributes

Rule Antecedent Consequent Support Confidence Lift
1 11orMore, Fty Sc 0.06 0.76 1.7
2 11orMore, Rsr Injured 0.05 0.78 1.59
3 11orMore, Speeding, Major d.  Injured 0.05 0.73 148
4 4-10, Sc, Minor d. Non-injured 0.06 0.75 1.48

11orMore, 4-10: Age of vehicle, Fty: Failure to yield, Rsr: Rollover/skidding/run off road, Major d.: Major
damaged, Sc: Side collision, Minor d: Minor damaged.
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As can be seen through the rules from the above table, older vehicles may involve
comparatively severe accidents than the newer vehicles. Rule 1 illustrates that the driving
attitude of the drivers of the old vehicles seems to be more reckless. This may be related to
the perception of the drivers of the old vehicles when they get involved with an accident as
the cost of the vehicle damage will be relatively low. On the other hand, with high speed,
accidents involving older vehicles result in severe accidents with injuries. New model
vehicles, however, get involved with minor accidents resulting in non-injured drivers.

5. CONCLUSIONS

Traffic accidents are quite complex phenomenon with combination of numerous attributes
generally recorded on the police reports. The essence of this study is to investigate the mutual
effects of the important factors/attributes causing traffic accidents by using association rule
mining. After the data preparation process with respect to the attributes either not having
proper or balanced contents along with combination of some of them representing the same
coverage, the dataset finally had 11 attributes grouped into 5 main factors. These factors are
related at least one of the scopes of the nature of the accidents, external and environmental
factors, driver related factors, road factors and vehicle conditions. In this study, a priori
algorithm was rigorously applied to identify the most frequently appearing attributes setting
up the association rules in the dataset affecting traffic accidents occurred in city of Sakarya.

Some of the essential outcomes of this study can be summarized as below:

= Some of the noteworthy attributes to set up the association rules are found to be related
to the type of collision, lighting condition, and violations by drivers.

=  There exists a significant correlation between speeding, damage of vehicle as Major and
severity level of driver's injury as Injured. In accordance with this finding, Albuquerque
et al. also stated that speeding is one of the most important parameters of injury severity
in fixed object and run-off-road accidents [36].

=  Rollover/skidding and run off road (Rsr) accidents are intercorrelated with damage of
vehicle as Major and severity of driver injury as Injured. Karabulut et al. found that
accidents involving motorcycles, fixed objects, and run-off-road accidents were the
main factors significantly associated with injury and fatality of the drivers [37].

= It has been found that there is a strong correlation between close Following too close
and Rear-end collisions. Yu et al. also found the same correlation between these classes
[18].

= Hitting pedestrian collisions resulted in Non-injured drivers. In the same manner,
Karabulut et al., obtained that drivers are less severely injured in pedestrian accidents
[37].

=  Most of the accidents occurred when the attributes are in conjunction with Daylight,
type of collision Fty, damage of vehicle Minor and Side collision are in effect together.
This is mainly because of the inclination of the drivers to take risky manoeuvres as they
have relaxed in terms of spiritual and mental conditions for daytime driving [34].
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The evaluation of the obtained rules revealed the fact that Fatal and Injury accidents
occur mostly in Spring and Summer months. In addition, the rules clearly made it known
that drivers tend to speed during daylight hours in Spring and Summer periods. In
harmony with our findings, Celik et al., states that fatal injuries are two times more likely
to happen in summer compared to the ‘no injury’ severity level. In addition, they express
that the probability of non-fatal injuries increases by 6.3% in the summertime [38].

An interesting outcome acquired through the analysis of this research is that the faulty
drivers responsible for the accident generally cause the other vehicles® drivers to have
more serious Fatal or Injury effect than themselves. This may be due to the fact that as
those drivers are aware of the imminent accidents, they are about to cause, they adjust
their maneuvers to get the least negative effect of the accident just about to happen. As
stated earlier, the analysis process carried out in this research is based upon the data
related only to the faulty drivers not the other drivers. The combination of these two
facts resulted in this outcome.

Another rule was revealed in the results that drivers with prominently Primary-educated
level were involved in Fatal and Injury accidents as these drivers tend to violate yield
rule and were involved in Side collision accidents. Celik et al. also share the same
conclusion by remarking that primary-educated drivers increase the probability of fatal
injuries [38].

Eight percent of all accidents are related to Side collision accidents occurring at
Unsignalized intersections due to the failure to yield by drivers. Yu et al. also verify the
fact that 15% of accidents are resulted from failing to yield at intersections [18].

Drivers generally involved in Side collisions are from the group of people aged between
26 and 40 (middle-aged-1 group). This may mainly be attributed to the risk-taking
behaviour of this group of drivers especially at intersections.

Accidents involving young drivers between 18-25 years old were resulted in injuries and
Major vehicle damage. This is mainly related to the fact that these drivers tend to have
relatively speedy drive. Hence, this finding verifies the strong connection between speed
and severity type of accidents resulting in severely injured drivers as stated above. Yu
et al. state that the drivers aged between 16-25 are more likely to violate driving rules in
comparison with other drivers, hence involving more numerous and severe accidents
[18]. The results obtained by Celik et al. highlighted the need for education campaigns
to address all road users, especially older drivers by taking successful implications as a
role model [38]. On the other hand, the finding of this research emphasizes the fact that
the campaigns or enforcements are needed more for young drivers.

As far as the location of the accidents are concerned, it has been obtained that the
overwhelming majority of the accidents occurred at Unsignalized intersections
including roundabouts. No rule was acquired with regard to Signalized intersection in
terms of Fatal or injury accidents. This supports the fact that, Signalised intersections
decrease the likelihood of Fatal and injury accidents. Celik et al. also stated that traffic
signals at accident locations reduce the probability of fatal injuries by 41.8% [38].

Mostly, accidents involving older vehicles with high-speed result in severe accidents
with injuries. In contrast to the results of this study, the outcomes of the research carried
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out by Bédard et al. point out that the “vehicle age” variable was statistically
insignificant by investigating the relationship between driver, accident and vehicle
characteristics in fatal accidents [39]. This may mainly stem from the fact that they only
investigated the fatal accidents.

The most crucial factor of the accidents with regard to side collision types is related to the
failure to give way to the vehicles having right of way. This behaviour may be considered to
be related to two different attitudes. First one is due to aggressive driving and disobeying the
traffic rules. Second one, on the other hand, is associated with lack of education and
awareness. While increasing traffic enforcement and fines might have positive effect on
solving these problems, education and awareness campaigns for the middle age group drivers
might play an important role to reduce the violations of the rules [40,41].

Traffic sign/signal violation is one of the main factors associated with injury and fatality of
the drivers [37]. Furthermore, standardization of warning and informative traffic signs is
essential to make sure that they are understood by the drivers easily and correctly [42]. In
Sakarya, as it is in Turkey, there are different applications of yield signs and majority of them
don’t contain written notification of “yield” or “give way”. The lack of this written
information related to yield signs reduces the drivers’ awareness. Changing the
standardization with added notification of written warning might reduce the violation of give
way behaviour of the drivers [43].

This study does not provide any information in connection with level of injury severity along
with property damage-only accidents. The outcomes provide the general structure and nature
of the accidents” causes in terms of the mutual correlation among the effective attributes of
the accidents recorded in Sakarya, Turkey. Hence, the results provide the authorized
institutions with the appropriate precautions to be taken to reduce both the number and
severity of the traffic accidents. In future studies, predictions regarding the interaction of the
attributes will be studied to evaluate the possible accidents and their nature by using machine
learning techniques such as decision trees and deep learning methods.
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Operational Barriers against the Use of Smart Contracts in Construction Projects

Keywords: Blockchain, operational risks, contract administration, construction
management, Fuzzy AHP, Construction 4.0.

1. INTRODUCTION

Many construction projects are complicated, large-scale, long-lasting, and characterized by
a higher level of uncertainties. Therefore, strategic decisions require the involvement of
project stakeholders to manage construction projects effectively [1]-[3]. These features make
it more difficult to achieve project objectives in the context of planning, management, and
contract administration. Therefore, project managers and construction professionals are in
search of robust project management tools and managerial support techniques [4]. Integrating
various methods and technologies to have profitable outcomes is a must in construction
projects [5], performance of which rely on different dimensions of project management [6].
In this vein, management of construction projects has gradually encompassed a broad range
of elements related to sustainable project governance [1], with contract management playing
a central role [7]. Forestalling all adversities and uncertainties and including them in contract
management with the participation of project stakeholders become a difficult task [8],
threatening the recovery from or adjustment to setbacks or changes in construction projects.
These unprecedented drawbacks may lead to productivity loss, payment problems, delays,
cost overruns, and inevitably project disputes [9].

Mutikanga et al. [10] pointed out that many contractual issues exist in engineering,
procurement, and construction projects, such as insufficient project scope and goals, and poor
compliance with contractual obligations by project parties. McKinsey Global Institute [11]
highlights that misalignment of the structure of contract documents is one of the major causes
of low productivity in construction projects. A recent report by Arcadis [3] underlined that
poorly drafted documents, errors and/or omissions in contracts, and liabilities misunderstood
by clients, contractors or sub-contractors were the top causes of disputes in construction
projects. Due to the inherent incompleteness of construction contracts [12], organizations that
use traditional contracts may face many setbacks hindering effective management of iron
triangle (i.e., time, cost, and quality) [13]. To deal with these challenges, smart contracts are
one of the technological tools that are developed through distributed ledger technology and
offer great potential for many industries including the construction industry [14]. Smart
contracts leading to innovative solutions have drawn considerable attention in various
industries, including education, energy, healthcare, banking, and financial services, public
management, construction, supply chain, and entertainment [15], [16]. Compared with other
industries, the development and implementation of smart contracts in the construction
industry can be relatively slow and challenging due to their complex, unique, and dynamic
characteristics.

The dominance of digital age on global commerce portends that smart contracts could have
a prominent place in the future business environment [17] since the underlying blockchain
technology is practical in many ways and able to provide a mechanism that is more secure
than traditional contracts [18]. Many aspects of the requirements, terms, and clauses of a
contract can be managed technologically by smart contracts [19]. This would not only support
the coordination of several contract administration processes but also organize the payments
through improved payment pipeline in construction projects, where late payments are
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inherent culture [20]. By considering the traceability, security, and immutability of the
blockchain technology, blockchain-enabled smart contracts also contribute to elevating the
confidence level of the stakeholders [21]. On the other hand, smart contracts can be used as
an effective tool in resolving or reducing conflicts/disputes among parties included [22].
Improved transparency through transaction credibility, efficiency, intelligence, and
automation can also be an additional advantage in several processes. However, some issues
such as the initial investment cost or the inefficiency of the consensus mechanism can still
be considered as major inhibitors against their application [23]. Similarly, lack of qualified
human resource or capabilities of organizations regarding smart contracts may also pose an
obstacle for stakeholders desiring to rely on smart contracts.

The efficiency of smart contracts and their ability to overcome a number of current challenges
in traditional contracts put them in a place that could take over traditional contracts [24].
However, many research in the literature highlighted the significant operational challenges
that might limit the adoption of smart contracts in construction projects [14], [22]. This study
aims to have a deeper understanding on smart contracts by evaluating operational barriers
and developing a conceptual model for construction companies to adopt smart contracts with
the guidance of the findings. A multi-step framework has been followed to achieve the study
objective. First, a comprehensive literature review and focus group discussion (FGD) were
performed to identify challenges against smart contract adoption. Then, fuzzy analytical
hierarchy process (AHP) was used to evaluate identified barriers. Finally, a conceptual smart
contract adoption framework was developed based on the analysis results. The findings of
the analysis steps make several contributions to the current literature on smart contract,
contract administration, and project management by proposing a way to operate smart
contracts in construction projects. With the study findings, construction projects can be better
managed with smart contracts by eliminating risks of adopting them since contract life-cycle
management requires more robust and automated processes in today’s competitive
environment. Besides, construction managers can use the results of this study in terms of
minimizing inefficient paper-based procedures, dealing with conflicts through analytical
methods, preventing unexpected cost increases, and preserving privacy of contracts. Overall,
the outcomes of this study are expected to raise awareness among construction industry
practitioners and develop improved risk mitigation strategies based on the contract life cycle
of construction projects.

2. BACKGROUND
2.1. Definition and Role of Smart Contracts

In 1994, an American computer scientist, lawyer, and cryptographer, Nick Szabo [25], coined
the term smart contract. Szabo [26] defined smart contract as a computer-based transition
protocol executing the clauses of a contract. Fundamentally, smart contracts are designed to
meet or fulfil common contractual requirements and abate accidental or malicious
peculiarities. These contracts are primarily characterized by their digital forms and are
embedded in hardware and software as code [27]. Rule-based operations and the underlying
blockchain technology enable the release of payments securely, fulfil the contract terms
visibly, and thereby reduce contractual conflicts. Smart contracts are expected to have a vast
effect on contract law and the economy with more efficiency, traceability, and
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confidentiality, which are little explored [28]. Containing electronic clauses and triggering
processes according to the terms of the contract, a smart contract is a self-executing contract
and works depending upon automated conditional performance management. Smart contracts
work in a way to allow the triggering of an obligation, once the task associated with the
obligation is fulfilled [29]. For example, the ownership of real assets can be digitally
controlled with smart contracts based on the terms of the agreement and these contracts
provide stakeholders with clear information management systems.

Smart contracts are written as codes in both hardware and software [30], and accessed
through an agreed data source unlike traditional contracts that are written in legalese language
[31]. The blockchain technology keeps the identical and dynamic copies of the contract and
included parties can check the amendments according to a consensus algorithm. Therefore,
comparison software is needed for the verification of documents to avoid or prevent
unapproved contract term changes made by other parties in blockchain-enabled smart
contracts [32]. The status of the contracts can be viewed optionally and dynamically, and
monitored by the project stakeholders, which allows them to adjust to the changing
conditions. Blockchain technology is the stepping stone of smart contracts. Therefore, a
secure blockchain and coding are essential. All these requirements are usually considered as
barriers for construction companies, limiting the investments in blockchain technology and
adoption of smart contracts in their business operations.

