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OBITUARY - Prof. Dr. GUNAY OZMEN

It is with deepest sorrow that we
announce the passing of our dear friend
and colleague Prof. Dr. Giinay Ozmen
on April 11, 2024.

Prof. Ozmen served on the Editorial
Board of the Turkish Journal of Civil
Engineering (TJCE, formerly Teknik
Dergi) for approximately twenty years
and on the TJCE Advisory Board
established in 2021. He also served as
a reviewer for a number of manuscripts
considered for publication and edited
the English abstracts of the Turkish manuscripts accepted for publication for a period.

Prof. Ozmen was born in 1934 in Istanbul. After completing his secondary education
in Kabatas Boys High School, he studied civil engineering in the Faculty of Civil
Engineering at Istanbul Technical University. Following his graduation in 1956, he joined
the same faculty as an assistant in the Chair of Structural Mechanics. He received his PhD
in 1963, became associate professor in 1968 and full professor in 1973. He was awarded
a fellowship by the Research Council of Norway in 1963, upon which he carried out
post-doctoral work in Norway and England. He retired from the university in 1984, but
despite his intentions to conclude his academic activities, he could never detach himself
completely from the academic world. During his period of engineering practice after
retirement, he continued his research and publication activities, besides lecturing various
courses on computer applications in the Civil Engineering and Architectural programmes
of the Graduate School of Istanbul Technical University.

Prof. Ozmen authored close to twenty publications, including books, theses, and lecture
notes mainly in two areas-structural and dynamic analyses of multistorey building
structures and computer applications in engineering-besides dozens of technical papers
he published locally and internationally.

While acting as the Coordinator of Computational Activities at Ata Insaat, a leading
construction firm, Prof. Ozmen contributed to the successful completion of the Atatiirk
Dam. Upon completion of the dam, he left Ata Insaat in 2000 and resumed his software
development activities in Bilsar, a pioneering data processing company Prof. Ozmen and
a few colleagues had founded in 1975.

Besides teaching, Prof. Ozmen assumed responsibility in various administrative tasks in
Istanbul Technical University, such as Director of the Computer Centre, Deputy Dean
of the Faculty of Civil Engineering, Executive Board Member of the ITU Development
Foundation, Executive Board Member of the ITU Athletic Club, and President of the ITU
Athletic Club Foundation.

Furthermore, he contributed to several activities in the Turkish Chamber of Civil
Engineers. Apart from his participation in the TICE Editorial Board, Prof. Ozmen took
part in the Professional Engineering Committee and delivered numerous lectures within
the framework of continuing education.



Prof. Ozmen was a fine gentleman who combined traditional Istanbul manners with a
sharp sense of humour. He was one of the very few gentlemen I called “agabey”, a term
which implies respect besides friendliness.

When 1 first met him in the early seventies, Istanbul Technical University had the
traditional “chair system” where head of the chair was a “demigod” while we had rather
liberal academic relations in the Middle East Technical University. Before the YOK
(Higher Education Council, founded 1982) era, Turkish universities did not have much
interaction with each other, neither academically nor socially. Conference trips were the
main occasion for the academia to develop amicable ties. Indeed, I met Giinay Agabey
on one of these trips.

The following anecdote is an example of Prof. Ozmen’s sense of humour and an indication
of the unwritten rules of academic life in Turkey half a century ago. On the occasion
of the 1978 European Earthquake Engineering Conference, we had an enjoyable and
adventurous coach tour to Dubrovnik. It was Prof. Dr. Rifat Yarar who usually organised
these trips where I had a chance to establish a number of valuable friendships. This elderly
gentleman was a senior professor, a polite yet influential personality, a kind of godfather
of the Turkish earthquake engineering community at the time. He had good contacts
with the earthquake engineering circles in Eastern Europe. He was the natural leader
of the Turkish delegation in the earthquake engineering conferences. During our trip to
Dubrovnik, Prof. Yarar instructed the driver to make a detour and follow a different route
(suggested by his wife Hadiye Hanim, so says gossip). Displeased with the change, Glinay
Agabey told me: “Ask him to stick to the original route, it is shorter and more pleasant.”
I was surprised. “Who am 1?” I asked. “Merely an outsider, a humble associate professor
from another university. Why don’t you tell him yourself?”” He replied with a mischievous
smile: “That’s the point, mate. He is my senior, I dare not to challenge his decision, but
being a stranger, you can very well do it!” Naturally, I turned down the request.

The Editorial Board acknowledge the invaluable contributions of Prof. Dr. Giinay Ozmen
to the Turkish Journal of Civil Engineering and wish to extend their sincerest condolences
to his family.

Dr. Tugrul Tankut, Professor Emeritus
On behalf of the Editorial Board
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Investigation of Rutting and Low Temperature Cracking
Behavior of Reactive Ethylene Terpolymer and Waste
Cooking Oil Modified Bitumen
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ABSTRACT

With sustainability being the most crucial issue of recent years, the use of waste materials in
bitumen modification has been increasing and becoming widespread. In this experimental
study, it was aimed to investigate the high- and low-temperature behavior of bitumen samples
modified with waste cooking oil (WCO), reactive ethylene terpolymer (RET), and
polyphosphoric acid (PPA). Accordingly, the multiple stress creep and recovery (MSCR) test
and the bending beam rheometer (BBR) test were conducted. Depending on the increasing
WCO ratio, the Jnr, R%, AT,,and A parameters of modified bitumens were examined in detail.
It was observed that with increasing WCO ratio, the Jnr value increased, and elastic recovery
and stiffness decreased. In addition, it was determined that this composite-modified bitumen
is resistant to heavy traffic loads and has sufficient flexibility at low temperatures.

Keywords: Reactive ethylene terpolymer, waste cooking oil, bitumen modification, MSCR, BBR.
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Nomenclature
AASHTO : American Association of State Highway and Transportation Officials
ASTM : American Society of Testing and Materials

BBR : Bending beam rheometer
DSR : Dynamic shear rheometer
Jnr : Creep compliance

MSCR : Multiple stress creep and recovery
m-value  : Creep rate

PAV : Pressure aging vessel

PG : Performance grade

PMB : Polymer-modified bitumen
PPA : Polyphosphoric acid

R% : Percent recovery

RET : Reactive ethylene terpolymer
RTFO : Rolling thin-film oven

WCO : Waste cooking oil

G',G", G* : Storage modulus, Loss modulus, Complex modulus
G*/siné :Rutting parameter
G*-sind : Fatigue parameter

AT, : Difference between critical temperatures by S(t) and m-value, delta Tc
S(t) : Creep stiffness

) : Phase angle

A : S(t) divided by m-value, lambda

1. INTRODUCTION

Bituminous pavements have been used in flexible pavements for many years. Although
bituminous pavements performed adequately in the early years of their use, they were subject
to stress over time due to increasing traffic volumes [1, 2]. In other words, population growth
and the development of living standards have led to an increase in traffic loads, resulting in
pavement deterioration. This has created a need to improve the performance of asphalt
pavements. One of the methods used to increase the performance of asphalt pavements is
bitumen modification [3]. Polymers are additives frequently used as bitumen modifiers and
are generally divided into elastomers and plastomers [4-7].

In some studies, reactive polymers have been included in the polymer additive classification
as a third group [8-10]. These polymers contain functional groups that are assumed to bind
with bitumen molecules. Maleic anhydride and thermoplastic elastomers functionalized with
ethylene-based copolymers containing epoxy rings are examples of this group [10]. The
second is commercially available as random terpolymers of ethylene, glycidyl methacrylate,
and an ester group. Based on their composition, they are often called reactive ethylene
terpolymers (RETs) [10].

A terpolymer is a chemical substance that is produced when a polymer has a molecular
structure that is primarily or entirely made up of several bonded or comparable units (such
as a complex resin). Terpolymers are created when three distinct monomers are



A. KUMANDAS, E. CAVDAR, N. SAHAN, B. V. KOK, E. B. PANCAR, §. ORUGC

copolymerized. It has been stated in many studies that RET has good compatibility with
bitumen [8-11].

Recently, some researchers have drawn attention to an environmentally friendly approach by
using waste materials in bitumen modifications. Accordingly, rubbers [12], plastics [13], oils
[14], and various waste materials [15, 16] are used in bitumen modification. Waste cooking
oils (WCOs) are used as rejuvenators or softeners of bitumen. Additionally, the low-
temperature performance of bitumen increases with the addition of the WCO [17].

As known, the performance of base and modified bitumen in pavement is simulated by
experimental methods in the laboratory environment. In this context, dynamic shear
rheometer (DSR) and bending beam rheometer (BBR) tests are widely used to determine the
high-temperature and low temperature performance of bitumen, respectively. Additionally,
with the data obtained from these tests, the Performance Grade (PG) of bitumen can be
determined, which indicates the maximum and minimum temperatures the pavement will
serve in the field [18].

Over time, just as there was a need to improve the properties of bitumen, there was also a
need to enhance experimental methods used to characterize bitumen. In particular, in studies
conducted with accelerated road tests, it has been stated that the rutting parameter obtained
from the DSR test has a very low correlation with reality [19]. It is thought that this is because
bitumen behaves in the linear elastic region when tested with DSR. On the other hand, rutting
is associated with nonlinear behavior. Nevertheless, this parameter was well correlated with
the unmodified bitumen. However, with the widespread use of bitumen modification, it has
begun to be questioned. Therefore, the AASHTO M 332 [20] standard has been developed
to overcome the disadvantages. Accordingly, the multiple stress creep and recovery (MSCR)
tests have been added to the PG system to evaluate the rutting behavior of bitumen
independent of the modification type.

Similarly, it is also a matter of debate in the literature which of the two different parameters
(creep stiffness, S(t) and creep rate, m-value) obtained from the BBR test should be used
when determining the low-temperature grade of bitumen in the PG system [21]. In this regard,
new parameters such as AT, [22] and A [23], where both parameters of the BBR test are used
together, have been developed. It is thought that evaluating the low temperature behavior of
bitumen over these parameters will give more realistic results from the low temperature
performance of the PG system.

In a previous study by Kumandas et al. [24], PG of RET + polyphosphoric acid (PPA) +
WCO-modified bitumen was determined according to the Superpave specification. As a
result, they stated that both high and low-temperature performance of base bitumen could be
improved by adding RET+PPA+WCO additive combination. Furthermore, they observed
that the low-temperature performance also increased with increasing WCO ratio in the
additive combination. Considering the benefits of this additive combination, it has also been
used in this study. On the other hand, it was considered that both low- and high-temperature
performance should be examined in detail with different methodologies, considering that the
investigation based on the PG system would be insufficient, as stated before. To the best of
the authors’ knowledge, it is believed that there is no study in which the rutting behavior of
RET and WCO-modified bitumen is examined in detail with the MSCR test. Thus, this study
was undertaken to fill this gap in the literature. Furthermore, this study gives pavement
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engineers an understanding of the impact of the WCO utilization in bitumen modification on
pavement performance.

The objective of this research is to examine the impact of varying ratios of WCO addition to
1.5% RET and 0.2% PPA modified bitumen on the rutting behavior at high temperatures and
cracking behavior at low temperatures. The study utilized MSCR and BBR tests to evaluate
the resistance against rutting and low-temperature cracking, respectively.

2. MATERIALS AND METHODS
2.1. Preparation of Modified Bitumen

50/70 penetration-graded bitumen obtained from the Kirikkale oil refinery was used as the
base bitumen. This penetration grade was chosen based on other studies in the literature [25,
26]. Elvaloy® RET 5160 was used as the polymer and supplied by Komsa company in
Tiirkiye. 1.5% RET was used in polymer-modified bitumen (PMB), and this ratio was also
chosen based on other studies in the literature [27, 28]. The physical properties of base
bitumen and RET are given in Tables 1 and 2, respectively. PPA has been suggested for a
quicker reaction between bitumen and RET [9, 29]. Accordingly, PPA was used as a catalyst
in PMB, and the added PPA ratio was determined as 0.2% based on the studies in the
literature [30, 31]. On the other hand, the WCO used in this study was only filtered and
obtained from Degam company in Tiirkiye. In order to investigate the effect of WCO addition
on the PMB, different ratios (2-8%, by 2% increments) of WCO were used.

Table 1 - Physical properties of base bitumen.