2.2. Studies about Smart Contracts in the Construction Industry

Smart contracts can be regarded as a prominent tool of self-executing digital transformation
initiatives by coding contract terms and conditions that reduce cost and time overruns, while
addressing contractual risks and disputes during contract management life-cycle [22]. Smart
contracts can add significant value to the construction projects with their ability to
decentralize the execution of contract requirements [33]. Existing literature mostly highlights
their impacts on the security, traceability, and automation in the process of construction
projects. For instance, Bolhassan et al. [22] investigated various benefits and implementation
challenges in the Malaysian construction industry. The study suggested the use of smart
contracts in short-term projects. Chong and Diamantopoulos [34] performed a case study to
automate the payment process for facade panel supply by incorporating several advanced
technologies such as smart contracts, smart sensors, BIM, and blockchain. Mason and Escott
[35] investigated the stakeholder perceptions of smart contracts in the construction industry
and highlighted their fear about the full automation in contract administration. Similarly,
Nanayakkara et al. [36] conducted a workshop with six groups to exhibit stakeholder
perceptions of smart contracts for construction supply chains and found that stakeholders
mostly addressed efficiency, trust, fairness, security, transparency, accountability,
compliance, and standardization features of smart contract-based solutions. Li and Kassem
[37] employed a systematic review analysis and stated that smart contracts as supplementary
technologies can be used with other technological systems, which were still immature to be
used with smart contracts. Li et al. [38] developed a model that integrated smart contracts
with BIM, IoT, and DLT to automate installation activities in construction and addressed that
the proposed approach could minimize several challenges such as late payments, lack of trust,
and inadequate collaboration.
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In another study, Rathnayake et al. [39] conducted a systematic literature review and
highlighted that past studies usually focused on drivers, barriers, implications, and benefits
affecting the adoption smart contracts in the construction industry. They found that lack of
security, lack of observability, incompatibility, inactive government collaboration and
storage capacity restrictions were the most frequently identified barriers in smart contract
implementation. Similarly, Shang et al. [40] concentrated on institutional factors influencing
the adoption of smart contracts in the Singapore construction industry. The researchers also
underlined the barriers of poor knowledge of smart contracts, lack of industry-specific
standards, and lack of observability. Ameyaw et al. [41], using statistical analyses,
investigated the drivers for blockchain-based smart contracts applications in construction
projects. Considering the opinions of experts in the field, the researchers specified trialability
of smart contract (such as ability to try, and a trial period before adoption), transparency in
project delivery, facilitation in payments, and security of payment as the top critical factors.
Gurgun and Koc [42] presented a multi-criteria approach to identify and evaluate
administrative risks of the smart contracts based on contractual, cultural, managerial,
planning, and relational main risk groups. The researchers emphasized the necessity of
handling the managerial risks diligently to increase the adoption of smart contracts in the
projects.

Various studies also proposed solutions using smart contracts regarding payment issues,
which is one of the challenges inherent in construction projects. For instance, Hamledari and
Fischer [33] examined their effects on enhancing visibility of payments in the supply chain
and stated that although smart contracts cannot fully ensure information latency yet, they are
effective instruments for information completeness. Ahmadisheykhsarmast and Sonmez [43]
presented a smart contract-based payment security system to minimize payment problems
(i.e., non-payment and/or late payment) by using the schedule and cost data. Similarly, Luo
et al. [44] proposed a smart contract-based interim payment management framework to
automate the process in a blockchain environment. The comprehensive literature review
illustrates that operational barriers against the adoption of smart contracts have not been
researched systematically, which formed the research motivation of this study.

3. METHODOLOGY

The steps of the study are illustrated in Figure 1 and each step is explained in the following
sub-sections.

3.1. Literature Review

In the first step of the study, a comprehensive literature survey was performed to identify
initial list of operational barriers against smart contract implementation in construction
projects. For this purpose, search engine Scopus was used to gather relevant research articles
since it is one of the widely used search tools in nearly any domain and shows an effective
performance compared to other search engines [45]-[47]. As a preliminary search step, two
main search strings were considered as (i) “Smart contract” AND (ii) “Risk OR “Barrier”
OR “Challenge”. This search retrieved 809 publications, which was reduced to 336 articles
by limiting the results with only journal papers. Then, another search string i.e.,
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“Construction” was inserted, and the number of studies was reduced to 24 that are directly
related to the construction industry. Hence, 24 articles were investigated in detail, while the
remaining 312 articles were examined on an abstract level. The reference list of 24 articles
was also explored as part of snow-balling approach in order not to exclude any of the relevant
past research. Accordingly, the initial list of operational barriers was ensured mainly based
on the studies of Mason [48], Mason and Escott [35], Li et al. [14], Perera et al. [49], and
Gurgun and Koc [42].

Step 1
Barriers against smart
Search engine Scopus Literature review contract adoption: 24
research papers
Step 2 J,
Expert evaluation criteria Expert evaluation (LGl exp.erhlence.d n
contract administration
Step 3 \
Focus group discussion Final list of barriers and A ba.rrlers': (oh) Techm({a L
(FGD) categories (2) Financial, (3) Security
& /technology, (4) Time
Step 4
A
Fuzzy AHP Assessment of barrler.s to The most §1gn1ﬁcant
smart contract adoption barriers

Figure 1 - Research flow.

3.2. Expert Evaluation

This study adopted two consecutive steps to analyze the identified operational barriers. In the
first step, a focus group discussion (FGD) was employed with industry professionals to
finalize the decision framework. It was organized before the data analysis since including
expert opinions to construct decision framework is an effective approach [50], [S1]. This step
was followed by a fuzzy AHP analysis to prioritize the operational barriers. Both steps (FGD
and fuzzy AHP) are based on expert knowledge, thus evaluating the eligibility of experts
becomes a critical concern of this study. First, the required sample size for FGD and fuzzy
AHP was identified through a literature survey. Accordingly, 5 and 9 experts were
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determined to be adequate sample size for FGD [47], [52], [53] and fuzzy AHP [42], [54]-
[56] analyses, respectively. The major reasons to perform FGD sessions with 5 experts can
be summarized as follows: too many focus group participants may cause the session
complexity (e.g., between 10 and 20) [57], and few participants might hinder sharing critical
and creative opinions (e.g. <5) [50], [58]. Similar to FGD sessions, more efficient data
collection can be realized and reliable results can be generated in AHP or fuzzy AHP
applications with small sample sizes [50]. The method may even result in unassured criteria
weights owing to the tendency of “cold-called” participants to provide random preferences
as the sample size is increased [59]. Hence, data quality is signified in AHP applications
compared to data quantity [60]. Furthermore, the AHP method is usually preferred by
researchers due to its suitability for dealing with sample size limitations [59].

All the participants attended to this study were carefully examined based on the following
criteria: (i) having at least 5-year experience in contract administration in the construction
industry, (ii) having at least BSc degree in civil engineering or architecture programs, (iii)
having a managerial experience in at least 2 construction projects. After contacting 14
experts, 9 and 5 of them showed their willingness to participate in this study in fuzzy AHP
and FGD steps, respectively. Participants had diverse backgrounds (Table 1) and are
currently working in Turkey. Table 1 shows the contribution of the participants, their
positions in the organizations, organization type, and experience in the construction industry.

Table 1 - Profile of participants.

Expert ID Contribution  Position in the organization Organization type Experience
Expert 1 Fuzzy AHP Tendering engineer Private client 11
Expert 2 Fuzzy AHP Site chief Private contractor 16
Expert 3 Fuzzy AHP Cofounder Private contractor 34
Expert 4 Fuzzy AHP Technical office engineer Private consultant to client 8
Expert 5 Fuzzy AHP Design manager Private consultant to client 14
Expert 6 Fuzzy AHP Senior executive director Public client 41
Expert 7 Fuzzy AHP Procurement manager Private contractor 12
Expert 8 Fuzzy AHP Contract manager Public client 18
Expert 9 Fuzzy AHP Cost control manager Public client 29
Expert 10 FGD Design architect Private contractor 9
Expert 11 FGD Planning and cost control manager ~ Public client 17
Expert 12 FGD Owner Private sub-contractor 33
Expert 13 FGD Interim payment engineer Private contractor 12
Expert 14 FGD Director Private consultant to client 24

3.3. Focus Group Discussion (FGD)

FGD is an exploratory discussion technique that has been extensively used in research studies
to collect expert opinions [47], [61] and is particularly convenient for exploring the diverse
perspectives of participants with similar backgrounds, opinions, or experiences on a research
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topic [62], [63]. Gold and Vassell [61] highlighted the advantages of focus groups such as
time-effective and cost-effective. They can also generate satisfactory output with the
involvement of 5 to 10 participants [62]. Yu and Leung [64] addressed that 4 to 6 participants
constituted mini focus groups and 7 to 10 participants constituted small focus groups. The
reason to adopt the FGD technique in this research was to obtain the expert opinions that
have the required level of experience in contract management and administration to identify
the operational barriers against the adoption of smart contracts and develop a framework that
would facilitate their adoption in construction projects. Based on the results of FGDs with 5
experts, the selected operational barriers are illustrated in Table 2.

Table 2 - Operational barriers to smart contract adoption.

Barrier

Barrier category D Barrier Reference
Tel Lack of experienced personnel Etemadi et al. [65]
Tc2 Complexity in draft development Etemadi et al. [65]
Technical (Tc) Tc3 Irrevocable nature of smart contracts Lietal. [14]
Tc4 Updating issues after changes Yamashita et al. [66]
Tc5 Inaccurate recorded information Lietal. [14]
Tc6 Incorrect coding and interoperability issues Wong et al. [67]
Fnl Expensive and clunky drafting and registration Gurgun and Koc [42]
process
Financial (Fn) Fn2 Cost of upskilling Mason and Escott [35]
Fn3 Cost of updates required frequently Lietal. [14]
Fn4 Cost of adequate human resource 1[\3]6 ier and Sannajust
Stl Bug probability leading to permanent failure Mason and Escott [35]
. . . . . . Deebak and AL-
Security/ St2 Privacy issues in terms of information security Turjman [68]
Technological (St
gical (S0 St3 Possible cyber-attacks/security risks Zhao et al. [69]
St4 Lack of technological advancements in the company =~ Wong et al. [67]
St5 Error prone nature of transactions in smart contracts Wong et al. [67]
Tml Requlremegt of excessive time for approval Perera et al. [49]
procedures in construction
Tm2 Difficulty in setting deadlines and original time scales Mason [48]
Time (Tm) . . .
Tm3 Time constraints (such as insurance arrangements etc.) Mason [48]
Tm4 Time consuming process of developing the contract Lictal. [14]
draft
Tm5 Long lasting negotiation process in construction Mason and Escott [35]
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3.4. Fuzzy Analytical Hierarchy Process

The AHP method is one of the most widely used multi-criteria decision making (MCDM)
methods in the literature [70]-[72], mostly due to its simplicity regarding hierarchical
representation and the understanding of mathematical calculations. However, uncertainty
about expressing the decision maker's decisions with exact numbers is a critical concern in
most of the MCDM methods. To overcome this difficulty, the fuzzy AHP method was
developed to address the fuzziness of decision makers [70]. In this method, fuzzy set theory
proposed by Zadeh [73] was incorporated into AHP method by Chang [74], which is called
extent analysis. Since then, it has widely been used in the literature and adopted in this study.
There are four steps in the employment of the fuzzy AHP analysis:

Step 1. Data collection: Linguistic variables were used by experts to indicate the importance
of barriers by means of pairwise comparisons. Triangular fuzzy scale for linguistic variables
that are adopted in the current study is given in Table 3 [70], [75].

Table 3 - Triangular fuzzy scales.

AHP Fuzzy AHP
L . Triangular fuzzy
Linguistic Importa Value for Triangular fuzzy numbers .
: . reciprocals (1/u;;, 1/m;;
variables nce reciprocals (Lijmyg, ugp) j j
, 1)
Equally
important 1 (/1) (1, 1,1 1,1,1)
Intermediate
value 2 (112) (1,2,3) (173,172, 1)
Moderately
important 3 (1/3) (2,3,4) (1/4,1/3,1/2)
Intermediate
value 4 (1/4) (3.4,5) (1/5, 1/4,1/3)
Important 5 (1/5) (4,5,6) (1/6, 1/5, 1/4)
Intermediate
value 6 (1/6) (5.6,7) (1/7,1/6, 1/5)
Very important 7 1/7) (6,7, 8) (1/8, 1/7, 1/6)
Intermediate
value 8 (1/8) (7,8.9) (1/9,1/8, 1/7)
S 9 (19) 9.9.9) (119,19, 1/9)
important »7s > 179,

Step 2: Consistency check: The consistency ratio of each expert need to be determined to
ensure the reliability of the survey outcomes [76], [77]. The consistency ratio (CR) values
given by the experts are regarded as acceptable if it is calculated as lower than 0.10 (or 10%).
Otherwise, the experts are regarded as inconsistent, and revised pairwise comparisons are
requested from the corresponding expert [76], [78]. Calculation procedures to check the
consistency can be found at [42].
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Step 3: Attaining group decisions: The linguistic variables that were taken from each expert
individually were converted into the corresponding triangular fuzzy scales for each pairwise
comparison matrix. Then, group decision is augmented by taking the geometric mean values
of the fuzzy scales [77], [79]:

1/K 1/K

lij = (Hlk(zllijk)l/l(t m;; = (H1k(=1 mijk) » Ujj = (H1k(=1 uijk) (1

where K is the total number of respondents.

Step 4: Application of Chang’s extent analysis: Chang’s [74] extent analysis was utilized to
identify weights of barriers to smart contract adoption. The steps of Chang’s fuzzy extent
analysis can be found at [74].

4. RESULTS

In the fuzzy AHP implementation, consistency ratios of each expert were checked. In case of
an inconsistency, the corresponding evaluations were revised, and the data collection step
was finalized after all the matrices were found consistent. In addition, assessment of experts’
consistency proves that the AHP method can be an effective tool in selection and/or
prioritization problems, addressed in the literature [59]. The results of consistency analysis
are shown in Table 4. Findings show that all experts were consistent with their judgments in
each cluster (barrier category, financial, technical, security/technological, and time).
Therefore, further analysis of fuzzy AHP was applied.

Table 4 - Consistency ratios of experts.

Expert Category Financial Technical Security/ Technological Time
ID (%) (%) (%) (%) (%)
Expert 1 431 0.71 8.89 2.34 9.42
Expert 2 431 7.45 9.62 1.64 7.64
Expert 3 6.95 4.19 8.73 9.14 8.27
Expert 4 2.64 2.43 9.45 7.63 9.42
Expert 5 8.37 6.33 7.42 8.13 9.16
Expert 6 5.33 2.65 9.89 9.50 8.19
Expert 7 4.50 8.15 8.29 7.87 6.42
Expert 8 0.00 0.00 8.60 7.86 8.93
Expert 9 5.16 1.90 4.64 3.01 6.39

Fuzzy AHP analysis results of barrier categories are presented in Table 5. It was found that
the financial and technical aspects were the most significant operational barrier groups with
a weight of 0.4165 and 0.2379, respectively. Time (weight: 0.1634) and security /
technological (weight: 0.1822) barrier categories were determined less significant.
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Table 5 - Weights and ranks of barrier categories.

Barrier category ID Weight Rank
Financial Fn 0.4165 1
Technical Tc 0.2379 2
Security/Technological St 0.1822 3
Time Tm 0.1634 4

The findings related to individual barriers under each barrier category are shown in Table 6.
Among the evaluated barriers, the experts highlighted the significance of Tc3 (I/rrevocable
nature of smart contracts) and Tc6 (Incorrect coding and interoperability issues) compared
to other barriers in technical category. Tc3 and Tc6 were assessed with weight values of
0.2201 and 0.1964, and Tcl (Lack of experienced personnel) was found the least significant
barrier. Among the financial barriers, Fnl (Expensive and clunky drafting and registration
process) was the most significant financial barrier with a weight of 0.3915, and the rest of
the barriers in this category were all determined with weights of less than 0.25.

In terms of security/technology category, the respondents emphasized their concerns related
to the security of the confidential data used in smart contracts. In line, the findings illustrated
that St2 (Privacy issues in terms of information security) and St3 (Possible cyber-
attacks/security risks) were the most critical barriers (0.2488 and 0.2483), while experts
considered St5 (Error prone nature of transactions in smart contracts) as the least
challenging barrier. Regarding time category, respondents highlighted the features particular
to construction projects and addressed that Tm1 (Requirement of excessive time for approval
procedures in construction) and Tm2 (Difficulty in setting deadlines and original time scales)
were the most critical barriers limiting the use of smart contracts with importance scores of
0.2635 and 0.2196, respectively. On the other hand, Tm5 (Long lasting negotiation process
in construction) and Tm4 (Time consuming process of developing the contract draft) were
the least significant time-related barriers.

The ranking of the barriers might be sensitive to the degree of fuzziness in the opinions of
experts. Therefore, sensitivity analysis was employed to ensure the stability of the proposed
approach under different degrees of fuzziness [71], [80]. Accordingly, the degree of fuzziness
ranged between 1 and 2 with a step of 0.2 to explore whether the ranking of barrier categories
and barriers change. Figure 2 and Figure 3 show the results of sensitivity analysis regarding
barrier category and barriers in each category, respectively. The results show that the
developed decision framework and rankings attained were stable under diverging degree of
fuzziness.

Table 7 and Table § show the ranking difference based on the roles, organization types, and
sectors of the experts, in terms of main categories and barriers, respectively. Findings show
that all the participant types assessed “financial” category at the top. While experts involved
in the managerial team considered “security/technological” as the second most significant
category, other groups regarded as the third or fourth category in the rank (Table 7).
Regarding barriers, it is especially worth mentioning that Fn4 (Human resource cost) is of
paramount significance for the majority of expert groups, apart from public and client groups.
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Interestingly, even though Tc2 (Complexity in draft development) was among the top five
barriers when judgments of the experts from client are considered, other groups had opposite
views (Table 8).

Table 6 - Weights and ranks of barriers.

Barrier category Barrier ID  Weight Rank Overall weight Overall rank
Tcl 0.1192 6 0.0284 18
Tc2 0.1441 4 0.0343 13
Technical Tc3 0.2201 1 0.0524 5
Tc4 0.1344 5 0.0320 14
Tc5 0.1857 3 0.0442 9
Tc6 0.1964 2 0.0467 6
Fnl 0.3915 1 0.1631 1
Financial Fn2 0.2112 2 0.0880 2
Fn3 0.2016 3 0.0840 3
Fn4 0.1957 4 0.0815 4
Stl 0.2098 3 0.0382 11
St2 0.2488 1 0.0453 7
Security/ Technological 63 02483 ) 0.0452 g
St4 0.1637 4 0.0298 17
St5 0.1294 5 0.0236 19
Tml 0.2635 1 0.0431 10
‘ Tm2 0.2196 2 0.0359 12
Time Tm3 0.1947 3 0.0318 15
Tm4 0.1918 4 0.0313 16
Tm5 0.1304 5 0.0213 20
Table 7 - Ranks of barrier categories based on expert profile.
Categories O\ﬁ:ra Publi Privat Manageri Engineer/archit Clie Contract Consulta
c e al ect nt or nt
Financial 1 1 1 1 1 1 1
Technical 2 2 2 4 2 2 2 4
Security/Technolog 3 3 4 ) 4 3 3 3
ical
Time 4 4 3 3 3 4 4 2
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Table 8 - Ranks of barriers based on expert profile.

Barriers Overall Public Private Managerial Engineer/architect Client Contractor Consultant

Tcl 18 14 17 19 10 8 18 17
Tc2 13 7 15 17 8 4 14 16
Tc3 5 5 5 15 2 3 8 12
Tc4 14 15 16 18 9 10 15 15
Tc5 9 16 7 13 7 11 6 14
Tc6 6 10 6 14 6 5 12 13
Fnl 1 1 1 1 1 1 1 2
Fn2 2 2 4 2 5 2 3
Fn3 3 2 3 3 6 8
Fn4 4 11 3 4 4 15 1
Stl 11 4 14 9 16 7 19 11
St2 7 6 9 5 16 13 5
St3 8 3 10 6 16 9 4 10
St4 17 13 18 10 16 12 11 17
St5 19 17 20 16 16 14 20 17
Tml 10 12 8 7 11 16 9 4
Tm?2 12 9 11 8 14 18 10
Tm3 15 18 12 11 13 19 13
Tm4 16 19 13 12 12 17 16 9
Tm5 20 20 19 20 15 20 17 17
0,8 1
0.7 1 —o—Fn
0,6
»® ]
S 0 | 0
; 03 1 —— St
02 4 -=mmm=e s
0,1 - ﬁ —o—Tm
0 . , . . .

1 2. 14 16 1,8 2
Degree of fuzziness

Figure 2 - Sensitivity analysis of main barrier categories.
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Figure 3 - Sensitivity analysis of categories a. Financial, b. Technical,
c. Security/technological, d. Time.

5. DISCUSSION

Digital transformation in many industries including the construction industry is developing
with the contribution of blockchain technology and smart contracts [37], yet the projects still
suffer from budget constraints. Most of the companies act slowly in adopting recent
technologies due to limited investment budgets. According to Yang et al. [81] cost is a key
concern in adopting blockchain systems. Costs associated with smart contracts include initial
drafting and registration cost (Fnl), upskilling cost (Fn2), updating cost (Fn3), and human
resource cost (Fn4). In line with the results of this study, Mason and Escott [35] also
highlighted the concerns of stakeholders about several types of costs associated with smart
contracts such as time and cost required to educate human resource, system installation, and
having qualified employees. Omar and Nehdi [82] emphasized that when applying any
information technology in the construction sector, the update costs of the hardware, the needs
for technical support personnel in the organizations, and the training of the employees
become critical concerns. Similarly, Li et al. [14] underlined that the shortage of suitably
upskilled, sufficiently trained, and talented personnel can be significant barriers for a
construction company during digital capacity improvement processes. Recruitment and
training the qualified employees can be costly [83], however, they are the prerequisites of
successful transitions. Sonmez et al. [84] revealed that technical staff in construction projects
do not feel confident about using newly developed systems if they are not familiar with
implementing and supporting these advances. Therefore, gaining control over the
information management system and contract management with qualified employees, the
contribution of smart contracts may become more significant for the organizations.
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Smart contracts can be characterized by immutability and inflexibility, yet changes and
updates are common in construction contracts. Therefore, additional manual efforts and
computational overheads related to use of smart contracts can also incur significant costs
during the transition period from conventional to smart contracts. Security testing can help
the prevention of vulnerabilities in terms of information security that may require a huge
number of updates [85]. Hence, updates are technically applicable when the contract has
repairable vulnerabilities [86]. Another important barrier is the privacy issues of smart
contracts (St2) in the projects, which reflects the findings of Wang et al. [86] addressing
privacy issues related to “contract data” and “personal data”. In line with the results regarding
financial category, Li et al. [87] and Agapiou [88] also addressed the possible financial losses
in sustaining smart contracts due to security vulnerabilities. Automated vulnerability
detection can be a solution to overcome this concern [85]. Contractual clauses, specific and/or
general conditions, and risk mitigation instruments are critical in contract management. In
this context, robust solution mechanisms and clear procedures are required to ensure the
security of smart contracts throughout their life cycle [89].

Another type of problem was related to the “irrevocable nature of smart contracts (Tc3)”.
This result emerged from the analysis corroborates the earlier findings of some scholars [39],
[90], who considered Tc3 as one of the risks in the implementation of smart contracts. Once
smart contracts are initiated, the outcomes cannot be stopped as the procedures are coded by
rule-based operators [48], [91]. This feature may be catastrophic if contract codes are
incorrect [22]. To overcome this barrier, critical information should be shared, read, and
approved by all members using the blockchain network with respect to the consensus
between client and contractor, while not being changed or removed by any members [8],
[22].

The results showed that the “requirement of excessive time for approval procedures in
construction (Tml)” was the most critical time-related concerns of construction
professionals. In line with this finding, late approvals are acknowledged to be the major
source of project delays in construction projects [92]. This outcome contradicts with one of
the major objectives of smart contracts, which is to facilitate and accelerate the approval
procedures during the initial drafting and information management processes throughout
project execution [93]. However, as Perera et al. [49] addressed, the construction industry
involves many approval processes since it includes numerous organizations in supply
networks. Therefore, diligent organization of approval management systems is essential
during the smart contract drafting stage. As stated by Das et al. [89], smart contracts can be
adopted to ensure both the information approval workflow and document management
systems.

As provided in Table 7 and Table 8, the experts from different roles and organization types
have stated some similar as well as some opposite views about barriers. For instance,
“financial” category was quite important for all expert types regardless of stakeholder profile.
The experts from managerial team considered the “security/technological” category as more
significant than others (Table 7). The most reasonable reason behind this logic is that
handling unwanted transactions and security are huge challenges for management-level
personnel [94]. Besides, the “privacy issues in terms of information security (St2)” was
among the top three barriers in terms of the assessment of the experts from contractor firms
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(Table 8). This can be supported with the results of Ahmadisheykhsarmast and Sonmez [43],
who highlighted significant concerns of contractors about privacy issues.

On the other hand, other than operational barriers, several studies have critically addressed
administrative [42] and legal issues [88] in the adoption of smart contracts in the construction
industry. Although operational barriers were focused in this study, legal barriers and
awareness/consciousness of project stakeholders towards smart contracts should be
considered to manifest the successful implementations. For example, Agapiou [88]
highlighted that enforceability, data protection and privacy, intellectual property rights, and
dispute resolution were crucial barriers to designing smart contracts in the context of legal
and regulation policies. These issues are of greater concern in raising legal uncertainty as a
result of rapid changes in technology. Hence, new technological solutions requires updating
existing legislation and developing new policies for better contract administration [95].

There are different legislative systems, and smart contract development can change
accordingly. Law developments in Anglo-Saxon legislative system (also known as common
law, followed in UK, USA, Canada, Australia, etc.) is largely based on past court decisions,
which serve as an authority for future decisions. On the other hand, Continental European
system (the most commonly followed legal system, e.g., Germany, France, Italy, and Turkey)
relies on extensive codes that highlight the rules and procedures. In Anglo-Saxon system, a
contract is regarded as a “promise” for a “counter-provision”, while it is considered as an
“agreement” in the Continental European system [95]. Kasatkina [95] stated that the
identification of the contractual inception of a smart contract varies between approaches in
the continental legal system family and Anglo-Saxon law. The researcher addressed that
legislative experience of smart contracts is different in the EU and the USA, for example,
and there is no legislation for the implementation of smart contracts in most countries. Thus,
technological barriers can be minimized, and costs can be achieved with the help of
standardization and common procedures at legislative level.

Furthermore, it is also worth mentioning that the use of smart contract is related to the
awareness of senior management in construction firms [96]. Ameyaw et al. [41] stated that
awareness of stakeholders is critical to aiding its adoption process. This is further confirmed
by Elbashbishy et al. [97], in which the researchers emphasized that increasing the awareness
and capabilities of staff is one of the important factors to the widespread adoption of
blockchain technology, which integrates smart contracts in construction contracts.