Physical Properties Value Standard
Penetration 52 dmm ASTM D5
Softening Point 48 °C ASTM D36
Ductility 150+ cm ASTM D113
Elastic Recovery %10.82 ASTM D6084
Flash Point 332°C ASTM D92
Fire Point 370 °C ASTM D92
Specific Gravity 1.042 g/cm?® ASTM D70

Table 2 - Physical characteristics of Elvaloy® RET 5160.

Characteristics Value Standard
Tensile strength 3653 psi ASTM D638
Elongation at break %718 ASTM D638
Density 0.95 g/cm? ASTM D792
Melting point (DSC) 80 °C ASTM D3418
Freezing point (DSC) 55°C ASTM D3418
Highest processing temperature 220 °C -




A. KUMANDAS, E. CAVDAR, N. SAHAN, B. V. KOK, E. B. PANCAR, S. ORUC

During the preparation of the modified bitumen, the base bitumen was first heated in an oven
at 180°C until it became fluid and then placed on the heater plate of the mechanical mixer.
To ensure a uniform distribution of heat and asphaltene-maltene components in the base
bitumen, a thorough mixing process was carried out at 180 °C for 1-2 minutes at a speed of
1000 rpm prior to the addition of any additives. Then, RET was added and mixed for 2 hours
at 1000 rpm at 180°C. After this period, PPA was added and mixed for 30 minutes under the
same conditions. Prepared samples were left in an oven at 180°C for a 90-minute curing
process. Thus, the preparation process of the PMB was completed. These PMB preparation
conditions were implemented based on other studies in the literature [24, 32].

Once the PMB samples were prepared, composite-modified bitumen samples were prepared
by adding WCO to the PMB. Accordingly, to begin with, PMB samples were heated up to
150°C. Subsequently, WCO was added and mixed at 1000 rpm for 30 minutes. Thus, the
preparation process of the modified bitumen samples used in the study was completed, and
the coding of the related samples is given in Table 3.

Table 3 - Representation of samples.

Sample Content Code
AC 50/70 bitumen Base
AC 50/70 bitumen + 1.5% RET + 0.2% PPA PMB
AC 50/70 bitumen + 1.5% RET + 0.2% PPA + 2% WCO 2W
AC 50/70 bitumen + 1.5% RET + 0.2% PPA + 4% WCO 4W
AC 50/70 bitumen + 1.5% RET + 0.2% PPA + 6% WCO oW
AC 50/70 bitumen + 1.5% RET + 0.2% PPA + 8% WCO 8W

2.2. Aging of Bitumen Samples

In the construction of asphalt pavements, bitumen is exposed to high temperatures during
mixing with aggregates, hauling, paving, and compaction. These high temperatures cause a
change in the structure of the bitumen, which is known as short-term aging. On the other
hand, during its service life, bitumen is subjected to repeated vehicle loads and climatic
conditions. This effect also causes changes in the internal structure of the bitumen and is
called long-term aging [18]. Generally, the aging phenomenon has a vital impact on the
performance of bitumen. Therefore, short- and long-term aging of bitumen has also been
considered in the PG system.

In the PG system, two methods are used to simulate the aging of bitumen: rolling thin-film
oven (RTFO) and pressure aging vessel (PAV) tests. In the RTFO test, bitumen weighing
35+0.5 is placed in tubes specified in the ASTM D2872 [33] standard and aged for 85 minutes
at 163 °C. Besides, following the ASTM D6521 [34] standard in the PAV test, RTFO-aged
bitumen weighing 50+0.5 g placed in test containers is aged for 20 hours at 100°C under 2.10
MPa pressure.
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2.3. Dynamic Shear Rheometer (DSR) Test

Bitumen shows viscous behavior at high temperatures and long loading periods, whereas it
shows elastic behavior at low temperatures and short loading periods. It shows viscoelastic
behavior between low and high temperatures, a combination of these two behaviors. The
DSR test, conducted following the AASHTO T 315 [35] standard, is widely used to
investigate the viscoelastic behavior of bitumen. This test determines the elastic (storage
modulus, G") and viscous (loss modulus, G") components of bitumen as well as the phase
angle (8), which is a measure of the lag in the response of the material to the applied shear
stress (7). In the PG system, the complex shear modulus (G*), which is the resultant of elastic
and viscous components, and § were used as the fundamental parameters to evaluate the
performance of the bitumen. In fact, the limit values of the specification were determined
based on these parameters.

In the PG system, the G*/sin § value is associated with the rutting of the pavement at high
temperatures, and it is specified to be at least 1.0 kPa for unaged bitumen and at least 2.2 kPa
for RTFO-aged bitumen. Additionally, G* -sind value was associated with the fatigue
cracking formed at intermediate temperatures, and it is specified to be at most 5000 kPa for
PAV-aged bitumen [36].

2.4. Multiple Stress Creep and Recovery (MSCR) Test

The AASHTO M 332 [20] standard, which can be considered as a technically advanced
version of the PG system, is believed to better characterize the performance-related properties
of bitumen at elevated temperatures than the PG standard [37]. Through the MSCR test,
which is the fundamental test of the relevant standard, the behavior of bitumen can be
examined both at high strains and under repeated loading. This eliminates the problem of
lack of complete activation of the polymer networks of PMBs, which was investigated at low
strains in the DSR test [19]. Therefore, more realistic investigations of the behavior of PMB
can be performed.

MSCR test is carried out, following the AASHTO T 350 [38] standard, at the high-
temperature level that the pavement will be exposed to; in other words, the temperature
remains constant. If the high-temperature performance requirement of bitumen is PG 58
according to the Superpave method, tests are carried out at 58 °C. After determining the test
temperature, shear stresses are applied to the bitumen, and performance evaluation is made
with the stress and strain relations. Stress is applied to the bitumen for 1 second, and strains
are allowed to recover for 9 seconds. A total of 10 loading periods, one of which is 10
seconds, are applied (Figure 1). Besides, the effect of stress differences is evaluated by
performing the test at two different stress levels: 0.1 and 3.2 kPa. The first ten periods applied
at a stress of 0.1 kPa are called the conditioning phase. The evaluation is made by taking the
average values obtained from the following ten periods.

In this test, two main parameters are calculated by using Equations (1), (2), (3), and (4). These
parameters are nonrecoverable creep compliance (Jnr) and percent recovery (R%). Studies
conducted in accelerated loading facilities showed that the Jnr parameter is highly correlated
with rutting in pavements [19]. On the other hand, the R% parameter is an important
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parameter related to the elastic response of bitumen and indicates how much of the strain that
occurs after loading can be recovered.

Jnr =

Strain (%)

Non-Recoverable Strain

Shear

Ist cycle
Non-recoverable strain

Stress

2nd cycle
Non-Recoverable Strain

1 v 1 v 1 v
15 20 25 30
Time (s)

Figure 1 - Strain-time relationship in MSCR test (redrawn based on [39]).
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where, Jnrg; is the nonrecoverable creep compliance at 0.1 kPa stress level, Jnrs, is the
nonrecoverable creep compliance at 3.2 kPa stress level, R%, ; is the percent recovery at 0.1
kPa, and R%j3 , is the percent recovery at 3.2 kPa.

Table 4 - Traffic-related grading in the MSCR system [20)].

Grading Traffic Conditions Jnrs (kPa™)
Volume (ESALSs) Speed (km/h)

Standard traffic, S <3x10° > 70 <45

Heavy traffic, H >3x10° <70 <2.0

Very heavy traffic, V > 10x10° <20 <1.0

Extremely heavy traffic, E >30x10° <20 <0.5
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In the AASHTO M 332 [20] standard, a traffic grade is defined in addition to the temperature
grades in the PG system by establishing a relationship between bitumen performance and the
traffic conditions to which the pavement is exposed. Four different grades are specified as
standard (S), heavy (H), very heavy (V), and extremely heavy (E). Between traffic conditions
of these grades and nonrecoverable creep compliance at a stress level of 3.2 kPa (Jnrs,), the
relationship given in Table 2 was established. It is clear from Table 2 that the specification
limits are set for the Jnr; , value of the bitumen, and as the Jnr;, value decreases, the traffic
conditions that the pavement can withstand become more severe.

It is possible to evaluate the stress sensitivity of bitumen through MSCR tests conducted at
different stress levels. Accordingly, the AASHTO M 332 [20] specification defines the
parameter Jnrgir in this regard. Additionally, besides the Jnrs, limits for traffic
classification, an upper value for the Jnrg;s parameter has also been set. Therefore, it is stated
that the Jnrg;e value calculated through Equation (5) can be at most 75%. In this way, the
stress sensitivity of the bitumen is intended to be kept below a certain level.

Jnrgis = (Jnrz,—Jnrg.q) 100 5)

Jnrog

Another characteristic of bitumen that can be examined by the MSCR test is the presence of
a polymer network. Based on this aspect, in the AASHTO M 332 [20] standard, a relationship
has been established between R% and Jnr values. Accordingly, a curve is defined in the R%-
Jnr graph, and the position of the bitumen value with respect to this curve is examined. It was
stated that a bitumen value above this curve can indicate the presence of an elastomeric
polymer in the bitumen sample [20]. Subsequently, Anderson [40] suggested that R% should
be taken as 55% for the part of the curve in the standard where Jnr is less than 0.1. In another
study, Salim et al. [41] proposed that the relation between R%-]nr should be represented by
another relation according to the sample set in their study. The curves in the standard and the
literature are given together in Figure 2. The presence of a polymer network in the bitumen
samples in this study was analyzed using this figure.
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Figure 2 - R%j32 - Jnrs . relationship.
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2.5. Bending Beam Rheometer (BBR) Test

BBRis a test applied to PAV-aged bitumen samples according to ASTM D6648 [42] standard
and is associated with the low temperature performance of asphalt pavements. Two basic
bitumen-related parameters are obtained from the test: creep stiffness (S(t)) and creep rate
(m-value). The deflection of a bitumen beam of a given size at a given time (¢) is measured,
and the S(t) of the bitumen is calculated using Equation (6) from classic beam theory. On
the other hand, the creep rate is related to the change of S(t) with time (t). For practical
reasons, the software of the BBR device establishes a logarithmic relationship between S(t)
and t in the form of Equation (7). The m-value, which is the slope of the log S(t) - logt
graph at a given time ¢, can be calculated using Equation (8), which is the derivative of
Equation (7) with respect to logt.

S = 4-bh36(t) 6)

logS(t) = A+ Blogt + C(logt)? @)
d[logS(t)]

m(t)—| e |—B+ZClogt (8)

where: S(t) is the flexural creep stiffness at time ¢ in MPa, m(t) is the creep rate at time ¢,
P is the measured test load in mN, L is the span length in mm, h is the depth of the specimen
in mm, §(t) is the deflection of test specimen at time t, and A, B, C are regression
coefficients.

At low temperatures where the BBR test is conducted, the bitumen stiffens and loses its
elasticity. Thus, bitumen with high stiffness at low temperatures is more prone to crack
formation [18]. Therefore, in the Superpave bitumen specification, an upper limit of 300 MPa
is imposed on the S(t) to keep the bitumen stiffness below a certain level [36]. However, it
is not entirely appropriate to evaluate the susceptibility of bitumen to crack formation at low
temperatures solely based on its creep stiffness. Because bitumen is a viscoelastic material,
it can relax the applied stress [21]. This stress relaxation ability is associated with the m-
value in the BBR test. A relatively high m-value means that the stiffness of bitumen changes
rather quickly and hence indicates better stress relaxation ability [21]. Considering this fact,
a lower limit of 0.300 for the m-value was imposed in the Superpave bitumen specification
to ensure that the bitumen has a sufficient stress relaxation feature [36]. Thus, bitumen with
an m-value above the limit is assumed to be capable of quickly dissipating the stresses caused
by the thermal changes.

When determining the low-temperature PG of the bitumen, the limit values given in the
specification for the two parameters obtained from the BBR tests are considered. However,
since the PG specification was introduced in the 1990s, it has been a matter of debate whether
the low-temperature grade is governed by the S(t) or the m-value [21]. This is related to
whether the behavior of the bitumen is S(t)-controlled or m-controlled. S(t)-controlled
bitumen reaches the 300 MPa limit at temperatures higher than the m-value limit. Conversely,
m-controlled bitumen reaches the 0.300 limit at a higher temperature than the S(t) limit [21].
Based on this information, various studies have been carried out, and different parameters
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have been produced in which both S(t) and m-value are considered simultaneously. Among
these parameters, AT, and A, which can be calculated quite practically, have been included in
this study. Thus, the behavior of the prepared samples at low temperatures was examined in
detail through different parameters.