6. IMPLICATIONS FOR PRACTITIONERS

This study proposes a smart contract implementation framework based on life cycle of
contract management (drafting, review/approval, implementation, and closure/renewals
processes) (Figure 4). To develop a practical structure, responsibilities of all contracting
parties need to be clarified and included. With the integration of contractual claims, potential
disputes among the parties related to contract clauses, progresses, and payment issues can be
mitigated or prevented. Unforeseen conditions, discrete requirements of the projects, and
change orders should also be included in the smart contract drafting process to perform
effective contract administration [42]. Rendering contract documents in their digital forms
and automated legal review of contract clauses can also help minimize uncertainties and
incompleteness, while enabling a better control of contract requirements. Blockchain
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network can be used in the review and approval process of smart contracts to monitor
workflows, automate approvals, and perform updating without human interference [93].
During the implementation process, automated control and monitoring systems, artificial
intelligence, optimization algorithms [8], and dynamic operations (security analysis,
automatic updates and self-destruction etc.) [86] can be useful for effective administration.
Once a setback is observed or predicted, IT team members can be informed earlier to
minimize failure in contract administration along with the regular maintenance [8]. In the
closure phase, all data should be collected via project database and contract can be closured
by reporting errors/failures to help improve smart contract drafts in future projects.
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Figure 4 - Proposed smart-contract adoption framework.

Construction managers are the major authorities in construction projects that are responsible
to facilitate effective communication management methods and establish sustainable
working environments through useful means for engineers/designers/site supervisors. They
need to look for applicable decision strategies and integrate appropriate technological
solutions into their organizations to add value. With the continuously evolving technology,
construction managers realized how crucial technological knowledge and capabilities are for
organizational development [98]. Hence, they need to work with advanced technological
tools to enhance project management techniques and their competitive advantage in the
construction sector. Contract administration based on “smart contract” technology has great
potential to improve the efficiency of construction projects. The adoption of smart contracts
with digital documents and automated approval systems enables implementation of different
control strategies for more robust contract administration processes and fosters stronger
relationships among project parties. However, it is essential for the construction managers to
handle the critical barriers such as “expensive and clunky drafting and registration process”,
and “cost of upskilling” in the process of using smart contracts. Therefore, the framework
promoting robust contract management can be useful for improved project performance.
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7. CONCLUSION

Digital management of contracts is expected to have significant impacts on the occurrence
of conflicts, claims, and eventually disputes in construction projects. Smart contracts, which
have the potential to change contract implementation process in construction projects, are
one of the most frequently exploited technological improvements in recent years. However,
construction managers may hesitate adopting smart contracts due to many operational
barriers in the life cycle of the projects. To minimize the concerns of project teams and
stakeholders, this study aims to explore the operational barriers against the adoption of smart
contracts and to develop a model in the adoption process for construction projects.

In the present research, the operational barriers were defined under four categories: technical,
financial, security/technological, and time, by conducting FGD with construction
professionals. This step was followed by the fuzzy AHP analysis to identify the weights of
the barrier categories and twenty individual barriers that were listed under these categories.
Based on results of the fuzzy AHP analysis, expensive and sluggish drafting and registration
process, cost of upskilling, cost of updates required frequently, cost of adequate human
resource, and irrevocable nature of smart contracts were found to be the most significant
barriers. The stability and robustness of the proposed approach and the research findings
under different degrees of fuzziness were checked through sensitivity analysis. Furthermore,
this study presents a smart contract implementation model for the construction projects that
is expected to contribute to both directly and indirectly the performance and effectiveness in
construction companies. Moreover, engineers and/or managers who have a significant role
in construction management could facilitate evolution of contract administration practices
into the digital platform by adopting this model.

Even though this study presents an insight into the barriers that may be faced in the
implementation of smart contracts, it still poses some limitations. For instance, this study
adopted several research techniques that rely on subjective evaluations of the experts in both
fuzzy AHP and FGD method applications. Therefore, validation of the results with real-life
observations can be a useful research direction to observe which operational barriers result
in which hardships and to what extent. Additionally, the opinions of a limited number of
experts from the Turkish construction industry were incorporated into this study. Hence, the
number of experts can be increased in future studies by including the judgments of experts
from different countries and industries. On the other hand, this study examined only the
operational barriers to smart contract adoption. However, legal barriers, another important
concern of stakeholders for implementing smart contracts, were not considered within the
scope of this study. Therefore, significant barriers to smart contracts based on Turkey’s legal
structure can be investigated as a future research direction. Overall, the smart contract
adoption framework proposed in this study is expected to help practitioners reduce the
concerns of project stakeholders that hinder the adoption of smart contracts. The findings of
this study can be used by both construction managers and technical engineers to upgrade the
conventional contract forms and exchange them with more robust and automated contract
forms.
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Betonarme Perdelerin Kesme Giivenliginin TBDY-2018’¢
Gore Incelenmesi

Aytug SECKIN!
Bilge DORAN?

oz

Bu calismada, betonarme perdelerin tasarim kesme kuvvetinin yeterliligi Tiirkiye Bina
Deprem Yonetmeligi 2018 (TBDY-2018) esaslarmna gore arastirilmigtir. Bu amag
dogrultusunda, tasiyici sistemi siineklik diizeyi yliksek betonarme g¢ergevelerden ve
perdelerden olusan 20 katli bir binada dogrusal ve dogrusal olmayan analizler yiirtitiilmiistiir.
Calisma kapsaminda 6ncelikle 20 katli bir binanin dayanima gore tasarimi mod birlestirme
yontemi ile gergeklestirilmistir. Tasarlanmis binada, yatay elastik tasarim spektrumuna gore
eslestirilmis 11 deprem kaydi etkisi altinda zaman tanim alaninda dogrusal olmayan analizler
yapilmistir. Dogrusal analizlerden elde edilen tasarim kesme kuvvetleri ve dogrusal olmayan
analizlerden elde edilen kesme talepleri, incelenen dikdortgen ve L-kesitli perdelerin
yiikseklikleri boyunca karsilagtirtlmistir. Calisma sonucunda, L-kesitli perdede hesaplanan
tasarim kesme kuvvetinin talep degerini karsilamada yetersiz kaldigi goriilmiistiir.
Betonarme perdelerin kesme talepleri, modifiye edilmis modal siiperpozisyon yaklasimi
(MMS) ile de hesaplanmig ve bu yaklasimin TBDY-2018’e uygulanabilirligi incelenen
perdeler tizerinde test edilmistir.

Anahtar Kelimeler: Betonarme perdeler, dinamik biiylitme katsayisi, modifiye edilmis
modal siiperpozisyon yaklasimi, TBDY-2018, zaman tanim alaninda dogrusal olmayan
analiz.

ABSTRACT
Investigation of Shear Safety in Reinforced Concrete Walls According to TBEC-2018

This study investigates the adequacy of the design shear force in reinforced concrete walls
according to the Turkish Building Earthquake Code 2018 (TBEC-2018). For this purpose,
linear and nonlinear analyses are conducted in a 20-story building, of which lateral load
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Betonarme Perdelerin Kesme Giivenliginin TBDY-2018 e Gére Incelenmesi

resisting system consists of reinforced concrete frames and shear walls with a high ductility
level. First, the force-based design of the 20-story building is carried out using response
spectrum analysis. Then, nonlinear time history analyses (NLTHA) are performed on the
building under eleven ground motions matched to the elastic design spectrum. Lastly, design
shear forces from linear analysis and shear demands from nonlinear analyses are compared
along the heights of the walls with rectangular and L-shaped cross-sections. The study reveals
that the design shear force of the L-shaped shear wall is insufficient to meet the demand
value. The shear demands of reinforced concrete walls are also calculated by the modified
modal superposition approach (MMS), and the applicability of this approach to TBEC-2018
is tested on the shear walls examined.

Keywords: Dynamic amplification factor, modified modal superposition approach, nonlinear
time history analysis, reinforced concrete shear walls, TBEC-2018.

1. GiRiS

6 Subat 2023 tarihinde iilkemizde meydana gelen Kahramanmaras merkezli depremler
neticesinde; 11 ili kapsayan bolgede ¢ok sayida bina yikilmis, farkli derecelerde hasar almis
ve can kayiplar1 yasanmistir. Kocaeli Universitesi tarafindan hazirlanan saha inceleme
raporunda [1]; “betonarme perde duvarlarda, ¢evrimsel davranis altinda kesme, tek yonde
goriilen erken seviyede kesme, perde ucunda burkulma, perde alt ucunda egilme ve siirtiinme
kesmesi hasarlart ile karsilagildigi” belirtilmistir. Raporda, Sekil 1’de verilen hasar
orneklerinin yeni yapilmakta olan binalara ait oldugu ayrica belirtilmistir. Bursa Teknik
Universitesi tarafindan hazirlanan inceleme ve degerlendirme raporunda [2], perde
duvarlarin kesme veya egilme nedeniyle hasar aldiginin gézlemlendigi belirtilmistir. Perde
duvarlarin agir hasar almis olmasina ragmen diger yapisal elemanlarda hasarlar1 azaltarak
sistemin toptan go¢mesini engelledigi sonucu raporda paylasilmistir. Deprem bolgesinde
yapilan incelemeler, betonarme binalarin sismik etkiler altinda sergileyecegi performansi
onemli oOlgiide etkileyen perde duvarlarda tasarim kriterlerinin gozden gecirilmesinin
gerektigini gostermektedir.

Betonarme perde davranisi lizerine yiiriitiilen baslica ¢alismalarda (Blakeley vd. [3], Eibl ve
Keintzel [4], Paulay ve Priestley [5], Krawinkler [6]), yapinin dogrusal olmayan davranisi
esnasinda perde elemanlarin kesme kapasitelerini asarak gevrek gdgmeye maruz kalabilecegi
vurgulanmustir. Uluslararasi tasarim yonetmelikleri (NZS 3101-1995 [7], Eurocode 8-2004
[8], CSA A23.3-2014 [9], ACI 318-19 [10]), sismik etkiler altinda perde elemanlarda
meydana gelebilecek olasi bir gevrek kirilmayr 6nlemek igin tasarim kesme kuvvetinin
hesabinda dinamik biiylitme katsayisinin kullanilmasini dnermislerdir.

Literatiirde, betonarme perdelerde dinamik biiyiitme katsayisini dikkate alan farkli analitik
ve deneysel caligmalar yliriitilmiistiir. Dinamik biiylitme katsayisina dikkati ¢eken ilk
calismay1 gergeklestiren Blakeley vd. [3] tarafindan 6nerilen katsay1, NZS 3101-1995°te [7]
yer alan dinamik biiyiitme katsayisina; Eibl ve Keintzel [4] tarafindan Onerilen katsay1 da
Eurocode 8-2004°te [8] siineklik diizeyi yiiksek perdelerin tasariminda yer verilen dinamik
biiylitme katsayisina oOnciilik etmistir. Paulay ve Priestley [5], Krawinkler [6] perde
tabaninda plastik mafsal olusumuyla birlikte yiiksek modlara ait etkilerin yapisal davranista
baskin hale gelecegini ve 1. modun etkinliginin azalacagini belirtmislerdir. Etkin mod
seklinin degismesiyle birlikte de perde tabaninda moment olusturan atalet kuvvetlerinin
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merkezi tabana dogru kaymakta ve perde eleman moment kapasitesine daha biiytik bir kesme
kuvveti altinda ulagsmaktadir.

Antakya-Merk:

Sekil 1 - 2023 Kahramanmaras merkezli depremlerde meydana gelen betonarme perde
hasarlar: [1]

Dinamik biiyiitme katsayisinin uluslararasi deprem yonetmeliklerinde yer almasiyla birlikte
yiiriitiilen akademik caligmalarin sayisinda da artis meydana gelmistir. Priestley [11] konsol
perdelerde dinamik biiyiitme etkisini NZS 4203-1992 [12] ve NZS 3101-1995 [7] esaslarina
gore incelemigstir. Priestley [11] tarafindan perdelerin kesme kuvveti talebinin hesabi igin
onerilen yaklasim Denklem (1) ile verilmistir. Modifiye edilmis modal siiperpozisyon
(MMS) yaklagimi, perde tabaninda plastik mafsal olustuktan sonra yiiksek modlar sebebiyle
kesme talebinde meydana gelecek artisin dogrudan dikkate alinmasi gerektigi varsayimina
dayanarak gelistirilmistir.

0.5
Vi=[vf i (Vi Vs +)] (1)

Denklem (1)’e gore; azaltilmis tasarim ivme spektrumu ile dogrusal analizden 1. mod i¢in
elde edilen kesme kuvveti (V1), yliksek modlar i¢in elde edilen kesme kuvvetlerinin siineklik
katsayisi (p) ile bityiitiilmiis degerleriyle birlestirilmektedir. Sullivan vd. [13], yapr kiitlesini
minimum %90 oraninda hesaba katan titresim modu sayist ile MMS yaklagimimnimn
uygulanmasini énermiglerdir.
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Rutenberg ve Nsieri [14] siineklik diizeyi normal (DC-M) ve yiiksek (DC-H) perde
elemanlara iliskin Eurocode-8 [8] esaslarinin revizyona ihtiya¢ duydugunu belirtmislerdir.
Davranis katsayisi ile hakim titresim periyoduna bagli olan dinamik biiyiitme katsayis1 ve
kesme kuvveti diyagrami onermislerdir. Boivin ve Paultre [15] siineklik diizeyi yiiksek
konsol perdelerde, Luu vd. [16] siineklik diizeyi normal konsol perdelerde CSA A23.3-2014
[9] ve NBCC-2010 [17] esaslarina gore parametrik ¢alisma yiiriitmiislerdir. Boivin ve Paultre
[15] betonarme perdelerin tasarim kesme kuvvetinin hesabi igin yeni bir yontem ve kesme
kuvveti diyagrami 6nermislerdir. Luu vd. [16] inceledigi yonetmeliklerin konsol perdelerde
kesme talebini %15 ile %70 arasinda daha az tahmin edilebilecegini ve perdelerin iist
kisimlarinda da plastik davranis olasiliginin bulundugunu belirtmislerdir. Luu vd. [16],
Rutenberg ve Nsieri [14] ile Boivin ve Paultre [15] tarafindan onerilen kesme kuvveti
diyagramlarini giincellemislerdir. Luu vd. [16] tarafindan 6nerilen kesme kuvveti diyagrami
Sekil 2 (a)’da verilmistir.

0.4mvVa
Ov 0.5Ve
Tasarim /
kesme kuvveti /
///// %’
Arttirilmis —L / 3
- kesme kuvveti / /
\ ) / 243
, /
H Coziimden Yy -
bulunan kesme ———/« A
kuvveti V4 / =
. )pu l
ovVd R Ve R
(@) (b)

Sekil 2 - Kesme kuvveti diyagramlart (a) Luu vd. [16] (b) TBDY-2018 [29]

Leng vd. [18], Najam ve Warnitchai [19], Khy vd. [20] ¢ekirdek perdeli yiiksek binalarda
yiriittiikleri caligmalar sonucunda; zaman tanim alaninda dogrusal olmayan analizlerden elde
edilen kesme kuvvetlerinin, spektrum analizi ile elde edilen kesme kuvvetlerinden biiyiik
oldugunu belirtmislerdir. Khy vd. [20], ACI 318M-14 [21] esaslarina gore yiiriitiilen
spektrum analizi ile elde edilen perde kesme kuvvetlerinin tasarimda kullanilmamasi
gerektigini vurgulamiglardir. Fatemi vd. [22] yiiksek modlarin davranisa etkisini 8 katli bir
perde elemanda incelemek i¢in hibrit testler gergeklestirmistir. Fatemi vd. [22] yiiriittiikleri
deneysel ¢alismada gozlemlenen kesme talebinin, CSA A23.3-2014’°¢ [9] gore hesaplanan
kesme kapasitesinden 2.27 kat daha biiyiik oldugunu belirtmislerdir. Chaallal ve Gauthier
[23], Fox vd. [24], Rivard vd. [25] bag kirigli betonarme perdelerin kesme talebini
arastirmislardir. Rivard [25] dolu govdeli perdelerde oldugu gibi bag kirisli perdelerin kesme
talebinde de yiiksek modlarin etkisiyle artis meydana gelebilecegini ve bu durumun tasarim
asamasinda dikkate alinmas1 gerektigini belirtmislerdir.
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Ulkemizde dinamik biiyiitme katsayisina ilk defa Deprem Bolgelerinde Yapilacak Binalar
Hakkinda Yonetmelik’te (DBYBHY-2007 [26]) yer verilmis olup konuyla ilgili ¢calismalar
da agirlikli olarak bu yonetmelik esaslarina gore yiiriitiilmiistiir. Kazaz ve Giilkan [27] farkli
perde oranina sahip temsili perde-cerceve bina modellerinde dinamik biiyilitme katsayisini
incelemislerdir. Bina kat sayisinin ve dayanim azaltma katsayisinin fonksiyonu olarak
onerilen dinamik biiyiitme katsayisinin, 12 katli ve periyodu 1.5 saniye kadar olan binalarda
gecerli oldugunu belirtmigledir. Se¢kin ve Doran [28], planda uzunlugu 1.5, 3 ve 4.5 metre,
yiiksekligi 30, 45 ve 60 metre olan dikdortgen kesitli konsol perdelerde kesme giivenligini,
2-boyutlu sonlu elemanlar yontemiyle arastirmiglardir. Caligmalarinda, TBDY-2018 [29]
esaslarina gore hesaplanan tasarim kesme kuvvetinin kesme talebini kargilamada yetersiz
kaldigin1 belirtmiglerdir. Ayrica, tasarim kesme kuvvetinin hesabinda sadece dinamik
biiyiitme katsayisinin (Bv) yer aldigi denklemin (Denklem 3) dikkate alinmasiyla, perde
elamanlarda kesme giivenliginin saglanacagi 6nerisini yapmislardir.

2019 yilinda yiiriirliige giren TBDY-2018’de [29] siineklik diizeyi yiiksek perdelerin tasarim
kesme kuvvetinin hesabinda, dinamik biiyiitme katsayis1 ile birlikte dayanim fazlaligi
katsayisina da yer verilmistir. TBDY-2018’e [29] gore, yiiksekliginin plandaki uzunluguna
orani ikiden biiyiik (Hw/1w>2,0) olan perdelerin enine donati hesabinda esas alinacak tasarim
kesme kuvvetinin (V) belirlenmesi igin iki ayr1 hesap yapilmasi gerekmektedir. Siineklik
diizeyi yiiksek betonarme perdelerin tasarim kesme kuvveti, Denklem (2) ve Denklem (3) ile
hesaplanan degerlerden kiigiik olanina esit olmaktadir.

V,=1.2DV, )
M

V=B, de (€)
M),

Denklemlerde yer alan simgelerden D, dayanim fazlaligi katsayisini; By, dinamik biiyiitme
katsayisini; Vq ve (Mg):, sirastyla diisey yiikler ve deprem yiiklerinin ortak etkisi altinda
hesaplanan kesme kuvvetini ve taban kesitindeki egilme momentini; (M,);, perdenin taban
kesitinde hesaplanan plastik moment kapasitesini gostermektedir. Dinamik biiylitme
katsayisi, By sabit 1.5 degeriyle verilmistir. Hw/1.>2,0 kosulunu saglayan perdeler i¢in
Onerilen tasarim kesme kuvveti diyagrami Sekil 2 (b)’de verilmistir. Perde kesitlerinin kesme
dayanim (V;), Denklem (4) ile hesaplanmaktadir. Tasarim kesme kuvvetinin Denklem (5)
ile verilen kosullari saglamasi gerekmektedir.

Vr :Ach (0'65fctd +pshfywd) (4)

v, <V,

V, < 0.85A ;[T

)
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Burada A, perdenin briit enkesit alani; fug, betonun tasarim ¢ekme dayanimi; fywa, enine
donatinin tasarim akma dayanimi; for, betonun karakteristik basing dayanimi; ps, perdede
yatay govde donatilarinin hacimsel oranidir.

Bu ¢alismada, 6rnek olarak segilen 20 katli betonarme perdeli-cerceve sistemin dikdortgen
ve L-kesitli perde elemanlarinda tasarim kesme kuvvetlerinin yeterliligi TBDY-2018 [29]
esaslart dogrultusunda aragtirilmistir. Literatiirde yer alan ¢aligmalarda [24,30-32] deginilen
eksikligi gidermek iizere, dogrusal/dogrusal olmayan sayisal analizler incelenen binanin 3-
boyutlu sonlu eleman modelleri dikkate alinarak gergeklestirilmistir. Analizler neticesinde,
L-kesitli perdede TBDY-2018’¢ [29] gore hesaplanan tasarim kesme kuvvetinin,
miihendislik kabulleri ve tasarim varsayimlari ¢ergevesinde kabul edilebilir bir oranla da olsa
asilmis olmasi, siineklik diizeyi yiiksek betonarme perdelerde gevrek kirilma riskine isaret
etmigtir. Bu sebeple, TBDY-2018’e [29] alternatif bir ¢6ziim olarak, incelenen perdelerin
kesme talepleri MMS yaklasimi ile de arastirilmistir. Sonug olarak, literatiirde kabul gormiis
olan MMS yaklasiminin esas alinmas1 durumunda ilgili perde elemanda kesme giivenliginin
saglandig1 gorilmistiir.

2. CALISMADA iZLENEN YONTEM

TBDY-2018’de [29] deprem etkisi altindaki bina tastyict sistemlerinin tasarimi igin
“Dayanima Gore Tasarim” (DGT) ve “Sekil Degistirmeye Gore Degerlendirme ve Tasarim”
(SGDT) yaklasimlart 6nerilmistir. Calismanin ilk agamasinda 20 katli betonarme bir binanin
tasarimi, DGT kapsamindaki dogrusal hesap yontemlerinden biri olan mod birlestirme
yontemi ile gerceklestirilmigtir. Tasarimi gergeklestirilen binada zaman tanim alaninda
dogrusal olmayan analizler, Sekil Degistirmeye Gore Degerlendirme ve Tasarim (SGDT)
yaklagimi kapsaminda yiiriitiilmiistiir. TBDY-2018’de [29] deprem tasarim sinifi (DTS) bir
olan betonarme yapilarda DGT esaslarinin uygulanabilecegi sinir yiikseklik 70 metre olarak
verilmistir. Betonarme perdelerde dinamik biiyiitme etkisinin bina yiiksekligine veya hakim
titresim periyoduna bagli olarak artacagini belirten calismalar da [3, 6, 11, 14, 27, 33] dikkate
alinarak incelenen binanin yiiksekligi, kat yiiksekliginin her katta 3 metre oldugu kabulii ile
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Sekil 3 - Binanmin konumu [35]
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60 metre olarak belirlenmistir. Binanin cografi koordinati, Kuzey Anadolu fay zonunun
siddetli deprem iiretme potansiyeline sahip fay kolunun tehlikesi altinda bulunan ve 1999
Marmara Depremi'nde biiyiik can ile mal kaybinin yasandigi Kocaeli ilinde segilmistir.
Segilen cografi koordinatin yerel zemin sinifi, Ulusal Deprem Tehlikesini Azaltma Programi
(NEHRP) [34] Kocaeli siniflandirma haritasindan faydalanilarak ZD olarak belirlenmistir.
Binanin konumu Sekil 3’te verilmistir [35].

2.1. incelenen Binanin Sayisal Modelleri

Kullanim amaci konut olarak diisiiniilen 20 kath binanin tasiyici sistemi siineklik diizeyi
yiikksek betonarme gercevelerden ve perdelerden olusmaktadir. Binanin tagtyici sistemi
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Sekil 4 - Kat plani ve kesit detay: (uzunluklar m birimindedir)
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Sekil 5 - Binanin sayisal modeli
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planda simetrik olarak diizenlenmis olup, 20%20 metre uzunluklarindaki kat plan1 ve kesit
detay1 Sekil 4’te verilmistir. Incelenen binanin dayanima gére tasarimi mod birlestirme
yontemi kullanilarak yapilmistir. Yapisal analizler, SAP2000 (versiyon 23) yazilimi [36]
kullanilarak gerceklestirilmistir. Binanin sayisal modeli Sekil 5’te verilmistir.

Kolon ve kirisler gubuk sonlu elemanlarla, perdeler kabuk sonlu elemanlarla, dosemeler de
rijit diyafram kabulii ile modellenmistir. Betonarme tasiyici sistem elemanlarinin kesit
kullanilmistir. Deprem etkilerinin siineklik diizeyi yiiksek betonarme g¢erceveler ve
betonarme perdeler tarafindan karsilanan binalar i¢in tasiyict sistem davranig katsayist (R)
ve dayanim fazlaligi katsayisi (D) sirastyla 7 ve 2.5 olmaktadir. Binanmn kullanim amacina
bagli olan bina kullanim sinifi (BKS) 3, tasarimda esas alinacak deprem tasarim sinift (DTS)
1 olarak belirlenmistir. Binanin, DD-2 deprem yer hareketinin etkisi altinda kontrollii hasar
(KH) performans hedefini saglamasi gerekmektedir. Beton sinifi C35, boyuna ve enine
donat1 i¢in donati ¢eligi smifi B420C secilmistir. Gergeklestirilen tasarim neticesinde
kolonlarin enkesit boyutlar1 1. ve 2. katlarda 0.75%0.75 m, 3. ve 6. katlar arasinda 0.70x0.70
m, 7. ve 10. katlar arasinda 0.6x0.6 m, 11. ve 20. katlar arasinda 0.5x0.5 m olarak
belirlenmistir. Kiriglerin enkesit boyutu 0.25%0.60 m, déseme kalinligr da 0.15 m olarak
secilmistir. I¢ akslarda yer alan dikddrtgen kesitli perdelerin plandaki uzunlugu 3 metre,
govde kalinligi da yonetmelikte dnerilen minimum deger olan 0.25 metredir. Dis akslarda
yer alan L-kesitli perdelerin plandaki uzunlugu 2 metredir. TBDY-2018’de [29] siineklik
diizeyi yliksek perdelerin minimum enkesit alan1 i¢in verilen kosulun kontrolii yapilmis ve
L-kesitli perdelerin gévde kalinligi 0.3 metre olarak hesaplanmistir. Perdelerin plandaki
uzunlugu belirlenirken; deprem yiiklerinin etkisi altinda perdelerin tabaninda meydana gelen
devrilme momentlerinin (Mpgyv) toplaminin, binanin tiimi i¢in tabanda meydana gelen
toplam devrilme momentinin (M,) %40’ 1indan az ve %75’inden fazla olmayacaktir kosulu
saglanmistir (Denklem 6).