The A parameter was first used by Liu et al. in the performance evaluation of crumb rubber-
modified bitumen [23]. By simultaneously using the two parameters obtained from the BBR
test as A = S(t)/m-value, they performed a low-temperature performance assessment.
Accordingly, they stated that as the A value decreases, the low temperature performance of
bitumen increases. Subsequently, Liu et al., in another study [43] on establishing a
relationship between low-temperature performance parameters, determined the existence of
a physical equation between creep stiffness and m-value in the form of m-value/S(t). Based
on this established relation, they stated that the parameter m-value/S(t) could be used as a
promising material property to evaluate the low temperature performance of bitumen.
Furthermore, they noted that this parameter is particularly suitable for bitumen where it is
challenging to select a low-temperature performance grade based on the m-value or S(t).

In the two different studies mentioned above, the researchers established two inverse
equations, one of which is S(t)/m-value and the other is m-value/S(t), between the low-
temperature parameters. This situation, which only changes the result numerically, has
caused a dilemma among researchers. Therefore, in some studies [12, 44, 45], S(t)/m-value
value was used to evaluate low-temperature performance, while in others [46-48] m-
value/S(t) value was used. Although this preference does not bring any technical
differences, the use of the 1 = S(t)/m-value parameter is preferred in this study as it
expresses the numerically obtained data in a more easily understandable way. Accordingly,
a decrease in A value indicates an increase in the low temperature performance of bitumen.

The AT, concept was introduced in a project conducted by the Airfield Asphalt Pavement
Technology Program (AATP) [49]. This project aimed to develop new methods to determine
whether asphalt pavements at airports require maintenance. One of the outputs of the project
is the AT, parameter. Subsequently, Anderson et al. [22] presented a summary of the project
and described how AT, should be calculated. The AT, value can be defined as the difference
between the temperature at which S(t) reaches the limit value and the temperature at which
the m-value reaches the limit value. Accordingly, Anderson et al. [22] proposed the use of
Equation (9) and Equation (10), obtained by interpolating between two different test
temperatures, to calculate the critical temperature values. Therefore, the AT, value can be
calculated as in Equation (11).

(T1—T2)X(log300-logS,)

Tesy=T1 + log S1-log$, ®
Ty = T, + DT00m)_ g (10)
ATC = TC,S(t) - T{:,m (11)

10
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where: S; is the creep stiffness at T in MPa, S, is the creep stiffness at T, in MPa, m; is the
creep rate at Ty, m, is the creep rate at T,, T; is the temperature in °C at which S(t) and m-
value passes, and T, is the temperature at which S(t) and m-value fails in °C.

While m-controlled bitumens have lower AT, values, their stress relaxation ability is limited.
Therefore, a relatively low AT, means a high cracking potential [50]. Anderson et al. [22]
proposed two different critical AT, values for the regional conditions in their study: a warning
limit of -2.5°C and a cracking limit of -5.0°C. Furthermore, the AT, value has also been used
to evaluate the hardening of bitumen due to reclaimed asphalt pavement (RAP), reclaimed
asphalt shingle (RAS), re-refined engine oil bottoms (REOB) and various additives [50].
Such that, the AT, value has also found its place in standards such as AASHTO PP 78 [51].
Understandably, the concept of AT, is a growing concept that continues to be studied.

3. RESULTS AND DISCUSSION
3.1. Rutting Behavior of Bitumen Samples

Within the framework of this study, MSCR tests were carried out at different temperatures,
and the Jnr and R% data of the modified bitumen were collected. The variation of the Jnr
values is given in Figure 3. When the results at 0.1 kPa stress level are examined, it is seen
that the addition of WCO to PMB causes an increase in Jnrg 4 values at all temperatures. This
increase is more distinct at high temperatures. Consequently, the rise in WCO reduces the
permanent deformation resistance of the bitumen at low stress levels. PMB gives the lowest
Jnry ; values at all temperatures and has the highest rutting resistance. Also, 2W and 4W
outperform the Base at all temperatures. Similarly, at 3.2 kPa stress level, the addition of
WCO to PMB causes an increase in Jnrs, values at all temperatures. At 58°C, this increase
in Jnrs, values becomes more pronounced after 6% WCO addition, whereas at 64 °C and
70°C, it becomes more pronounced after 4% WCO addition. As a result, it was found that
more than 4% WCO addition makes PMB more susceptible to permanent deformations than
Base at high temperatures. Besides, even the addition of 2% WCO increases the Jnr; , values
of PMB by approximately two times at all temperatures.
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Figure 3 - Change of Jnr values with the temperature at different stress levels:
(a) 0.1 kPa and (b) 3.2 kPa.
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To the authors’ knowledge, since MSCR results for RET+WCO modified bitumen cannot be
found in the literature, it is impossible to directly compare the results for RET+WCO
modified bitumen with any other study in the literature. However, to confirm the
compatibility of the findings of this study with the literature, studies with RET-modified
bitumen or WCO-modified bitumen were examined separately in the literature, and
comparisons were made. Accordingly, it has been shown in the literature that the addition of
RET reduces the Jnr value of base bitumen [26, 52]. In addition, it has been observed in the
literature that the addition of WCO increases the Jnr values of both base bitumen and pre-
modified bitumen with other additives [53-55].

If the effect of temperature on Jnr is examined in Figure 3, it is seen that Jnr values increase
with increasing temperature, and as expected, the rutting resistance of bitumen decreases.
This change in Jnr values with the temperature can also be observed in other studies in the
literature for RET or WCO-modified binders [26, 52, 56]. Additionally, PMB is least affected
by temperature increase. On the other hand, the 2W and 4W samples outperform the Base at
all temperatures. Increasing the temperature from 58°C to 70°C increases the Jnr values of
the samples by 5-6 times.

The variation of the R% values is given in Figure 4. When the results at 0.1 kPa stress level
are examined, it is seen that the addition of WCO to PMB causes a decrease in R%, ; values
at all temperatures. At 58°C, this decrease in R%, ; values becomes more pronounced after
6% WCO addition, whereas at temperatures higher than 64 °C, it becomes more pronounced
after 2% WCO addition. Additionally, the Base gives the lowest R%,, values at all
temperatures. Besides, the 8W has 2.6, 3.0, and 3.4 times more R%, ; values than Base at
58°C, 64°C, and 70°C, respectively. Similarly, at 3.2 kPa stress level, the addition of WCO
to PMB causes a decrease in R%;, values at all temperatures. The R%;, of the Base
decreases significantly with stress and temperature increase. Also, 8W has approximately
four times more R%j; , value than Base. When the results of the R% values are compared
with the results in the literature, it is seen that the addition of RET increases the R% [26, 52,
56] of the base bitumen, and the addition of WCO decreases [55]. Therefore, the results
obtained from this study are in line with the studies in the literature.
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Figure 4 - Change of R% values with the temperature at different stress levels:
(a) 0.1 kPa and (b) 3.2 kPa.
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When the effect of temperature on R% is examined in Figure 4, it is seen that the elastic
properties of the Base significantly decrease with increasing temperature, similar to the
studies in the literature [55]. For bitumen containing WCO, this decrease is not as much as
in the Base. The R% values of all binders decrease linearly with increasing temperature. The
increase in temperature from 58°C to 76°C causes the R% values of PMB to reduce by 34%
and 46% at 0.1 kPa and 3.2 kPa stresses, respectively. These values are 34% and 56% for the
2W. It can be said that the decrease in the elastic properties of bitumen containing WCO with
increasing temperature is similar to that of PMB.

With the parameters obtained from the MSCR test, traffic grading of bitumen for different
temperatures was done, and the results are given in Table 5. The G*/sin § values obtained
from DSR tests and the corresponding PG are also given in this table. The Base is suitable
for very heavy traffic conditions at 58°C and heavy traffic conditions at 64°C. The addition
of the RET to the Base makes the bitumen suitable for extremely heavy traffic conditions at
58°C and 64°C, very heavy traffic conditions at 70°C, and standard traffic conditions at 76°C.
Adding 2% and 4% WCO to the PMB does not change the traffic grades of the binder at
58°C. Still, adding 2% and 4% WCO to the PMB reduces its traffic grade to very heavy
traffic conditions at 64°C. On the other hand, the 6W has the same traffic grade as the Base,

Table 5. High temperature performance grading of the samples.

Sample  Test As per AASHTO M 320 As per AASHTO M 332

:fg')p * G*/siné (kPa) PG Jnr;, Jorgiee PG
Unaged  RTFO-Aged (kPa™)

Base 58 4.854 - PG64 0.51 6.25 PGS58-V
64 2.090 4777 1.15 9.52 PG64-H
70 8.21 - 3.16 17.47

PMB 58 8.482 - PG76 0.15 1538 PGSS-E
64 4.274 - 0.35 16.67 PG64-E
70 2214 - 0.9 21.62  PG70-V
76 1.186 2.268 2.16 26.32  PG76-S

2W 58 5.560 - PG70 0.28 12.00  PGS58-E
64 2.825 - 0.72 20.00 PG64-V
70 1.480 2.757 1.84 31.43 PG70-H

4W 58 3.815 - PG70 0.44 18.92 PGS8-E
64 1.992 - 1.00 22.09 PG64-V
70 1.087 2.320 2.46 28.80  PG70-S

6W 58 2.631 - PG64 0.53 1522  PG58-V
64 1.425 2.961 1.81 2746  PG64-H
70 0.785 - 3.75 22.95

8W 58 1.555 4.139 PGS58 1.06 19.10  PG58-H
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while 8W is suitable for traffic conditions one grade lower than the Base. It has been
determined that adding more than 6% WCO to PMB falls behind the Base in terms of both
high-temperature performance level and traffic grading. In this context, it is recommended
that the modification that will withstand very heavy traffic conditions at 64°C and will not
adversely affect the performance of the PMB can be obtained by adding 4% WCO to the
PMB.

As mentioned in Section 2.4, it is possible to evaluate the stress sensitivity of the bitumen
with the MSCR test. The Jnrg;¢ parameter is examined in this regard. From Table 5, it can
be checked whether the bitumen samples exceed the specification upper limit of 75%.
Accordingly, all the samples in the study were below the specification limit. Therefore, they
will exhibit stable behavior by not showing a significant reaction to the stress changes in the
traffic. Furthermore, for a relative evaluation of the effect of both temperature and additives
on the stress sensitivity of bitumen, Jnrg;¢ data are presented in Figure 5. However, a regular
variation between Jnrg;e; values and additive content was not found. On the other hand, the
Base is the most sensitive bitumen to stress changes, and adding WCO to PMB slightly
increases the stress sensitivity of the PMB.
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Figure 5 - Change of nrg;sr values at different test temperatures.

As a final evaluation of the data obtained from the MSCR test, the presence of the polymer
network was examined. Accordingly, the Jnr; , and R%; , data of bitumen samples at 58°C
and 64°C were plotted on two separate graphs for different temperatures. The values for the
bitumen samples were compared with the reference curves shown in Figure 2. The graphs of
the evaluation are given in Figure 6. When Figure 6 is examined, it is seen that the data of
the samples in the study are below the curve proposed by Salim et al. [41] at both
temperatures. However, it has been shown in many studies that a polymer network is formed
thanks to the chemical interaction of the functional groups in RET with asphaltenes [10, 25,
26]. Therefore, the value of PMB is expected to be above the reference curve. Thus, it is
considered that the curve proposed by Salim et al. [41] is not suitable for evaluating the
modified bitumen samples in this study. On the other hand, when the data of the bitumen
samples are compared with the reference curve proposed by AASHTO M 332 [20] or
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Anderson [40], it is seen that the PMB sample remains above the curve for both temperatures.
This result meets the expectations and confirms the modification of the bitumen. At 58°C, all
the samples except the Base and 8W remained above the curve, indicating good elastic
properties. However, it is seen that the polymer network in the binder cannot resist the
increase in temperature, and there is a decline in its elastic properties. Adding more than 2%
of WCO to the PMB binder in regions with a pavement temperature higher than 58°C will
adversely affect the elastic properties. It is expected that adding WCO, which has the effect
of softening, to the bitumen will reduce the temperature resistance. As a result, it can be said
that the limit temperature value at which the elastic properties begin to deteriorate is 58°C
for the WCO-added PMB.

@350 () g0
1 1 1 B Base
' ' ' ® PMB
. . . A 2w
60 60 ' ' ' 4w
' W
W

40
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Figure 6 - Comparison of Jnrs , and R%s 5 values of bitumen samples with reference
curves for polymer network detection at different temperatures: (a) 58°C and (b) 64°C.