0.40M, <IMpp, <0.75M (6)

Deprem yliklerinin etkisi altinda, binanimn tiimii i¢in tabanda meydana gelen toplam devrilme
momenti 183697 kNm, perdelerin tabaninda meydana gelen devrilme momentlerinin toplamu
89969 kNm olup, yonetmelikte verilen kosul Denklem (7) ile kontrol edilmistir:

73479 kNm <89969 kNm <137773 kNm @)

Perdelerin plandaki uzunlugu belirlenirken goreli kat 6telemesinin smirlandirilmasi igin
verilen kosul da dikkate alinmistir. Dolgu duvarlarin ¢ergeve elemanlarina, aralarinda
herhangi bir esnek derz veya baglanti elemant olmaksizin tamamen bitigsik olmast
durumunda, binanin herhangi bir katinda hesaplanan etkin goreli kat 6telemesi oraninin
Denklem (8) ile verilen kosulu saglamasi gerekmektedir. Burada k katsayisi betonarme
binalarda 1 olarak verilmistir. A katsayis1 0.423 olarak hesaplanmustir. incelenen binada en
biiyiik goreli kat oteleme orami 7. katta 0.006 olup izin verilen 0.008 degerinin altinda
kalmaktadir.
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Binanin toplam agirligi 108235 kN ve azaltilmis deprem yiikii her iki dogrultu igin 5450
kN’dur. Binanm, X-X ve Y-Y dogrultularindaki hakim titresim periyotlar1 2.12 saniyedir.
Her iki deprem dogrultusu igin %95 kiitle katilim oranina 22. titresim modunda ulasilmistir.
Binanin ilk 10 titresim moduna ait periyotlar ve kiitle katilim oranlar1 Tablo 1°de verilmistir.

Tablo 1 - Ilk 10 titresim moduna ait periyotlar ve kiitle katilim oranlart

Mot | caniyey | VR0 | weo | (R | (T
1 2.12 0 0.733 0 0.733
2 2.12 0.733 0 0.733 0
3 1.54 0 0 0.733 0.733
4 0.69 0.124 0 0.857 0.733
5 0.69 0 0.124 0.857 0.857
6 0.50 0 0 0.857 0.857
7 0.37 0.045 0 0.902 0.857
8 0.37 0 0.045 0.902 0.902
9 0.26 0 0 0.902 0.902
10 0.24 0.004 0.023 0.906 0.925

TBDY-2018de [29] siineklik diizeyi yiliksek perdeler icin verilen kosullar dikkate alinarak
perdelerin  boyutlandirilmast ve donati hesabi gerceklestirilmistir. Dikdortgen kesitli
perdenin kritik yiiksekligi 6 metre, perde u¢ bolgesinin uzunlugu kritik perde yiiksekligi
boyunca 0.6 metredir. L-kesitli perdenin kritik yiiksekligi 3 metre, perde ug bdlgesinin
uzunlugu kritik perde yiiksekligi boyunca 0.6 metredir. Perdelere etkiyen i¢ kuvvetler dikkate
alinarak olusturulan taban enkesit detaylar1 Sekil 6’da verilmistir. Dikddrtgen kesitli perdenin
ug bolgelerinde belirlenen 10¢14 boyuna donati i¢in hesaplanan alanin perde enkesit alanina
orant 0,0021°dir. Hesaplanan oran, kritik perde yiiksekliginde boyuna donati igin verilen
minimum orandan (0,002) biiylik olmaktadir. Perde govdesinde belirlenen 16410 boyuna
donat1 i¢in hesaplanan oran 0.0028 olup, minimum oran (0.0025) saglanmaktadir. L-kesitli
perdenin ug bolgesinde secilen 16¢20 boyuna donat1 i¢in hesaplanan oran 0.0084 ve gbvde
bolgesinde segilen 1420 boyuna donati igin hesaplanan oran 0.0183’tiir. Yatay govde
donatis1 dikdortgen kesitli perde tabaninda ©10/130, L-kesitli perde tabaninda ©12/140
olarak belirlenmistir. Yatay gévde donatilarinin hacimsel oranlart (ps.), dikdortgen kesitli
perdede 0.0048 ve L-kesitli perdede 0.0054 olup, minimum oran olan 0.0025 saglanmaktadir.
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Sekil 6 - Perdelerin taban enkesit detaylar

Tasarimi gergeklestirilmis binada zaman tanim alaninda dogrusal olmayan analizler
yapilmistir. Cubuk sonlu elemanlar1 olarak modellenen kolon ve kirislerde dogrusal olmayan
davranis, cubuk elemanlarin her iki ucuna atanan plastik mafsallar ile saglanmistir. Eksenel
kuvvet ve egilme momenti etkisinde bulunan kolon elemanlarda P-M2-M3 mafsal tanimu ile
iic eksenli etkilesim diyagrami olusturulmus, kiris elemanlarda egilme davranisini temsil
eden M3 mafsali tanimlanmistir. Perdelerin dogrusal olmayan davranist igin kompozit
malzeme mekanigi prensiplerine dayanmakta olan ¢ok katmanli kabuk eleman modeli
kullanilmustir (Sekil 7). Cok katmanli kabuk eleman modeli ile betonarme perdelerin
dogrusal olmayan diizlem i¢i/diizlem dis1 egilme ¢ifti ve diizlemsel egilme-kesme ¢ifti
davranislar temsil edilebilmektedir. Kabuk eleman farkli kalinliga sahip katmanlardan
olusabilmekte ve bu katmanlara farkli malzeme oOzellikleri tanimlanabilmektedir. Sonlu
eleman yontemi ile hesapta orta tabakanin eksenel birim sekil degistirmesi ve egriligi elde
edilmektedir. Diizlem kesitin egilmeden sonra diizlem kalacagi kabuliine gore diger
katmanlara ait birim sekil degistirmeler ve egrilikler hesaplanmaktadir. Bu degerlere kars:
gelen gerilme, katmana tanimlanan malzemeye ait biinye denklemleri kullanilarak elde
edilmektedir [37-39].

Sargili ve sargisiz beton davranisi i¢gin Mander modeli [40] kullanilmistir. Perde elemanlarda
cekme rijitlesmesi etkisi, Massicotte vd. [41] tarafindan Onerilmis olan ii¢ egrili model ile
dikkate alinmistir. Donati ¢eliginin gerilme-sekil degistirmesi egrisi, TBDY-2018’de [29]
verilen bagintilar kullanilarak olusturulmustur. Dogrusal olmayan analizin baslangi¢
kosullarini belirlemek i¢in oncelikle diisey yiikler etkisi altindaki tastyici sistemin artimsal
statik hesab1 yapilmistir. Yatay deprem hesabi, dik dogrultulardaki deprem bilesenlerinin
binaya es zamanli etkitilmesiyle gerceklestirilmistir. Analizlerde, Hilber-Hughes-Taylor
integrasyon metodu ve Rayleigh soniim modeli kullanilmistir. S6niim orani, TBDY-2018’de
[29] belirtildigi lizere %5 alinmstir.

Perde elemanlarda dogrusal olmayan davranis icin kullanilan modelleme yaklagiminin
incelenmesi i¢in Sekil 6’da detayr verilen 60 metre yiiksekligindeki dikdortgen kesitli
perdenin iki ayri1 konsol modeli olusturulmustur. Cok katmanli kabuk ile modellenen
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betonarme perde, ayrica c¢ubuk eleman olarak modellenerek uglarina fiber mafsal
tanimlanmistir. Kesit hiicresi (fiber) modelinde; kesit icindeki beton yeteri kadar kiigiik
hiicrelerle ve celik donati ¢ubuklari tekil olarak modellenmekte olup, her bir hiicrede
dogrusal olmayan eksenel gerilme - birim sekil degistirme bagintilar1 ¢cevrimsel olarak gz
Oniine alinabilmektedir. Olusturulan iki ayr1 modelde, perde elemana her kat seviyesinde
0.01fxAcn degerinde ecksenel kuvvet uygulanarak, dogrusal olmayan itme analizi
gergeklestirilmistir. Ttme analizleri sonucunda elde edilen taban kesme kuvveti - tepe yer
degistirmesi egrileri Sekil 8’de verilmistir. Sekil 8 incelendiginde elde edilen egrilerin, gerek
taban kesme kuvvetleri gerekse de yer degistirmeler bakimindan uyumlu sonug¢ verdigi
gOriilmiistiir.

Beton katmani

S

Katman numarN \t
¢
Donat1 katmanm \‘ te
Sekil 7 - Cok katmanli kabuk eleman modeli [39]

250 - .
& ’,-—"" -z - - Fiber Mafsalli
& 200 - - Perde Modeli
§ 150 s Cok Katmanli
Q I' Kabuk Eleman
o v Modeli
g 100 /
Y, I
= 50 4
<
= /
= 0 !

0 0.5 1 1.5 2 2.5

Tepe Yer Degistirmesi (m)
Sekil 8 - Konsol perdede elde edilen itme egrileri
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2.2. ivme Kayitlarinin Secilmesi ve Olceklendirilmesi

TBDY-2018’¢ [29] gore zaman tanim alaninda yapilacak hesaplarda gergek ve benzestirilmis
ivme kayitlar1 kullanilabilmektedir. Bu ¢caligmada dogrusal olmayan analizler benzestirilmis
ivme kayitlari ile gerceklestirilmistir. Ivme kayitlarinin se¢iminde, moment biiyiikliigii (My)
6.5’tan biiylik olan ve kayit yeri ile kaynak noktas1 arasindaki mesafesi (Rj,) 20 kilometreden
kiiglik olan kayitlar dikkate alinmigtir [42]. TBDY-2018’de [29] iist 30 metredeki ortalama
kayma dalgasi hiz1 (V)30, ZD yerel zemin sinifi igin 180-360 m/s araliginda verilmis olup
secilen ivme kayitlarmin (V)3 degerleri bu aralikta degismektedir. Kuzey Anadolu fay
hattinin sag yonli dogrultu atimli fay olmasi da ivme kayitlarinin fay tipinin se¢iminde etken
olmustur. Tvme kayitlari, Pasifik Deprem Miihendisligi Arastirma Merkezi (PEER) [43]
tarafindan olusturulan veri tabanindan elde edilmistir. Bahsedilen kriterler dikkate alinarak
secilen ivme kayitlarinin 6zellikleri Tablo 2°de verilmistir.

Tablo 2 - Segilen ivme kayitlart (M,.: Moment biiyiikliigii, R;y: Joyner-Boore mesafesi,
(V)z0: Ust 30 metredeki ortalama kayma dalgast hizi, D.A: Dogrultu atimli fay)

. . R; Vs Fay tipi
Deprem Istasyon Bilesenler My (ki ) ((m/);; 2y Spt
Imperial Brawley
Valley Airport 225,315 6.53 8.54 208.71 D.A
Imperial )~ Calexico | )5 315 | 53 1045 | 23123 | DA
Valley Fire S.
Imperial | EC County 2,92 6.53 7.31 19205 | DA
Valley Center
Kobe Port Island 0, 90 6.90 3.31 198.00 D.A
Kobe Shin-Osaka 0,90 6.90 19.14 256.00 D.A
Kocaeli Diizce 180, 270 7.51 13.60 281.86 D.A
Kocaeli Yarimca 60, 150 7.51 1.38 297.00 D.A
Superstition | Kornbloom | 5 355 | ¢ 54 1848 | 26601 | DA
Hills Road
Super.stltlon Westmorland 90, 180 6.54 13.03 193 .67 D.A
Hills Fire S.
Diizce Diizce 180, 270 7.14 0.00 281.86 D.A
Erzincan Erzincan NS, EW 6.69 0.00 352.05 D.A

50 yilda as1lma olasilig1 %10 olan standart deprem yer hareketi diizeyine (DD-2) kars1 gelen
yatay elastik tasarim spektrumu, Afet ve Acil Durum Yo6netimi Bagkanligi (AFAD) [35]
tarafindan hazirlanan deprem tehlike haritasi web uygulamasi kullanilarak olusturulmustur.
Segilen ivme kayitlari, SeismoMatch yazilimi [44] ile yatay elastik tasarim spektrumuna
eslestirilirken; doniistiirtilen kayitlara ait bileske spektrumlarin ortalamasinin genlikleri, tiim
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periyotlar igin tasarim spektrumunun genliklerinden daha kiigiik olmayacaktir kosulu
uygulanmistir. ITvme kayitlarinin ortalama spektrumu ile elastik tasarim ivme spektrumu
Sekil 9°da verilmistir.
2.5
—— Ortalama Spektrum

2 === Tasarim Spektrumu

Tepki Spektrumlari

2
T (s)

Sekil 9 - Secilen ivme kayitlarinin ortalama spektrumu

3. ANALIZ SONUCLARININ KARSILASTIRILMASI

Bu boliimde; Denklem (2) ve Denklem (3) ile TBDY-2018’e [29] gore hesaplanan kesme
kuvveti degerleri, Denklem (4) ile hesaplanan kesme kapasiteleri, 11 ivme kaydi ile yiiriitiilen
analizlerden elde edilen degerlerin ortalamasi olan talep degerleri, modifiye edilmis modal
siiperpozisyon (MMS) yaklagimina gore Denklem (1) ile hesaplanan kesme kuvveti degerleri
dikdortgen ve L-kesitli perdelerin yiikseklikleri boyunca birlikte verilmistir (Sekil 10-11).

Incelenen dikdértgen ve L-kesitli perdelerin tasarim kesme kuvvetleri, dayanim fazlaligi
katsayisin1 (D) igceren Denklem (2) ile hesaplanan kesme kuvvetlerine esittir. Dikdortgen
kesitli perdenin taban kesitinde Denklem (2) ile hesaplanan kesme kuvveti 1914 kN,
Denklem (3) ile hesaplanan kesme kuvveti 2209 kN degerindedir. Dikdortgen kesitli
perdenin taban kesitinin tasarim kesme kuvveti, Denklem (2) ve Denklem (3) ile hesaplanan
degerlerden kiigiik olanina kars1 gelen 1914 kN olmaktadir. L-kesitli perdenin taban kesitinde
Denklem (2) ile hesaplanan kesme kuvveti 1701 kN, Denklem (3) ile hesaplanan kesme
kuvveti 2337 kN degerindedir. L-kesitli perdenin taban kesitinin tasarim kesme kuvveti 1701
kN olarak belirlenmistir. Dikdortgen ve L-kesitli perdelerin taban kesitindeki kesme talepleri
strastyla 1633 kN ve 1825 kN degerindedir. Dikdortgen kesitli perdenin taban kesitinde elde
edilen kesme talebinin tasarim kesme kuvvetine oran1 %85.3’tiir. Dikdortgen kesitli perdenin
yiiksekligi boyunca hesaplanan tasarim kesme kuvveti degerleri, kesme talebini karsilamada
yeterli olmustur. L-kesitli perdenin taban kesitinde hesaplanan tasarim kesme kuvveti, kesme
talebini karsilamada yetersiz kalmistir. L-kesitli perdenin taban kesitinde elde edilen kesme
talebinin tasarim kesme kuvvetine orani %107.3’tiir. Sekil 11 incelendiginde, L-kesitli
perdede tasarim kesme kuvvetinin sadece taban kesitinde degil binanin 2. katinda da asildig:
goriilmektedir. L-kesitli perde igin binanin 2. katinda elde edilen talep/tasarim kesme kuvveti
orani (%101), kesme kirilmasi riskine kars1 dnlemlerin perdenin iist kisimlarinda da dikkate
alinmas gerektigini gostermektedir. incelenen perdelerde hesaplanan kesme kuvveti oranlar
binanin ilk 7 kat1 i¢in Tablo 3’te verilmistir.