3.2. Low-temperature Cracking Behavior of Bitumen Samples

The S(t) and m-values of bitumen samples obtained from the BBR test are given in Table 6.
When Table 6 is examined, it is seen that the addition of RET to the Base does not
significantly affect the low-temperature performance. However, when WCO was added to
PMB, the low-temperature performance increased with the increasing amount of WCO.
Therefore, WCO-added PMB may be suitable in regions where cold climatic conditions
prevail.

In order to investigate the behavior of bitumen at low temperatures in more detail, methods
where S(t) and m-value are evaluated simultaneously, are included in this study as
mentioned before. Accordingly, at first, the A values of the bitumen samples at different test
temperatures were calculated by dividing the S(t) by the m-value. The results are given in
Figure 7. At all the test temperatures, the A values of the Base decreased with the addition of
RET. For a RET-modified PMB, it was impossible to support this behavior with a study in
the literature directly. On the other hand, a study for an SBS-modified PMB reported an
increase in A values compared to base bitumen [57]. Based on this result, it can be said that
the RET additive will have a more positive effect on the low-temperature performance of the
base bitumen than the SBS additive. Besides, when WCO was added to the PMB, a decrease
in A values was observed for all the test temperatures. This decrease in A values indicates that
adding WCO to PMB will contribute to its low-temperature performance.
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Table 6 - BBR test results and low-temperature performance grades of the bitumen

samples.
Sample Test temp. Creep Stiffness m-value Low-temperature PG
(°0) S(t) <300 MPa m > 0.300 As per AASHTO M 320
Base -12 250.76 0.2996 PG -22
-18 564.22 0.2089
24 - -
PMB -12 216.67 0.3140 PG -22
-18 548.45 0.2280
24 - -
2W -12 152.89 0.3404 PG -22
-18 402.56 0.2626
-24 609.10 0.2227
4W -12 103.59 0.3884 PG -28
-18 247.37 0.3252
-24 469.14 0.2552
6W -12 56.40 04112 PG -28
-18 119.69 0.3450
-24 303.98 0.2864
8W -12 37.03 0.4240 PG-34
-18 71.18 0.3213
-24 266.98 0.3135
3000
(<.\
E 2000 -
3
£
A 1000
0

-12 -18 —24
Temperature (°C)

Figure 7 - A values of the bitumen samples obtained from BBR tests performed at
-12,-18, and -22°C.
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AT, is the other parameter used in this study to investigate the low temperature behavior of
bitumen samples in detail. Accordingly, the AT, values were calculated with the results
obtained from the BBR test with the help of Equations (9), (10), and (11). However, unlike
the traditional AT, calculation method, in this study, different combinations for T; and T,
temperatures were used at the initial stage while calculating the AT, values. Accordingly, the
results obtained are given in Table 7 for different temperature binaries. Since the critical
values for Base and PMB samples were reached between -12 and -18°C, BBR tests were not
performed at a third test temperature. Therefore, different temperature binaries could not be
created for these samples, and AT, calculation was performed by the conventional method.
On the other hand, since BBR tests were carried out at three different temperatures for WCO-
added PMB samples, it was possible to calculate AT, with different temperature binaries.
When Table 7 is examined, it is understood that the selected temperature binary significantly
affects the AT, value. In fact, when the 8W sample is evaluated, it exhibits m-controlled
behavior between -12°C and -18°C and S(t)-controlled behavior between -18°C and -24°C.
When the -12°C and -24°C range is considered as a whole, a result close to a balanced
behavior is obtained. Similarly, for the other samples, it is seen that the temperature binary
selected in the AT, calculation has a significant effect on the result obtained. Regarding this
situation, Anderson et al. [22] stated that to determine the critical temperatures, T; and T,
temperatures should be selected so that one meets the specification limit and the other does
not. Subsequently, the critical temperature should be determined by interpolation in this
range. They also stated that extrapolation could be used in cases where the critical
temperature does not fall between the selected temperature binary. However, they
recommended not to use extrapolation as much as possible.

Table 7 - Calculations of the AT, values at two different test temperatures.

Sample AT,

Temperature binaries (T, Ty)

(-12,-18) (-18, -24) (-12,-24)
Base -1.33 - -
PMB -1.13 - -
2W -1.06 -1.36 -1.73
4W 1.09 0.35 -0.48
6W -3.25 -1.31 -1.21
8W -11.96 9.86 0.76

Given the significant influence of the temperature binary on the AT, calculation, it is thought
that this influence may be due to the equations used in the AT, calculation being derived by
assuming that the effect of temperature variation on bitumen is linear. Therefore, in this
study, different types of curve fitting were applied to the results obtained from BBR tests
conducted at three different test temperatures to obtain the curve that simulates the behavior
of bitumen with temperature change in the closest way. Accordingly, 32 trend lines with four
different types (linear, logarithmic, power, and exponential) were generated for the S(t) and
m-values of four samples. The properties of the generated trend lines are given in Table 8.
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Table 8 - Determination of trend line type for the calculation of AT,.

Sample Para- Trend Line Properties Selected
meter Type Equation R? gz:lt:;al

2W Tesy  Linear y =0.05-x + 1.6242 0.9492 -27.060
Logarithmic y = 0.8773 -Inx + 0.0234 0.9833 -26.390

Power y = 0.9108 - x03558 0.9733  -26.640

Exponential  y = 1.745 - ¢00202% 0.9327  -27.340

Tem Linear y =—0.0098 - x + 0.4518 0.9666 -25.490
Logarithmic y = —0.171-Inx + 0.7635 0.9926 -25.037

Power y = 1.5603 - x 0614 0.9992  -24.670

Exponential y = 0.5122 - ¢~0:035% 0.985 -25.280

4W Tesey  Linear y =0.0547 - x + 1.376 0.9923 -30.130
Logarithmic ~ y = 0.9455 - Inx — 0.3356 0.9999 -29.587

Power y = 0.7332 - x04077 0.9991  -29.808

Exponential ~ y = 1.5362 - ¢0-0235% 0.9836  -30.331

Tem Linear y=-0.0111-x + 0.5227 0.9991 -30.063
Logarithmic y = —0.19 - Inx + 0.864 0.9839 -29.461

Power y = 1.7353 - x 70595 0.9668  -29.103

Exponential y = 0.5975 - ¢~0:035% 0.992 -29.685

6W Teswy  Linear y = 0.061x + 1.0067 0.9962 -34.105
Logarithmic  y = 1.0391 - Inx — 0.8584 0.9748 -34.779

Power y = 0.5032 - x04982 0.9878  -34.510

Exponential ~y = 1.2339 . 00291 0.9999  -33.940

Tem Linear y = —0.0104 - x + 0.5347 0.9988 -32.567
Logarithmic y = —0.179 - Inx + 0.8577 0.9961 -32.548

Power y = 1.4968 - x~0-516 0.9876  -32.531

Exponential ~y = 0.5914 - ¢=003* 0.9997  -32.634

&W Tesw  Linear y =0.0715x + 0.6622 0.9632 -35.384
Logarithmic  y = 1.2024 -Inx — 1.4791 0.9178 -36.850

Power y = 0.332 x0615 0.9477  -36.254

Exponential y = 0.9966 - 00364 0.9831  -35.014

Tem Linear y =—0.0092 - x + 0.5187 0.8027 -33.772
Logarithmic y = —0.166 - Inx + 0.825 0.8742 -33.633

Power y = 12678 x 70452 0.9012  -34.255

Exponential ~ y = 0.5498 - ¢~0025% 0.8361  -34.231
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Equations were determined for each curve, and the critical temperatures (T () and Tc,,) of
the samples were calculated by using these equations. From the four different critical
temperatures calculated, the one with the highest R? value of the relevant equation, in other
words, the one that most closely represents the behavior of bitumen with respect to
temperature change, was selected. Table 8 shows that the selected trend line type varies
depending on the bitumen sample and the investigated parameter. For example, the 2W
sample shows a logarithmic behavior with respect to S(t), while it shows an exponential
behavior with respect to the m-value. On the other hand, the 4W sample exhibits logarithmic
behavior with respect to the S(t) and linear behavior with respect to the m-value. Hence, the
behavior of bitumen with temperature change can be represented by a unique trend line for
each sample and parameter. Therefore, the traditional calculation method, in which this
behavior is assumed to be linear, is considered unable to reflect the actual behavior of the
bitumen sample completely.

After the procedures mentioned above, the selected critical temperatures and the AT, values
calculated using Equation (11) are given in Table 9. When the obtained results are compared
with Table 7, it is seen that there are significant differences in AT, values especially for WCO-
added bitumen. Therefore, when evaluating WCO-added PMBs, using trend lines formulated
by utilizing the results of the tests conducted at three different temperatures, as in this study,
will provide more realistic results.

Table 9 - The final AT, values obtained according to the calculations made in this study.

Sample Tese Tem AT,

Base -23.33 -22.00 -1.33
PMB -24.10 -22.98 -1.13
2W -26.39 -24.67 -1.72
4w -29.587 -30.06 0.48

6W -33.94 -32.63 -1.31
W -35.014 -34.26 -0.76

In order to compare the effects of RET and WCO additives on the AT, parameters of bitumen
samples, Figure 8 was prepared. When this figure is examined, first of all, it is seen that the
addition of the RET to the base bitumen does not significantly affect the AT, parameter.
Accordingly, it is possible to say that both base and PMB samples show a behavior close to
the balanced behavior in terms of S(t)- or m-controlled behavior. On the other hand, the AT,
results from PMBs are controversial. While there are studies in the literature where the AT,
values of PMBs are very low [58], there are also studies with similar results [21] as in this
study. With the addition of WCO to the PMB, no regular change was observed in AT, values.
Generally, it is possible to say that PMBs with WCO addition show a balanced behavior.
However, with AT, values, observing the low-temperature performance improvement
provided by WCO is not entirely possible, which is clearly seen in the PG system and is well-
accepted in the literature. As a result, this may be seen as a disadvantage of the AT, parameter.
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Figure 8 - The difference between the critical temperature found with the m-value and the

critical temperature found with the S(t) value; AT,.

4. CONCLUSIONS

In this study, 50/70 penetration grade base bitumen was modified with 1.5% reactive ethylene
terpolymer (RET) and 0.2% polyphosphoric acid, and then 2%-8% waste cooking oil (WCO)
was added. The effects of using WCO and RET on the high and low-temperature performance
of modified bitumen were investigated with the MSCR and BBR tests. The results obtained
from the experimental study are listed below:

20

The addition of WCO to the PMB adversely affected the rutting resistance. With the
addition of 8% WCO to the PMB, the Jnry; and Jnrs, values increased by 586% and
607%, respectively.

The elastic recovery performance of the PMB decreased with the increase in WCO
content. With the addition of 8% WCO to the PMB, the R%,, and R%5, values
decreased by 43.6% and 51%, respectively.

Adding RET to base bitumen increased the S(t) and decreased the m-value.
Accordingly, considering the Superpave performance criteria, the addition of RET
negatively affects the low-temperature performance of base bitumen. However, the A
and AT, values of base bitumen decrease with the addition of RET. When these two
parameters are evaluated, it can be said that adding RET improves the low-temperature
performance of base bitumen by increasing its stress relaxation capacity.

As mentioned above, the effect of RET addition on the low temperature of base bitumen
varies depending on the parameter under consideration. Accordingly, novel parameters
such as A and AT, rather than Superpave criteria, are considered more appropriate for
evaluating the low-temperature performance of RET-modified bitumen.

In parallel with adding WCO to PMB, S(t) values increased and m-values decreased.
Additionally, with the addition of RET to PMB, the A value decreased at all test
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temperatures. These results show that adding WCO has significantly improved the low-
temperature performance of PMB.

e  When the low-temperature performance of bitumen samples was examined according
to the AT, parameter, no apparent trend was observed. All of the prepared samples
showed balanced behavior regarding S(t) or m-controlled behavior.

In line with the conclusions obtained from this study, it was determined that adding low
amounts of WCO to 50/70 penetration-graded bitumen with 1.5% RET positively affected
both the rutting and low-temperature performance of the base bitumen. Therefore, it has been
determined that bitumen containing RET and low amounts of WCO can serve well under
high and low-temperature conditions that pavements may be exposed to in many parts of
Tiirkiye [59, 60]. In future studies, detailed experimental studies using bitumen containing
RET and WCO in mix design will be useful in evaluating the behavior of RET and WCO in
the asphalt mixture.
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ABSTRACT

Freeze-thaw cycles are prevalent climatic phenomena with substantial effects on soils,
leading to alterations in soil strength, stiffness, and hydraulic properties due to disruptions in
the soil structure. With the ongoing climate change, weather patterns have grown
progressively erratic, resulting in more frequent occurrences of extreme weather events,
including heavy snowfall, intense rainfall, and windstorms, even in regions characterized
typically with mild climates across the globe. The climate change can potentially threat man-
made infrastructure constructed within or upon local soils, regardless of their susceptibility
to freezing in temperate climates. The principal objective of this study is to assess the
influence of freeze-thaw cycles on the California Bearing Ratio (CBR %) across 12 distinct
soils with variations in granulometry and mineralogy. The freeze-thaw cycles resulted in a
notable decrease in CBR (%) within the range of 40% to 70%. A strong inverse correlation
with Dsy was observed regarding the decrease in CBR (%). Nevertheless, it was discerned
that the decrease in CBR (%) subsequent to freeze-thaw cycles varied among soil samples
sharing identical Dso and liquid limit characteristics. The aim of this study is to enhance our
comprehension of how freeze-thaw cycles can impact the bearing capacity of these soils,
thereby providing essential insights for predicting their behavior and potential influence on
infrastructure in the context of climate change.
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Effect of Freeze-Thaw on CBR in Soils with Different Gradation and Mineralogy

1. INTRODUCTION

Permafrost and seasonally frozen soils cover about 24% of the Earth's surface, with global
climate change linked to deeper active layers and increased thaw thickness in permafrost
regions [1-3]. Climate change has led to unpredictable weather patterns, causing more
frequent extreme events worldwide. In areas with seasonal freezing, subgrade and foundation
soils are significantly affected by recurring freezing and thawing cycles, disrupting the
geotechnical properties of compacted soils and potentially causing structural failures [4-6].

Frost-sensitive soils, vulnerable to frost action, exhibit surface heave, influenced by factors
like fines content, specific surface area, and mineralogy. Soils with over 6% fine particle
content are more susceptible to frost heave [7-14]. Frost action is influenced by internal and
external factors, including soil grain size distribution, structure, specific surface area,
chemical properties of pore fluids, confining pressure, water source, and temperature
variations. Particularly, the relationship between decreasing particle size and increased
susceptibility to frost heave is widely acknowledged [15-21].

Numerous studies have explored the impacts of freeze-thaw cycles on soil mechanical
properties. Different dry densities result in varying responses to freeze-thaw cycles, with a
critical dry unit weight governing soil behavior [22]. Soil cohesion decreases with freeze-
thaw cycles, while the internal friction angle shows varying trends [23-24]. Freeze-thaw
cycles affect stress-strain curves differently at various freezing temperatures, influencing
resilient modulus and ultimate strength [25-26]. Research on specific soil types demonstrates
strain-hardening behavior, declines in elastic modulus, cohesion, and peak undrained shear
strength, followed by stabilization after a certain number of freeze-thaw cycles [29-32].

The effect of freeze-thaw on the bearing capacity of subgrade soils has indeed been
investigated by some researchers. Kawabata et al [27] investigated the effects of freezing and
thawing on the CBR (%) and concluded that freeze-thaw cycles can significantly affect the
CBR (%), even in air-dried samples. Factors affecting the CBR (%) after freeze-thaw include
changes in particle size distribution, void ratio and water content. Similarly, Isik et al. [28]
noted a decrease in the CBR (%) ranging from 21% to 86%, with the maximum change in
CBR (%) occurring in the soil characterized by the highest liquid limit.

Various studies have conducted freeze-thaw tests, but there are notable differences in the test
conditions between different research reports, as shown in Table 1. These conditions include
freezing and thawing temperatures, duration, and number of cycles. While freezing
temperature has a minor effect, the researchers in Table 1 emphasize the critical role of the
number of cycles. It is suggested that soil changes significantly up to a certain number of
freeze-thaw cycles, beyond which soil properties stabilize.

This study investigates the impact of freeze-thaw cycles on the CBR (%) for 12 soils with
varying granulometry and mineralogy. While subgrade soil freezing sensitivity is typically
considered for cold climates, frost-sensitive local materials may also be used in moderate
climates, especially beneath large embankments or roadways. However, with climate change
inducing unpredictable weather patterns, even mild climates are expected to experience
significant freeze-thaw effects. This poses a risk to critical infrastructure in major cities,
leading to substantial damage during adverse weather events, which are becoming more
frequent. The study aims to enhance our understanding of how freeze-thaw cycles influence
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the bearing capacity of these soils. Such insights are crucial for predicting soil behavior and
potential impacts on infrastructure in the context of climate change.

Table 1 - Number of freeze-thaw cycles and freezing-thawing temperatures from the

literature
References Temperature (°C) Duration (h) Number of test  Threshold
F T F T cycles cycle
[22] -2t0-20 20 until frost until thaw 1 -
heave settlement
cease cease
-5,-15 20 12 12 1,2,3,5,6,7, 7
[23] 8,9,11,12
-10 20 12 12 1,3,7,9,12
[25] -5,-10, -15 25 12 12 0,5,10,20,30 -
[26] -7 14 18 6 1,3,5,7,10,15,21 7
[30] -10 10 3 3 1,3,5,9 5
[31] -40 20 12 12 0,1,3,6,9,12,15 6
[32] -6,-12 15 12 12 0,3,6,9,12 4-6
[33] -4,-18 20 24 24 3,6,9 -
[34] -23 21 24 23 12 -

2. MATERIALS AND EXPERIMENTAL PROGRAM
2.1. Soil Properties

A total of 12 soil compositions were used in this study, formed by adding varying proportions
of sand and gravel into three distinct types of fine soil. These fine soils, designated as A, B,
and C, exhibited liquid limits determined by fall cone tests as follows: 44%, 78%, and
121.4%, respectively. The corresponding plasticity limits were found to be 26%, 36% and
60% respectively. On the Casagrande plasticity chart, these fine soils are close to the A line
(Figure 1). According to the British Soil Classification System (BSCS) [35], the fine soils
are classified as CI-MI (A soil), MV (B soil) and ME (C soil).

The mixed soils are identified by the types of fine materials they contain, in addition to
varying fine content, which varies from 25% to 75%. The minimum main grain size for all
these soils is 0.0009 mm, while the maximum reaches 1.2 mm. The liquid limits of the soils
were determined using both the Casagrande test (LLcup) and the fall cone test (LLrc). The
plasticity indexes of the soils range from 13.8% to 63.5%. According to the British Soil
Classification System (BSCS), the soil types include M1, CI-MI, MV, CH-MH, MV, ME and
SC. In addition, the AASHTO [36] classification identifies the soil types as A-7-6, A-6, A-
2-6, and A-2-7. The index properties of the soils are shown in Table 2 and the grain size
distribution curves are shown in Figure 2.
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Figure I - Locations of soils on Casagrande plasticity chart

Table 2 - Properties of 12 soils

Soil Grain-size distribution Consistency limits Classifications
fame Clay Silt Sand Gravel Dso LLcop LLge PL PI BSCS AASHTO
%) (%) (%) (%) (mm) (%) %) ) (%)

A 50.0 50.0 - - 0.0020  41.0 440 260 15.0 CI-MI A-7-6
Al 375 375 250 - 0.0044  37.0 400 232 138 CI-MI A-6
A2 250 250 250 25 0.0750 335 365  19.6 139 MI A-6
A3 125 125 500 25 1.2000 335 365 19.6 139 SC A-2-6

B 450 43.0 120 - 0.0028  75.0 78.0 36.0 39.0 MV A-7-6
Bl 340 33.0 33.0 - 0.0110  69.0 68.0 325 365 CH-MH A-7-6
B2 23.0 21.0 31.0 25 0.3200  50.5 51.0 278 227 SC A-7-6
B3 120 11.0 520 25 1.2000  50.5 51.5 278 227 SC A-2-7

C 70.0  30.0 - - 0.0009 1235 1214 60.0 63.5 ME A-7-6
Cl 53.0 22.0 25.0 - 0.0013 115.0 113.0 551 60.1 ME A-7-6
C2 350 15.0 25.0 25 0.0750  90.0 93.0 448 452 ME A-7-6
C3 180 7.0 500 25 1.2000  90.0 93.0 448 452 SC A-2-7

The results of the X-ray diffraction analysis of the soils are visually presented in Figure 3. It
shows that soil A is predominantly composed of kaolinite mineral, accompanied by varying
quantities of other minerals such as quartz and muscovite. Soil B contains a significant
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amount of montmorillonite mineral, along with illite and kaolinite, as well as additional
minerals such as quartz, anortite, and muscovite. Soil C has a high concentration of clay
minerals from the smectite group (montmorillonite) and variable amounts of other minerals.
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Figure 2 - Grain size distribution curves of soils
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Standard Proctor tests were performed on all 12 soils in accordance with ASTM D698 [37].
The results indicated that the maximum dry densities of these soils ranged from 1.2 to 2.2
g/cm®. Among the tested soils, Soil C had the lowest dry density, while soil A3 recorded the
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highest dry density. The optimum water contents (Wopt) varied between 8.5% and 44. 5% as
depicted in Figure 4.
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Figure 4 - Standard compaction curves of 12 soils

2.2. Sample Preparation and CBR Test

The specimens were compacted in a CBR mold with a diameter of 152 mm and a height of
178 mm, at the optimum water content and maximum dry density. The volume-mass
properties of the compacted soils are shown in Table 3.

The CBR mold was lubricated before compaction to minimize the frictional effect on the
movement of the soil mass during saturation and freeze-thaw. Tognom et al. [38] stated that
the lubrication process can reduce the angle of friction between the soil and the mold to 5
degrees. It was also observed that the center of the mold exhibited the greatest swelling as it
was least affected by friction between the mold and the soil. The displacements measured at
this specific point were used for evaluating the extent of swelling and heave.

Table 3 - Volume-mass properties of the compacted soils

Soil A Al A2 A3 B B1 B2 B3 C C1 C2 C3
Gs" 2,64  2.65 265 267 263 267 268 271 259 261 262 265

:Z/OP; 225 19.0 132 86 29.1 216 163 10.1 443 365 265 167
o
e 063 055 039 022 081 059 048 031 116 099 066 0.51
paw , 162 171 191 218 146 1.69 182 208 120 131 158 176
gr/cm

*Specific Gravity, “Void ratio
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According to ASTM D1883-21 [39], following compaction, a surcharge load of 4.5 kg was
uniformly applied to all samples, and the samples were then immersed in tap water for 96
hours to ensure complete saturation. At the end of the saturation (96th h), the height of the
samples was measured using a dial gauge to determine the axial strain. The initial set of 12
samples, denoted as the control samples, were not subjected to any freeze-thaw cycle. CBR
tests were performed on these control samples after saturation. The second set of samples
were subjected to freeze-thaw cycles after saturation.

2.3. Freeze-Thaw Test

In this study, 12 saturated samples were placed in a freeze-thaw chamber and subjected to a
closed freeze-thaw test. In ASTMS5918 [40], the term 'closed system freeze-thaw' refers to
the freezing process taking place under conditions where there is no gain or loss of water
within the system. For this purpose, the chamber humidity was set at 80% to prevent
evaporation from the soil and maintain the desired moisture level. It was also found that the
water contents of the control samples and the freeze-thawed samples were highly consistent.
Therefore, there was no change in the water content throughout the freeze-thaw process.

The freezing temperature of -20°C was selected for this study, with a freezing duration of 24
hours. The samples were then allowed to thaw at +20°C, with a thawing time of 24 hours.
Control samples were prepared to measure soil temperature during the freeze-thaw cycles.
Temperature measurements were taken using a digital thermocouple placed in the sample.
The measurements indicate that the cabin temperature and the control sample temperatures
are highly compatible (see Figure 5a).

Many researchers have proposed a critical number of cycles beyond which soil properties
tend to be less affected or stabilized (Table 1). Therefore, in this particular study, all 12 soil
samples were subjected to a total of 10 freeze-thaw cycles, with sample heights monitored
using dial gauges at the end of each cycle. (see Figure 5b).