119



Betonarme Perdelerin Kesme Giivenliginin TBDY-2018 e Gére Incelenmesi

Dikdortgen kesitli perdenin taban kesitinin kesme kapasitesi 1996 kN, L-kesitli perdenin
taban kesitinin kesme kapasitesi 1718 kN’dur. L-kesitli perdenin taban kesitinde hesaplanan
kesme kapasitesi %6.2 oraninda asilmistir. Incelenen perdelerde hesaplanan talep/kapasite
oranlar1 Tablo 3’te verilmistir. Perdelerin kesme kapasiteleri, minimum enine donati
kullanilan kesitten itibaren sabit kalmastir.

Incelenen perdelerin yiikseklikleri boyunca Denklem (3) ile hesaplanan kesme kuvveti
degerleri, kesme taleplerini giivenle karsilamaktadir. Kesme talebinin Denklem (3) ile
hesaplanan kesme kuvvetine en biiyiik orani, dikdortgen kesitli perde i¢in binanin 3. katinda
%80; L-kesitli perde i¢in binanin 4. katinda %87 degerindedir.

60 60
— Talep

54 54

48 /8
Ep En
2 36 2 36
s 3
230 2 30
4 =24
2 3
ER 5 18

N
—
N o

(=)
=1

0 500 1000 1500 2000 0 500 1000 1500 2000 2500

Kesme Kuvveti (kN) Kesme Kuvveti (kN)
(a) (b)

Sekil 10 - Dikdértgen kesitli perdenin kesme kuvveti diyagrami (a) Ortalama dagilim (b)
Denklem (1), (2), (3) ve (4) ile elde edilen kesme kuvveti dagilimlar:

60 60
— Talep : ——Talep
54 54 —Denklem (1)
48 48 : ~~~~~~ Denklem (2)
En 19342 ’ —-Denklem (3)
:’; 36 }gn 36 | — —Denklem (4)
3 3 4
g 30 230
= =) |
” 24 > 24
E 2 '
E 18 E 18
12 22—
6 6
0 0 N
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Kesme Kuvveti (kN) Kesme Kuvveti (kN)
(a) (b)

Sekil 11 - L-kesitli perdenin kesme kuvveti diyagrami (a) Ortalama dagilim (b) Denklem
(1), (2), (3) ve (4) ile elde edilen kesme kuvveti dagilimlar:
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Tablo 3 - Incelenen perdelerde hesaplanan kesme kuvveti oranlart (D: Dikdortgen kesitli
perde, L: L-kesitli perde)

Talep/Denklem Talep/Denklem Talep/Denklem Talep/ Denklem
(1) 2 (3) @)

KAT D L D L D L D L
0.72 0.90 0.85 1.07 0.74 0.78 0.82 1.06
0.69 0.83 0.83 1.01 0.75 0.82 0.83 1.00
0.70 0.75 0.83 0.93 0.80 0.83 0.82 0.93
0.73 0.76 0.83 0.94 0.79 0.87 0.81 0.93
0.78 0.78 0.78 0.86 0.73 0.83 0.77 0.80
0.86 0.84 0.79 0.87 0.72 0.80 0.66 0.64
0.95 0.92 0.73 0.78 0.64 0.69 0.73 0.71

N N | bR W=

Incelenen binada ilk sekiz titresim moduna ait modal etkin kiitlelerinin toplami, toplam
kiitlenin %90’ma esit olmaktadir. Tlk sekiz titresim moduna kars1 gelen kesme kuvvetleri
dogrusal analiz (R=7) ile belirlenmis ve bu degerler Denklem (1)’e gore birlestirilmistir.
Kesme kuvvetleri Denklem (1)’e gore birlestirilirken her bir titresim modu i¢in hesaplanan
deprem yiikii azaltma katsayist (Ra) kullamilmistir. Deprem yiikii azaltma katsayist (Ra)
hesaplanirken tasarim spektrumunun kdse periyodu (Tg) 0.503 saniye, bina 6nem katsayisi
(D) “17, dayanim fazlahig1 katsayis1 (D) “2.5” olarak alinmistir. Dikdortgen ve L-kesitli
perdelerde izlenen hesap adimlar1 Tablo 4 ve 5’te verilmistir. Titresim modlarina ait kesme
degerleri MMS yaklasimina gore birlestirilirken, 1. moda kars1 gelen azaltilmis kesme
kuvveti dogrudan kullanildigindan, bu moda ait katsay1 hesaplarda “1” alinmistir.

Tablo 4 — Dikdértgen kesitli perdede Denklem (1) ’in uygulanmasi

TSN V) | T(s) | R(T) | RAXV2
1| 5067 | 212 1| 256741
2 0 212 7 0
3 0 1.54 7 0
4 | 38 | 069 7| 141818
s | 2713 | 069 7| 3607804
6 0 050 | 697 0
7 | 507 | 037 | ss2 | 87028
8 | 1728 | 037 | 582 | 1010878
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Dikkate alinan titresim modlar1 igin hesaplanan R,2xV? degerleri Denklem (9) ile
birlestirilerek dikdortgen kesitli perdenin taban kesme kuvveti hesaplanmustir.

Vigoun =[ 256741+ 141818 + 3607804 + 87028 + 1010878 = 2250kN ©)

aban

Tablo 5 — L-kesitli perdede Denklem (1) ’in uygulanmasi

TSN vy | T(s) | R(D) | RV
1| 4384 | 212 1 192186
2 0 212 7 0
3 0 1.54 7 0
4 773 | 069 7| 293100
s | 2344 | 069 7| 2693055
6 0 050 | 697 0
7 575 | 037 | 58 | 111750
8 | 1584 | 037 | 582 | 849069

Dikkate alinan titresim modlar1 igin hesaplanan R,>xV? degerleri Denklem (10) ile
birlestirilerek L-kesitli perdenin taban kesme kuvveti hesaplanmustir.

Vigoan =[192186 + 293100 + 2693055 + 111750 + 849069]"” = 2034kN (10)

taban

MMS yaklasimi ile hesaplanan kesme kuvvetleri, TBDY-2018’de [29] perde yiiksekligi
boyunca verilen diyagrama gore birlestirilmistir. Kesme taleplerinin, MMS yaklagimi ile
hesaplanan kesme kuvvetlerine orani Tablo 3’te verilmistir. Kesme talebinin Denklem (1) ile
hesaplanan kesme kuvvetine orani, dikdortgen kesitli perdenin tabaninda %72; L-kesitli
perdenin tabaninda %90 degerindedir. incelenen oranin dikdortgen ve L-kesitli perdelerdeki
en biiyiik degerleri binanin 7. katinda sirastyla %95 ve %92 olarak elde edilmistir. MMS
yaklagimui ile incelenen perdelerde hesaplanan kesme kuvvetleri, kesme taleplerini giivenli
bir sekilde karsilamaktadir.

TBDY-2018de [29] verilen tasarim kesme kuvveti diyagramina gore perde yiiksekliginin
1/3’tinde (Hw/3) hesaplanan kesme kuvveti, perdenin {ist ucuna dogrusal olarak
birlestirilmektedir. Perdenin en {iist ucundaki deger, perde tabaninda hesaplanan kesme
kuvvetinin 0,5 katma esit olmaktadir. Incelenen L-kesitli perdede yiiksekligin 1/3’{inde
Denklem (3) ile hesaplanan kesme kuvveti degerinin (1143 kN), perde iist ucunda hesaplanan
degerden (1169 kN) kii¢iik oldugu goriilmiistiir. Benzer sekilde, Denklem (1) ile elde edilen
dagilimlarda da kesme kuvveti degerleri yiikseklikle birlikte artmaktadir. Luu vd. [16]
tarafindan onerilen kesme kuvveti diyagramina (Sekil 2-a) gore perdenin en iist ucundaki
deger, perde tabaninda hesaplanan kesme kuvvetinin 0,4 katina esit olmaktadir. TBDY-
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2018’de [29] verilen kesme kuvveti diyagraminda, perdenin en iist ucundaki degerin perde
tabaninda hesaplanan kesme kuvvetinin 0,4 katina esit alinmasiyla elde edilen dagilimlar ile
iist katlarin kesme giivenligi, bahsedilen duruma imkan vermeden yine saglanmaktadir (Sekil
12).

o Tal 60 \ Tal
54 g 54 | o
—Denklem (1) \ —Denklem (1)
43 48 '
A ] e Denklem (2) -~ e Denklem (2)
Eq Ea
= —-Denklem (3) = —-Denklem (3)
2 36 = 36
ol 3
Z 30 2 30
= 24 L
] S
218 T8
~ ~
12 12
6 6 — [ =
0 e TS 0 o~
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Kesme Kuvveti (kN) Kesme Kuvveti (kN)
(a) (b)
Sekil 12 - Giincellenen kesme kuvveti dagilimlart (a) Dikdortgen kesitli perde (b) L-kesitli
perde
4. SONUCLAR

Bu ¢alismada, yiiksek modlarin etkisiyle betonarme perdelerin kesme talebinde meydana
gelecek artiy TBDY-2018 esaslarina gore arastirilmistir. Bu dogrultuda, tasiyici sistemi
stineklik diizeyi ytliksek betonarme cercevelerden ve perdelerden olusan 20 katli betonarme
bir binanin tasarimi Dayanima Gore Tasarim (DGT) yaklasimi ile gergeklestirilmis ve
tasarlanan binada zaman tanim alaninda dogrusal olmayan analizler gerceklestirilmistir.
Dogrusal analizlerden elde edilen kesme kuvveti degerleri ve dogrusal olmayan analizlerden
elde edilen kesme talepleri dikdortgen ve L-kesitli perdelerin yiiksekligi boyunca
karsilagtirilmig ve elde edilen bulgular 6zetlenmistir:

1. TBDY-2018 esaslarina gore siineklik diizeyi yiiksek dikdortgen kesitli perdede hesaplanan
tasarim kesme kuvveti kesme talebini giivenle karsilarken, L-kesitli perdenin tasarim kesme
kuvveti %7.3 oraninda asilmistir. Incelenen bina 6zelinde L-kesitli perdede elde edilen oran,
miihendislik kabulleri ve tasarim varsayimlart ¢ercevesinde kabul edilebilir bir seviyede
olmakla birlikte, siineklik diizeyi yiiksek betonarme perdelerde gevrek kirilma riskine isaret
edebilecek olup konuyla ilgili ¢alismalara olan ihtiyac1 vurgulamaktadir.

2. L-kesitli perdede tasarim kesme kuvveti sadece taban kesitinde degil, binanin 2. katinda
da astlmistir. Bu durum, perde tabani ile birlikte perde yiiksekligi boyunca da kesme
kirilmasina kars1 dnlem alinmasi gerektigini géstermektedir.
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3. Tasarim kesme kuvvetinin hesabinda sadece dinamik biiyiitme katsayisinimn (By) yer aldigi
denklemin dikkate alinmasiyla kesme gilivenliginin saglanacagi onerisi [28], incelenen
perdeler i¢in kesme talebini giivenle karsilayan sonuglar vermistir.

4. Analiz sonuglari, modifiye edilmis modal siiperpozisyon (MMS) yaklagimi ile perde
elemanlarda kesme giivenligini saglayan bir tasarimin gergeklestirilebilecegini isaret
etmektedir.

Bu calismada elde edilen sonuglar, incelenen tasiyici sistem ve segilen ivme kayitlari
kapsaminda degerlendirilmelidir. Ayrica, benzer bir ¢alismanin betonarme bosluklu perdeli
binalar i¢in de yapilmasi 6nerilir.

Semboller

Ach Bosluksuz perdenin briit enkesit alan1
D Dayanim fazlalig1 katsayisi

fok Betonun karakteristik basing dayanimi
fewa Betonun tasarim ¢ekme dayanimi

fywd Enine donatinin tasarim akma dayanimi

H, Perde yiiksekligi
Iy Perdenin plandaki uzunlugu

(Mg):  Perdenin taban kesitinde yiik katsayilar1 ile ¢arpilmis diisey yiikler ve deprem
yiiklerinin ortak etkisi altinda hesaplanan moment

(Mp):  Perdenin taban kesitinde fc , fyx ve geligin dayanim artis1 gdz oniine alinarak
hesaplanan moment kapasitesi

My Moment biiytikligi

R Tastyici sistem davranis katsayisi
Ra (T) Deprem yiikii azaltma katsayisi
Rjp Joyner-Boore mesafesi

S.(g) Spektral ivme

T(s) Dogal titresim periyodu

V4 Yiik katsayilari ile ¢arpilmis diisey yiikler ve deprem yiiklerinin ortak etkisi altinda
hesaplanan kesme kuvveti

Ve Perdede enine donat1 hesabinda esas alinan kesme kuvveti

Vi Modifiye edilmis modal siiperpozisyon yaklagimi ile perdede hesaplanan kesme
kuvveti

V: Perde kesitinin kesme kuvveti dayanimi
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(Voso  Ust 30 metredeki ortalama kayma dalgas1 hizi

By
Psh

[

[10]

[11]

[12]

Dinamik biiyilitme katsayist
Perdede yatay govde donatilarinin hacimsel orani
Siineklik katsayisi

Dinamik biiyilitme katsayisi

Kaynaklar

Kocaeli Universitesi, 6 Subat 2023 Kahramanmaras Depremleri Saha Inceleme Raporu,
KUV Yaymlar Nisan-2023,
https://www .kocaeli.edu.t/KOU _DEPREM RAPORU1.pdf.