Figure 5 - Freeze-thaw test a) Image showing temperature measurements in control
samples using a thermocouple b) images of CBR samples with a dial gauge inside the
chamber.
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3. RESULTS AND DISCUSSION
3.1. Gradation and Mineralogy Impact on Swelling and Heave

Final swelling measurements were taken for all samples at the end of saturation (at 96 hours).
Swelling and final frost heave according to Dso and LLrc(%) are presented in Figure 6. The
graphs highlights that soils C, B, and A exhibited the highest swelling with recorded values
of 5.11 mm, 4.25 mm, and 3.80 mm, respectively. Similarly, the highest final heave was
measured at 3.69 mm in soil C, while it was 1.81 mm and 0.59 mm in soils B and A,
respectively. It is seen from Figure 6 both swelling and heave increase with increasing liquid
limit and decreasing gradation Figure 6. In addition, there is a high correlation (R?) between
the liquid limit and frost heave.

Fine content increases as Dsy decreases in soil samples. Swelling and frost heave tend to
increase as fine content increases. Therefore, Figure 6 illustrates the inverse relationship
between Dsp and swelling and frost heave behavior for all 12 soil samples. As Dsy values
decrease, indicating an increase in fine content, there is typically a coincident increase in
frost heave. The primary soil factor influencing frost heave is grain size, and it serves as the
fundamental criterion in most frost susceptibility assessments due to its ease of measurement
and correlation with frost heave. Soils lacking particles smaller than 74p typically do not
undergo heaving under natural conditions. This recognition dates back to Taber [41], Taber
[42] and Casagrande [43] proposed the use of grain size to define frost-susceptible soil limits.
Penner [44] determined that soil texture, serving as a measure of particle size gradation,
stands out as the foremost crucial physical characteristic of soil when it comes to identifying
its frost susceptibility.

In general, soils with high plasticity exhibit greater water retention, swelling, and heave
potential. Holtz and Gibbs [45] emphasized the significance of plasticity index and liquid
limit as crucial indicators for describing the swelling characteristics of numerous clays. Seed
et al. [46] suggested that plasticity index alone serves as a primary indicator in identifying
swelling clays. Peck et al. [47] further supported the relationship between clay swelling and
plasticity index. Similar results were observed during saturation and freeze-thaw cycles of
the samples (Figure 7). Soil C, characterized by a high liquid limit and containing clay
minerals from the smectite group such as montmorillonite, tends to have higher water content
and greater swelling after saturation. In contrast, soil A, distinguished by a lower liquid limit
and swelling potential, primarily contains the kaolinite mineral. Lambe [48] emphasized the
significance of mineralogy, especially for clay particles, noting that the nature of the
exchangeable ion profoundly affects frost susceptibility. Further studies by Lambe et al. [49]
revealed that clay minerals can both enhance and inhibit frost heave. Even minimal
concentrations (0.1% to 1.0%) of montmorillonite fines in silt were found to increase frost
heave, while higher concentrations led to a decrease.

The primary mechanism responsible for the modification of soil behavior induced by freezing
and thawing cycles is thought to be alterations in soil structures [50-52]. The total volume of
water-filled pores in the soil skeleton is a major factor controlling the axial strain of saturated
soils during freezing and thawing. Therefore, an increase in soil water content, influenced by
the high plasticity of the soils, corresponds to an increase in axial strain, primarily attributed
to variations in water volume, which can reach up to 9% during the freezing process [53]. As
a result, the frost heave of soil C is the highest among the other soil types
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The axial strain over 10 freeze-thaw cycles for all soils is shown in Figure 8. To determine
the axial strain during the freeze-thaw cycles, the initial height was recalculated taking into
account the swelling that occurred during the saturation process. The minimum axial strain
recorded was 0.03% for soil A3, while the maximum was 15% for soil C, which indicates a
considerable difference in axial strain between these two soil types.
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Forsoils A, Al, A2 and A3, the maximum axial strains observed were 1.4%, 0.8%, 0.5% and
0.4% respectively. These soils reached stable axial strains after the 4th freeze-thaw cycle.
The coarse material content had a positive effect on the axial strain, with the maximum axial
strain decreasing as the coarse material content increased (Figure 8a).

Similarly, the maximum axial strains observed in soils B, B1, B2 and B3 were 2.4%, 1.4%,
1.1% and 0.5% respectively. The reduction in axial strain became more pronounced as the
coarseness of the soil increased. After approximately the Sth freeze-thaw cycle, the difference
in axial strain between the successive cycles became relatively constant (Figure 8b).

Forsoils C, C1, C2 and C3 the peak axial strains were 15%, 3% and 2.5% respectively (Figure
8c). The soil skeleton exhibited stabilization after the Sth freeze-thaw cycle as shown in
Figure 8c.

As voids within fine-grained soils are exposed to low temperatures, pore-water transforms
into ice particles. When the soil is fully frozen (i.e., water within the voids between soil
particles are completely frozen), the volume of water increases approximately by 9%
resulting in unavoidable cracks in the soil [54]. Freezing water in the soil causes expansion,
which exerts significant pressure on pore walls in both soils and rocks, leading to changes in
their physical and mechanical properties [31, 55-59]. After thawing, finer particles and
fractures attempt to return to their original positions, but complete recovery is difficult,
especially for densely compacted soils, and this process repeats with each freeze-thaw cycle
[54]. As a result, plastic deformation occurs in the soil.

Figure 9 illustrates the axial strains of soil C, which exhibits the most significant deformation
during the freeze-thaw cycles. The highest strain, approximately 14%, occurs during the
freezing phase, while the strain during thawing ranges between 2-3%.
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Figure 9 - Plastic deformation boundary for the samples after freeze-thaw cycles

The freeze-thaw process significantly influences the physical-mechanical properties of
unfrozen or frozen soils, causing a structural rearrangement of soil particles [32]. This effect
persists until a critical number of cycles is reached, beyond which the volume change during
freezing no longer significantly affects void volume or particle arrangement [23,26,30-32].
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Sherif et al. [60] observed a reduction in frost heave in a silty sand with repeated freeze-thaw
cycles, attributing it to diminishing heave potential and compromised continuity of adsorbed
water films. This reduction was linked to the loosening and rearranging of particles through
successive freeze-thaw cycles.

3.2. Effects of Freeze-Thaw on CBR (%)

CBR tests were conducted on all samples to obtain load-penetration curves. The results,
denoted by the symbol ('), represent samples subjected to freeze-thaw (Figure 10). The curves
were plotted using the average values derived from the top and bottom test results. The ratio
between the CBR (%) values obtained at 2.5mm and Smm penetration depths was found to
be approximately 1.25.

The CBR(%) for groups A, B, and C both prior to and following freeze-thaw cycles are
presented in Figure 11. The CBR (%) of Group A soils prior to the freezing and thawing
cycles range from 2.28 to 7.2. The A3 sample exhibits the highest CBR (%), while the soil A
shows the lowest CBR (%) within this group. Following the freeze-thaw cycles, the CBR (%)
for Group A soils are observed to be in the range of 1.15 to 3.98. Similarly, the lowest CBR
(%) result is obtained with soil A and the highest with A3 soil. The percentage changes in
CBR (%) for the A, A1, A2, and A3 soils are as follows: 59.6%, 55.4%, 44.4%, and 44.7%,
respectively (Figure 11a).

Considering the CBR (%) results of the B group soils prior to freezing and thawing; the
lowest CBR is obtained from the B3 soil as 2.68, while the highest is 6.64 from the B3 soil.
After freezing and thawing, CBR (%) values vary between 1.01-3.48. The percentages of
decrease in CBR (%) in B group soils are respectively for B, B1, B2, and B3 soils; 62.3%,
57.3%, 56.9%, 47.6% (Figure 11b).

The CBR (%) values of group C soils were examined before experiencing freezing and
thawing. The results showed that C soil had the lowest CBR (%) among all the soils,
measured at %2.52. The CBR (%)for C1, C2, and C3 soils were %3.18, %4.05, and %5.95
respectively. After the soils were subjected to the freezing and thawing process, the
percentage differences in the CBR (%) were determined. The changes were as follows: 67.1%
for C soil, 57.5% for C1 soil, 56.1% for C2 soil, and 48.8% for C3 soil (Figure 11c¢).

CBR (%) is a significant parameter in assessing the suitability of soils as base, subbase or
subgrade material (Table 4). The comparison of the CBR (%) results reveals the adverse
effects of freeze-thaw cycles, leading to a substantial reduction in CBR (%), ranging from
approximately 40% to 70%. As indicated in Table 4, the CBR (%) results before and after
freeze-thaw demonstrate that the reduction in CBR (%)results in a change in the classification
of the material. Jessberger and Carbee [61] acknowledged this issue and illustrated through
a series of laboratory experiments that freeze-thaw cycling resulted in progressively
diminishing CBR (%), especially noticeable in clay soils.
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Table 4 - General ratings of soil to be used as a base, subbase, and subgrade material [56]

CBR General Classification System
Y . Uses

(%) rating Unified AASHTO

0-3 Very poor Subgrade OH, CH, MH, OL A5, A6, A7

3-7 Poor to fair Subgrade OH, CH, MH, OL A4, A5, A6, A7
7-20 Fair Subgrade OL, ML, CL, SC, SM, SP A2, A4, A6, A7
20-50 Good Base, Subgrade  GM, GC, SW, SM, SP, GP  Alb, A2-5, A3, A2-6
>50 Excellent Base GW-GM Ala, A2-4, A3

Soils classified as good or poor before freeze-thaw cycles are reclassified as poor or very
poor after cycles (Figure 11). Therefore, it is necessary to anticipate the infrastructure
challenges that may arise due to climate change in mild or semi-arid regions, taking into
account the changes in CBR (%)caused by the freeze-thaw effect .

Frost heave disturbs the integrity of the soil, changing its structure and causing it to become
much looser. As a result, the soil becomes unstable and weaker, which adversely affects the
stiffness and strength of the soil [22, 24, 31, 32]. In this study, the CBR (%) of the soils
before and after freeze-thaw cycles are examined in relation to the gradation and liquid limit
(Figure 12).
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The effect of Dso (gradation or coarse particle fraction) on CBR (%) was compared even
though water content and mineralogy (liquid limit) varied. Figure 12a shows that there is a
remarkable relationship between Dspoand ACBR (%). As Dsg increases, ACBR(%) decreases
due to the freeze-thaw cycles. It's clear that the ACBR (%) values show a relatively similar
trend for soils A3, B3, and C3, all of which share the same Dsy value. However, there are
slight variations which probably result from due to the mineralogy of the soils. Furthermore,
the correlation between LLrc and ACBR (%) was investigated in Figure 12b. The results
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indicated that the losses in bearing capacity within each soil group increased as the LLgc
increased.

4. CONCLUSION

Climate change brings about the potential risk that embankments or native soils below
freezing depth in temperate and semi-arid climates may be unexpectedly exposed to freeze-
thaw cycles. In such climates, frost effects are so underestimated that local soils may be used
for large embankments or roads may be built on frost-sensitive local soils. Therefore, it is
important to anticipate the potential problems associated with existing infrastructure caused
by a changing climate. To address this concern, our study focuses on investigating the loss
of bearing capacity due to freeze-thaw of a wide range of soils with different gradation and
mineralogy. The outcomes obtained from the experimental study are presented in the
following.

During freezing, the water in the voids of the soil structure expands, forcing the soil particles
to change position and breaking the interlocks between them. The soil particles move and
form a loose soil structure. During thawing, the soil particles are slightly displaced. However,
a permanent structural change occurs in the soil. Nevertheless, these deformations, or
changes in the volume, continue until a void ratio is reached where the expansion of water
during freezing no longer impacts the soil structure. Within the framework of this study, it
was noted that the axial strain stabilized after approximately 4-5 cycles for all soils.

The study results suggest that the axial strain of all soils stabilizes after approximately 4-5
freeze-thaw cycles. These freeze-thaw cycles induce volume changes in the soil, leading to a
loose and unstable soil structure. Consequently, the soil demonstrates weakened behavior
including reduced strength and stiffness. The findings of this study reveal a remarkable
decline in CBR (%), ranging from 40% to 70%, due to the effects of freeze-thaw cycles.

In the existing literature, the adverse effects of freezing and thawing on soils are primarily
attributed to the amount of fines present. Nevertheless, this study highlights the importance
of not only the fine content but also the properties of the fines themselves. While there is a
strong correlation between Dso and CBR (%) reduction, a degree of variability was observed
in ACBR (%) values among soils with the same Dsy. This suggests that the liquid limit plays
a significant role in the structural changes that occur during freeze-thaw cycles.

Moreover, the mineral composition has a significant influence on the frost susceptibility of
soils, particularly in terms of specific surface area, cation exchange capacity, and the presence
of negative charges on the soil surface — all of which collectively influence the soil's water-
retention capacity. In the context of the present study, it was observed that soil C,
characterized by the presence of clays of the smectite group, exhibited the most pronounced
response to freeze-thaw phenomena, demonstrating significant frost heave and loss of
bearing capacity. In contrast, soil A, characterized by the predominance of kaolinite mineral,
displayed the least susceptibility to the effects of freeze-thaw cycles.

A strong correlation was observed between the Dsyp and ACBR (%) values of all samples.
However, variations in the ACBR (%) values were observed among soil mixtures having
equivalent Dsg size, particularly in relation to their liquid limits. This observation suggests
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that soils sharing similar D5 values may undergo different change in CBR (%) during freeze-
thaw cycles, primarily owing to variations in their mineralogy.

In conclusion, this study underscores the critical impact of freeze-thaw cycles on soil
stability, revealing a substantial reduction in CBR (%) ranging from 40% to 70%. The
findings emphasize the nuanced influence of factors beyond fine content, highlighting the
significance of properties such as liquid limit and mineral composition. The observed
correlations between ACBR (%) and LL (%) as well as ACBR (%) and Dso provide valuable
insights, emphasizing the need for a comprehensive understanding of soil properties when
assessing the effects of climate change on infrastructure stability.

Nevertheless, the outcomes derived from this study are applicable to the designated
gradation, mineralogy, and freeze-thaw conditions. To draw more generalized conclusions,
additional investigations should be conducted with diverse soils.

Notations and Symbols

CBR: California Bearing Ratio

Dso: Average grain size

LLcup: Liquid limit value by Casagrande Test
LLgc: Liquid limit value by Fall Cone Test
PL: Plasticity limit

PI: Plasticity Index

ML: Low plasticity silt

CL: Low plasticity clay

SC: Clayey sand

MH: High plasticity silt

CH: High plasticity clay

XRD: X-Ray diffraction

w: Water content (%)

pk: Dry unit weight (gr/cm?)

Wopt: Optimum water content (%)

Waat: Saturated water content (%)

wr: Water content after 10 cycles of freezing and thawing (%)
€: Axial strain (%)

Ah: Axial displacement (mm)
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ABSTRACT

Electric power is essential in post-earthquake periods for the continuous functionality of
disaster management and emergency services. In addition, interruption of electric power can
cause significant economic losses due to downtime of critical facilities. Therefore, it is very
important to maintain seismic safety of electric power systems and components. There are
existing seismic regulations and standards regarding electric power systems, especially in the
United States of America (USA) and Europe. A similar regulation has been prepared recently
in Tiirkiye, which is a country in a seismically active region. This study focuses on the current
state of practice regarding the seismic assessment of electrical equipment in power stations
and implementation of the regulations on seismic qualification of these systems. Among
many electrical equipment, circuit breakers have been selected for case study. The seismic
assessment of the selected high voltage equipment has been performed according to the new
regulation under the seismic hazard specifically defined for Tiirkiye. The case study
experiment presents the new methodology in evaluating and classifying the seismic response
of high voltage electrical equipment and provides insight to the expected behaviour of circuit
breakers under earthquake induced action.
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Seismic Assessment of Electrical Equipment in Power Substations: A Case Study for ...

1. INTRODUCTION

In today’s world, economical losses have become more important than the physical losses
after major earthquakes, especially in the developed countries. There exist many efforts to
cope with financial issues caused by seismic action in post-earthquake periods. Therefore,
the focus of earthquake engineering has been shifting to the performance assessment of
lifeline systems and industrial facilities in order to avoid downtime and loss of functionality
of these critical structures due to earthquake damage.

Electric power stations are essential components of lifeline systems, for which there is no
tolerance to seismic damage induced loss of functionality or interruption of the service after
a major earthquake. Therefore, it is very important to maintain seismic safety of electric
power systems and components for the post-earthquake continuous functionality of disaster
management and emergency services. Especially in the last three decades, many major
earthquakes that occurred in different parts of the world (including Loma Prieta USA 1989,
Northridge USA 1994, Kobe Japan 1995, Chi-Chi Taiwan 1999, Pisco Peru 2007, Wenchuan
China 2008, Chile 2010, Port-au-Prince Haiti 2010, New Zealand earthquakes of 2010 and
2011, Tohoku Japan 2011, Lushan China 2013 and Kumamoto Japan 2016) have revealed
the seismic vulnerability of numerous electrical substation components to moderate and
severe ground shaking, particularly in equipment with 230 kV and above. For example, Schiff
[1] states that the economic losses due to structural damage of the electrical substation
equipment during the Loma Prieta, USA (My=6.9, 1989) and the Northridge, USA (My=6.7,
1994) earthquakes can be approximately estimated as $283 million. In 1999, the power
stations that transmit the power from the south part of the country to the industrialized and
populated regions in the northern part were partially collapsed during the Chi-Chi, Taiwan
earthquake (M=7.7) as seen in Figure 1 [2]. Eventually, the nation-wide interruption of
electric power caused by this major earthquake resulted in serious economic consequences
with a total estimated loss of $10-$12 billion.

Figure I - Partial collapse in power stations during the 1999 Chi-Chi Taiwan
earthquake [2]
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During the great earthquake that shook the Wenchuan region of China in 2008 (My=7.9), the
electrical equipment in many of the power stations were severely damaged while some
stations experienced total collapse due to the progressive failure of the interconnected system
with bus bars as seen in Figure 2 [3]. During the 2010 Chile earthquake (M,=8.8), the strong
shaking caused severe damage in tens of electrical equipment (including bushings, insulators,
conductors, circuit breakers, disconnect switches, voltage transformers and surge arresters)
in different substations all over the country [4]. The earthquake induced liquefaction during
the 2011 Christchurch New Zealand earthquake (My = 6.3) caused failures in the supporting
structures of different electrical equipment and excessive displacement that caused stress
concentrations on the electrical network connected by rigid buses [5].

Figure 2 - Ertaishan Switchyard which had experienced total collapse during the
Wenchuan China (2008) earthquake [3]

There are also incidents regarding seismic damage in substation equipment and interruption
of electrical power during major earthquakes in Tiirkiye. For instance, after the devastating
Kocaeli earthquake (My=7.4) in 1999, seismic damage at various levels was reported in 9
electrical substations and the electricity was cut off in 7 cities for a considerable period of
time ranging between 3 hours and 7 days [6-7]. During the sequential earthquakes in Van
Tiirkiye in 2011 (My = 7.2 in 23 October and My, = 5.6 in 9 November), 9% of the elevated
electric transformers were damaged and 600 km of interconnecting cables were replaced
although there was no significant damage in substation equipment in the affected area [8].
Site investigations performed after the 6" February 2023 Kahramanmaras earthquakes
document that high voltage transmission systems suffered damage aftermath of these
destructive events [9]. Damage to substation components was also observed by the authors
during their site visits to the affected area.

In summary, most of the electrical equipment in substations possess seismic vulnerability
due to their inherent characteristics. First, they are generally cantilevered and flexible
structures with elevated mass or with unbalanced mass concentration. Hence, they are highly
sensitive to amplified vibrational motion caused by earthquakes. Second, they contain many
fragile and brittle components like porcelain bushings, oil or gas filled equipment under high
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pressure, mechanical bearings, linkages, and electro-mechanical parts with close internal
tolerances. These types of materials and components can be easily damaged during severe
ground motion shaking. Especially the seismic vulnerability of such equipment becomes
more critical as the voltage of the equipment gets higher due to requirements of larger
clearances from the ground or between phases and longer dimensions that increase the
flexibility of the component. Besides, the failure in a high voltage equipment during an
earthquake cannot be tolerated in most of the cases since such equipment are located in
critical substations that provide electrical power to large areas of population and industrial
facilities. Third, the connectivity of electrical equipment through rigid bus bars or similar
conductors is another issue during the excessive and amplified displacements effectuated by
the seismic action if there is insufficient slack or tolerance in the connections. Meanwhile
excessive slack is also unfeasible since it may lead to violations in electrical clearance
requirements, cause instability of the equipment due to excessive lateral movement even
under wind loading [3].

The aforementioned seismic vulnerability of electrical equipment in substations has drawn
much attention after critical cases of equipment damage and malfunction in several electrical
power stations after major earthquakes in urban areas of California in the United States in a
period from 1970s (with the San Fernando earthquake of 1971) up to mid-1990s (with the
Northridge earthquake of 1994), which initiated the first efforts to develop seismic design
standards for such equipment. Accordingly, IEEE-693 Standard was first released in 1984,
and then revised in 1997, 2005. The final version of the IEEE-693 Standard was released in
2018 [10]. Hence, due to its continuous development and technical superiority , this IEEE
standard has become a worldwide popular document and leading seismic qualification
standard for electric equipment.

For seismic qualification of electrical equipment in Europe, the most commonly used
standards belong to the International Electrotechnical Commission (IEC). Unlike the IEEE-
693 standard as a single document, the IEC standards IEC62271-300 provide a family of
seismic qualifications which cover different types of electric equipment or part of the
qualification process found in substations. Other than these internationally accepted standard,
there are also national guidelines developed in different countries like China (GB standards)
and Japan (JEAG standards).

In Tirkiye, there have been no seismic regulations for the components of electrical power
systems up to a recent time although Tiirkiye is an earthquake-prone country. The Turkish
national seismic code covers only the legislations for building structures. However, the major
earthquakes in the last three decades, especially the 1999 earthquakes in highly populated
and industrialized Marmara region and the 2023 Kahramanmaras earthquakes that affected
significant percent of the national power system in the South-east region of Tiirkiye have
revealed the significance to mitigate the monetary losses and to manage post-disaster affairs
by enhancing the seismic performance of special and critical engineering structures or
components other than ordinary buildings. This issue triggered the efforts to develop
guidelines for non-building structures, which also include the electrical power systems and
their components. Hence a seismic qualification guideline was prepared for electric power
transmission systems in Tiirkiye with the governance of General Directorate of Highways,
which is a governmental organization under the Turkish Republic Ministry of Transport and
Infrastructure, the guideline has been published in the official gazette and it has been
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operative in 2024 as seismic qualification code [11]. The contents of this guideline with
emphasis of its interference with other national codes and standards has been discussed by
Sucuoglu et al [12].

As mentioned in the previous paragraphs, most typical seismic damage types for electrical
equipment in the past earthquakes are the failure of the porcelain bushings, derailment of the
transformers, poor anchorage, failure of surge arrestors, voltage transformer, circuit breaker,
and current transformer due to excessive vibration or interconnectivity effects [3,13]. Among
this equipment, the seismic vulnerability of circuit breakers, which are used for electrical
load switching and fault current interruption, becomes very critical since they are essential
equipment in a power station for continuous service and functionality. Therefore, this paper
focuses on the seismic performance assessment of this specific type of electrical equipment,
by putting emphasis on the importance of seismic safety evaluation of electrical equipment
in a power substation for the purpose of earthquake loss mitigation. The seismic assessment
is carried out by using the new Turkish earthquake code for power systems (TEC-PS) [11].
Hence this is a pioneer study in Tiirkiye to present seismic safety calculations for a case study
electrical equipment (i.e. circuit breaker) by introducing and using the new guideline that has
been recently under legislation.

2. TURKISH EARTHQUAKE CODE FOR POWER SYSTEMS

Development of a national code for seismic qualification of electric power related systems
and equipment was initiated in 2017 as a part of an extensive project to develop a series of
guideline documents for lifelines and critical infrastructures in Tiirkiye. The project was
sponsored by the General Directorate of Highways, which is a governmental organization
under the Turkish Republic Ministry of Transport and Infrastructure. In 2019, the guideline
was completed and submitted to the sponsoring agency for approval. Currently, the guideline
has been officially approved as Turkish earthquake code for power systems (TEC-PS) [11]
and it has been operative by the start of the year 2024.

Since there have been no such documents in Tiirkiye before to assess the seismic performance
of electrical equipment, TEC-PS [11] had been prepared in accordance with some well-
recognized international standards and the national seismic design and construction practice
that takes into account seismic qualification of electrical equipment in power substations.
This code is mainly divided into three sections labeled as A, B and C.