Bursa Teknik Universitesi, Deprem Miihendisligi Uygulama ve Arastirma Merkezi, 6
Subat 2023 Kahramanmaras Depremleri Inceleme ve Degerlendirme Raporu, 2023/02,
https://depo.btu.edu.tr/dosyalar/deprem/Dosyalar/BT%C3%9C%20DEPREM%20RA
PORU_V18.pdf.

Blakeley, R.W.G., Cooney, R.C., Megget, L.M., Seismic Shear Loading at Flexural
Capacity in Cantilever Wall Structures, Bull. N. Z. Soc. Earth. Eng., 8(4), 278-290,
1975.

Eibl, J., Keintzel, E., Seismic Shear Forces in RC Cantilever Shear Walls, Proceedings
of Ninth World Conference on Earthquake Engineering, Kyoto, Japan, 1988.

Paulay, T., Priestley, M.J.N., Seismic Design of Reinforced Concrete and Masonry
Buildings, John Wiley & Sons, New York, 1992.

Krawinkler, H., Importance of Good Nonlinear Analysis, Struct. Des. Tall Spec. Build.,
15(5), 515-531, 2006.

NZS 3101, The Design of Concrete Structures (Parts 1&2), New Zealand Standard,
Wellington, 1995.

Eurocode 8, Design of Structures for Earthquake Resistance - Part 1: General Rules,
Seismic Actions and Rules for Buildings, European Committee for Standardization,
Brussels, 2004.

CSA A23.3, Design of Concrete Structures, Canadian Standards Association, Ontario,
2004.

ACI 318M-19, Building Code Requirements for Structural Concrete and Commentary,
American Concrete Institute, Farmington Hills, MI, 2019.

Priestley, M.J.N., Does Capacity Design Do the Job? An Examination of Higher Mode
Effects in Cantilever Walls, Bull. N. Z. Soc. Earth. Eng., 36(4), 276-292, 2003.

NZS 4203, Code of Practice for the General Structural Design and Design Loadings for
Buildings, New Zealand Standard, Wellington, 1992.

125



Betonarme Perdelerin Kesme Giivenliginin TBDY-2018 e Gére Incelenmesi

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

126

Sullivan, T.J., Priestley, M.J.N, Calvi, G.M., Estimating the Higher-Mode Response of
Ductile Structures, J. Earth. Eng., 12(3), 456-472, 2008.

Rutenberg, A., Nsieri, E., The Seismic Shear Demand in Ductile Cantilever Wall
Systems and the EC8 Provisions, Bull. Earth. Eng., 4, 1-21, 2006.

Boivin, Y., Paultre, P., Seismic Force Demand on Ductile Reinforced Concrete Shear
Walls Subjected to Western North American Ground Motions: Part 2 — New Capacity
Design Methods, Can. J. Civ. Eng., 39(7), 738-750, 2012.

Luu, H., Léger, P., Tremblay, R., Seismic Demand of Moderately Ductile Reinforced
Concrete Shear Walls Subjected to High-Frequency Ground Motions, Can. J. Civ. Eng.,
41(2), 125-135, 2014.

NBCC-2010, National Building Code of Canada, National Research Council of
Canada, Ottawa, 2010.

Leng, K., Chintanapakdee, C., Hayashikawa, T., Seismic Shear Forces in Shear Walls
of a Medium-Rise Building Designed by Response Spectrum Analysis, Eng. J., 18(4),
73-95,2014.

Najam, F.A., Warnitchai, P., A Modified Response Spectrum Analysis Procedure to
Determine Nonlinear Seismic Demands of High-Rise Buildings with Shear Walls,
Struct. Des. Tall Spec. Build., 27(1), 1-19, 2017.

Khy, K., Chintanapakdee, C., Warnitchai, P., Wijeyewickrema, A.C., Eng. Struct.,
180, 295-309, 2019.

ACI 318M-14, Building Code Requirements for Structural Concrete and Commentary,
American Concrete Institute, Farmington Hills, 2014.

Fatemi, H., Paultre, P., Lamarche, C.P., Experimental Evaluation of Inelastic Higher-
Mode Effects on the Seismic Behavior of RC Structural Walls, J. Struct. Eng., 146(4),
1-15, 2020.

Chaallal, O., Gauthier, D., Seismic Shear Demand on Wall Segments of Ductile
Coupled Shear Walls, Can. J. Civ. Eng., 27(3), 506-522, 2000.

Fox, M.J., Sullivan, T.J., Beyer, K., Capacity Design of Coupled RC Walls, J. Earth.
Eng., 18(5), 735-758, 2014.

Rivard, G., Ambroise, S., Paultre, P., Inelastic seismic shear amplification due to higher
mode effects in reinforced concrete coupled walls, Earthquake Spectra, 38(2), 1357-
1381, 2021.

DBYBHY-2007, Deprem Bolgelerinde Yapilacak Binalar Hakkinda Yonetmelik,
Bayindirlik ve Iskan Bakanligi, Ankara, 2007.

Kazaz, 1, Giilkan, P., Dynamic Shear Force Amplification in Regular Frame-Wall
Systems, Struct. Des. Tall Spec. Build., 25(2), 112-135, 2016.

Seckin, A., Doran, B., A new approach for the computation of design shear force in
reinforced concrete walls subjected to seismic loads, Struct. Des. Tall Spec. Build.,
32(2), 1998, 2023.



[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Aytug SECKIN, Bilge DORAN

TBDY-2018, Tiirkiye Bina Deprem Yonetmeligi, Afet ve Acil Durum YOnetimi
Bagkanligi, Ankara, 2018.

Rad, B.R., Seismic Shear Demand in High-Rise Concrete Walls, Ph.D. Dissertation,
The University of British Columbia, The Faculty of Graduate Studies (Civil
Engineering), Vancouver, 2009.

Kappos, A.J., Antoniadis, P.S., Evaluation and Suggestions for Improvement of
Seismic Design Procedures for R/C Walls in Dual Systems, Earthq. Eng. Struct. Dyn.,
40(1), 35-53, 2010.

Dezhdar, E., Seismic Response of Cantilever Shear Wall Buildings, Ph.D. Dissertation,
The University of British Columbia, The Faculty of Graduate Studies (Civil
Engineering), Vancouver, 2012.

Derecho, A., Corley, W., Design Requirements for Structural Walls in Multistory
Buildings, Proceedings of the Eighth World Conference on Earthquake Engineering,
San Francisco, California, 1984.

NEHRP, Recommended Provisions for Seismic Regulations for New Buildings and
Other Structures (FEMA 450), Building Seismic Safety Council, Washington, 2003.

AFAD, Afet Acil Durum Y 6netimi Baskanligi,
https://tdth.afad.gov.tr/TDTH/main.xhtml.

SAP2000 v23, Structural and Earthquake Engineering Software, Computers &
Structures, California.

Loo, C.H., Guan, H., Cracking and Punching Shear Failure Analysis of RC Flat Plates,
J. Struct. Eng., 123(10), 1321-1330, 1997.

Miao, Z.W., Lu, X. Z., Jiang, J.J., Ye, L.P., Nonlinear FE Model for RC Shear Walls
Based on Multi-Layer Shell Element and Micro-plane Constitutive Model,
Computational Methods in Engineering & Science, Berlin, Heidelberg, Tsinghua
University Press & Springer, 2006.

Guan H., Loo C.H., Flexural and Shear Failure Analysis of Reinforced Concrete Slabs
and Flat Plates, Adv. Struct. Eng., 1(1), 71-85, 1997.

Mander, J.B., Priestley, M.J.N., Park R., Observed Stress Strain Behavior of Confined
Concrete, J. Struct. Eng., 114(8), 1827-1849, 1988.

Massicotte, B., Elwi, A.E., MacGregor, J.G., Tension stiffening model for planar
reinforced concrete members, J. Struct. Eng., 116(11), 3039-3058, 1990.

Somerville, P.G., Smith, N. F., Graves, R.W., Abrahamson N.A., Modification of
Empirical Strong Ground Motion Attenuation Relations to Include the Amplitude and
Duration Effects of Rupture Directivity, Seismol. Res. Lett. 68(1), 199-222, 1997.

PEER, Pacific Earthquake Engineering Research Center, PEER Ground Motion
Database, California, http://peer.berkeley.edu/smcat/.

SeismoMatch version 2018 (Academic License), Earthquake Engineering Software
Solutions, Seismosoft.

127






10.
1.

12.
13.
14.
15.

16.

17.

18.

Turkish Journal of Civil Engineering (formerly Teknik Dergi)
Manuscript Drafting Rules

The whole manuscript (text, charts, equations, drawings etc.) should be arranged in Word and submitted in
ready to print format. The article should be typed on A4 (210 x 297 mm) size paper using 10 pt (main title
15 pt) Times New Roman font, single spacing. Margins should be 40 mm on the left and right sides and 52.5
mm at the top and bottom of the page.

Including drawings and tables, articles should not exceed 25 pages, technical notes 10 pages.
Your contributed manuscript must be sent over the DergiPark system. (http://dergipark.gov.tr/tekderg)

The text must be written in a clear and understandable language, conform to the grammar rules. Third
singular person and passive tense must be used, and no inverted sentences should be contained.

Title must be short (10 words maximum) and clear, and reflect the content of the paper.

Sections should be arranged as: (i) abstract and keywords, (ii) title, abstract and keywords in the other
language, (iii) main text, (iv) symbols, (v) acknowledgements (if required) and (vi) references.

Both abstracts should briefly describe the object, scope, method and conclusions of the work and should
not exceed 100 words. If necessary, abstracts may be re-written without consulting the author. At least three
keywords must be given. Titles, abstracts and keywords must be fitted in the first page leaving ten line space
at the bottom of the first page and the main text must start in the second page.

Section and sub-section titles must be numbered complying with the standard TS1212.

Symbols must conform to the international rules; each symbol must be defined where it appears first,
additionally, a list of symbols must be given in alphabetic order (first Latin, then Greek alphabets) at the end
of the text (before References).

Equations must be numbered and these numbers must be shown in brackets at the end of the line.

Tables, drawings and photographs must be placed inside the text, each one should have a number and title
and titles should be written above the tables and below the drawings and photographs.

Only SI units must be used in the manuscripts.
Quotes must be given in inverted commas and the source must be indicated with a reference number.
Acknowledgement must be short and mention the people/ institutions contributed or assisted the study.
References must be numbered (in brackets) in the text referring to the reference list arranged in the order of
appearance in the text. References must include the following information:
If the reference is an article: Author’s surname, his/her initials, other authors, full title of the article, name
of the journal, volume, issue, starting and ending pages, year of publication.
Example : Naghdi, P. M., Kalnins, A., On Vibrations of Elastic Spherical Shells. J. Appl. Mech., 29,
65-72,1962.
If the reference is a book: Author’s surname, his/her initials, other authors, title of the book, volume number,
editor if available, place of publication, year of publication.
Example : Kraus. H., Thin Elastic Shells, New York. Wiley, 1967.

If the reference is a conference paper: Author’s surname, his/her initials, other authors, title of the paper, title
of the conference, location and year.

If the source is a thesis: Author’s surname, his/her initials, thesis title, level, university, year.

If the source is a report: Author’s surname, his/her initials, other authors, title of the report, type, number,
institution it is submitted to, publication place, year.

Discussions to an article published in Turkish Journal of Civil Engineering (formerly Teknik Dergi) should
not exceed two pages, must briefly express the addressed points, must criticize the content, not the author
and must be written in a polite language. Authors’ closing remarks must also follow the above rules.

A separate note should accompany the manuscript. The note should include, (i) authors’ names, business
and home addresses and phone numbers, (ii) brief resumes of the authors and (iii) a statement “I declare in
honesty that this article is the product of a genuinely original study and that a similar version of the article
has not been previously published anywhere else” signed by all authors.

Copyright has to be transferred to UCTEA Turkish Chamber of Civil Engineers. The standard copyright
form signed by the authorised author should therefore be submitted together with the manuscript.



UCTEA Turkish Chamber of Civil Engineers

TMMOB insaat MUhendisleri Odasi
Necatibey St. No: 57, Kizilay, Ankara / TUrkiye
Tel: +90.312.294 30 00 - Faks: 294 30 88
WWW.imo.org.tr



	Simulation Models for Hydro-Electric Energy by Steady-Rate and Night-Shift-Pumped-Storage Operations / Tefaruk HAKTANIR, Alper AYDEMİR

	Kuzey Kıbrıs’taki Havzaların Morfometrik Parametreler Kullanılarak Kümelenmesi / Hasan ZAİFOĞLU
	Identifying Interrelated Factors of Fatal and Injury Traffic Accidents Using Association Rules / Zeliha Cagla KUYUMCU, Hakan ASLAN, Nilufer YURTAY

	Operational Barriers against the Use of Smart Contractsin  Construction Projects / Handan KUNKCU, Kerim KOC, Asli Pelin GURGUN, 
Houljakbe Houlteurbe DAGOU
	Betonarme Perdelerin Kesme Güvenliğinin TBDY-2018’e Göre İncelenmesi / Aytuğ SEÇKİN, Bilge DORAN