Section A is the core and the most detailed part of the code. It includes general seismic safety
considerations, seismic hazard identification, definition of seismic qualification levels,
qualification methods, seismic performance criteria for different equipment and installation
requirements for the equipment.

One of the most important parts in Section A is the seismic hazard identification. In TEC-PS
[11], seismic hazard is defined in two different levels as high and moderate with the selected
seismic hazard parameter as the peak ground acceleration (PGA). In high and moderate
seismic hazard levels, the PGA values have been considered as 0.5g and 0.25g respectively.
Figure 3 presents the required response spectra for these two different hazard levels for
damping ratios of 2%, 5% and 10%. It should be stated that the proposed response spectra in
TEC-PS [11] is in accordance with the design spectra in TBSC-18 [14].
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Figure 3 - Required response spectrum for high and moderate hazard levels in terms of 2%,
5% and 10% damping

Another important issue in Section A is the attainment of the seismic qualification levels. In
TEC-PS [11], seismic qualification levels for electrical equipment are considered as high,
moderate, and low in terms of the PGA value at the considered site (Table 1). The on-site
PGA value for the default stiff (rock) site condition can be obtained from the Turkish Seismic
Hazard Map (https://tdth.afad.gov.tr/) for a seismic hazard level with a return period of 2475
years (DD-1 level in TBSC-18 [14]) and then modified with appropriate coefficients to get
the actual value for the local site condition of the substation. For high and moderate seismic
qualification levels, the corresponding required response spectra for high and moderate
hazard levels (see Figure 3) are employed. In the case of low seismic qualification level, there
is no need to examine the seismic safety of the electrical equipment. On the other hand, there
exist some technical requirements related with the anchorage of the equipment during
installation to satisfy the required level of structural safety for continuous operation.

Table 1 - Seismic qualification levels defined in TEC-PS [11]

PGA intervals Qualification level
PGA >0.5g High
0.1g <PGA <0.5g Moderate
PGA <0.1g Low

For seismic qualification of the electrical equipment, TEC-PS [11] offers analytical or
experimental methods, which depend on different criteria like the equipment type, its
function within the substation and voltage level. The analytical methods that can be used
within the context of the code can be listed from simple to complex as static analysis, static
coefficient analysis and response spectrum dynamic analysis. The challenges in analytical
modeling are the development of numerical models for equipment of complex geometry and
with numerous sub-assemblages and the determination of material properties of the parts of
the equipment to be used in numerical modeling. The second alternative is experimental
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testing, especially in the case of critical equipment with many small parts that are sensitive
to vibration and for which numerical modeling is not feasible. TEC-PS [11] recommends
static pull test, resonant frequency search test, sine beat test and time history test as the
alternatives according to the type of the electrical equipment. Except for the static pull tests,
a shake-table facility is required for all the other tests, which is currently a major issue in
Tirkiye.

The next part in Section A of TEC-PS [11] is devoted to the general seismic qualification
requirements for all equipment and specific seismic qualification requirements for each
individual electrical equipment. The main criteria for the general seismic qualification
requirements are the equipment voltage level, past earthquake performance of the equipment
class and the equipment importance.

For instance, since higher voltage means more seismically vulnerable equipment, the general
requirements are more stringent for high voltage electrical equipment. Likewise, the past
performances of some classes of electrical equipment reflect their damageability potential
during seismic action. For instance, cantilever-structured electrical equipment (circuit
breaker, instrument transformer, disconnect switch, bushing, insulator, etc.) is more
susceptible to seismic damage. In addition, the importance of the electrical equipment within
the substation also plays a crucial role as a general seismic qualification requirement.

According to general seismic qualification requirements, the stresses in critical parts of the
equipment, which have been calculated by combining dead load, earthquake load from
required response spectrum and other service or operating loads, should not exceed the
allowable material stresses. In addition, the calculated tip deflections of cantilever-structured
equipment should not exceed the allowable deflection limits, which are functions of the
voltage level. During shake-table tests, there should be no damage in the equipment body, at
the connections or at the support.

Specific seismic qualification requirements are determined according to the type and
properties of the equipment. In TEC-PS [11], these specific rules have been defined
individually for 15 different electrical equipment that can be installed in a substation,
including the circuit breaker. The requirements can be relaxed if a more conservative and
reliable seismic qualification approach is to be used for the considered equipment. However,
the earthquake loads applied to the equipment are increased by 50% in the case of using a
simpler or less reliable seismic qualification approach.

The last part in Section A of the code deals with the installation issues of electrical equipment
such as suspended equipment, adjacent equipment interaction, support structures, anchorage,
and base isolation. The detailed discussion related to the equipment installation is covered in
Sucuoglu et al. [12].

Section B of TEC-PS [11] is focused on the seismic design of structural systems in
substations. The design rules stated in this part are generally in accordance with the
regulations in TBSC-18 [14]. The last part of the code, i.e., Section C, considers the seismic
design of transmission and telecommunication towers.
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2.1. Comparison of Seismic Hazard Definitions in TEC-PS and International Codes

Dynamic response analysis is a general approach used for seismic qualification of power
substation equipment, as included in international codes such as IEEE-693 [10] and
IEC62271-300 [15]. IEEE-693 [10] defines two different levels of qualification: performance
level and design level. The code specifies that high and moderate-level spectra for
performance level are double that of the design level. IEEE-693 only permits dynamic tests
for performance level qualification and ensures that the equipment remains functional during
and after the test without considerable structural damage. IEEE-693 was last revised in 2018
[10], with the previous version being published in 2005 [16]. Although the definitions of
spectra (high and moderate level) for design and performance levels are the same in both
versions, the latest version of IEEE-693 [10] extends performance level dynamic testing for
most equipment that needs to be qualified by the time history test method. Additionally, it
includes some revisions regarding seismic loads for anchorages, test requirements for the
qualification of bushings, and conductor seismic load effects for the qualification of certain
equipment. IEEE-693 [10] allows dynamic analysis only in design level qualification, similar
to the other two codes TEC-PS [11] and IEC62271-300 [15]. These three codes define high
and moderate-level acceleration spectra for different damping values for dynamic response
analysis. Figure 4 shows comparison of high and moderate-level acceleration spectra as
defined in TEC-PS, IEEE-693, and IEC62271-300 for 2% and 5% damping. Unless any
other damping value is justified for the electrical component, these three codes suggest to
assume 2% damping for dynamic analysis.

Figure 4 shows that the high-level spectral ordinates of TEC-PS and IEEE-693 with 2% and
5% damping are higher than those of IEC62271-300. The period limits of constant
acceleration region also show differences among the spectra curves. The constant
acceleration region for high and moderate level spectra with 2% and 5% damping are defined
within the period range of 0.125 s t0 0.9 s, 0.125 s t0 0.8 s, and 0.1 s to 0.4 s in IEEE-693,
TEC-PS, and IEC62271-300 spectra, respectively. In the constant acceleration region, the
high-level 2% damped spectrum of TEC-PS are 8% lower than that of IEEE-693 and 4%
higher than that of IEC62271-300. The margins increase to 20% between TEC-PS and IEEE-
693, and 30% between TEC-PS and IEC62271-300 in the descending branches of the spectral
curves. The 5% high-level TEC-PS spectrum closely matches that of IEEE-693 up to T=0.8
s. However, the TEC-PS spectral ordinates are 14% lower than those of IEEE-693 in the
descending branch. These two spectra yield demands almost 2.5 times higher than the
spectrum given IEC62271-300 up to T = 1 s. On the other hand, it is deduced from Figure 4
that the moderate level spectra of TEC-PS are lower than those of IEEE-693 with the same
percentage of difference is attained for their 2% and 5% damped high-level spectra
comparison, The 5% percent damped moderate-level spectra of TEC-PS and IEEE-693 yield
higher spectral acceleration values than that of IEC62271-300 throughout the whole period
range. On the other hand, the moderate-level acceleration spectrum given in IEC62271-300
for 2% damping possesses 16% and 9% higher acceleration values than those of TEC-PS and
IEEE-693, respectively for up to 0.6 s. For periods larger than 0.6 s, the trend of three spectra
is close to each other. Based on the discussion above, seismic demands given by TEC-PS and
IEEE-693 are generally similar, while IEC62271-300 opts for somewhat lower spectral
acceleration values for 5% damping.
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Figure 4 - Comparison of high and moderate seismic hazard level response spectra for
2% and %5 damping

3. SEISMIC SAFETY CALCULATIONS FOR THE CASE STUDY EQUIPMENT

This paper focuses on the seismic safety assessment of electrical equipment in power
substations by considering circuit breakers for case study. In other words, similar seismic
safety calculations can also be carried out for the other electrical equipment. All the
considerations and calculations are conducted in the context of the new Turkish earthquake
code for power systems (TEC-PS) [11]. Hence the paper also presents the state of practice
for seismic qualification of electrical equipment in Tiirkiye by applying the new national
code for the first time.

Circuit breakers have been used for electrical load switching and fault current interruption in
power substations. Therefore, they are one of the critical components in the protection system
of a power station for continuous service and functionality. There are two types of circuit
breakers according to the chamber that houses the interrupter mechanism: live tank and dead
tank. Live tank circuit breakers have their tank at line potential and they are supported by
insulating columns (Figure 5, left). Dead tank circuit breakers possess a current transformer
at the base of their bushings and the tank is at ground potential (Figure 5, right). Both of these
types of circuit breakers are mounted on supporting frames made of steel profiles and they
are directly anchored to a rigid foundation [17].

Live tank circuit breakers are more economical and require less space within the station
whereas they are more vulnerable to seismic action due to their elevated mass and slender or
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cantilevered structure. Seismic fragility of live tank circuit breaker has been verified by the
reported cases of damage and failure after past earthquakes [3, 18]. Accordingly, potential
modes of failure can be listed as follows: tipping of the equipment due to anchorage failure,
buckling or yielding of the members within the supporting frames due to excessive vibration,
failure of brittle porcelain breaking unit or support insulator under high internal pressure and
leaking of gaskets separating column members.

Figure 5 - A typical live tank circuit breaker (left) and a dead tank circuit breaker (right)

The above discussions reveal that seismic design and qualification of circuit breakers is
important to ensure the safety of power substations. Hence this section of the paper focuses
on the seismic performance evaluation of two different (1-pole and 3-pole) live tank circuit
breakers by referring to the Turkish seismic qualification guideline for electrical equipment.
The following sub-sections cover seismic qualification requirements, the identification of
seismic loads through the related design spectrum, numerical modeling of the selected circuit
breakers, the details of seismic analysis and the interpretation of the analysis results.

3.1. General Description of Case Study Equipment

General view of 1-pole type circuit breaker is given in Figure 6, left. The insulator and
interrupter mechanism are connected to a steel support structure which is 2.3 meters high.
The support structure is composed of four vertical steel angles connected by braces. The
vertical elements are L.80.80.8 equal-leg angles while braces are L.65.65.5 equal-leg angles.
Horizontal steel plates having dimensions of 60mm x 8mm are placed at top and bottom ends
of the support structure connecting the vertical elements. The vertical elements are anchored
to reinforced concrete footing at the base via steel anchorage bars. The operation of the circuit
breaker is maintained and controlled from a cabinet with a mass of 240 kg. The control
cabinet is bolted to the support structure at one side. Total mass of the circuit breaker is 1200
kg including the control cabinet.

3-pole type circuit breaker has an interconnected electromechanical interrupter mechanism
between poles which is operated from a single control cabinet. The construction is similar to
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that of 1-pole system; however, individual poles and support structures are connected by two
structural steel channel section beams in transverse direction. The spacing between poles is
3 meters and the mechanical connections running through the spans enable the circuit breaker
equipment in poles perform the opening-closing operation simultaneously. General layout of
the 3-pole circuit breaker structure is presented in Figure 6, right. The support structure
geometry of the equipment is same as that of one-pole system albeit all members are
L.70.70.5. Two NPU320 type channel profile steel beams are connected to three support
structures via four M24 bolts per support. NPU320 profiles having 320 mm height, 90 mm
flange length with web and flange thickness about 10, and 13 mm, respectively are 6.6 meters
long. Three circular holes with 182 mm diameters in beam webs are located at several
locations along the span to provide access to the interrupter mechanism located between the
beams. Three poles with the same geometry and dimensions to that of 1-pole breaker are
bolted to steel beams with M24 bolts as shown in Figure 6, right. The total height of the
circuit breaker is 6 meters. The control cabinet is bolted to the steel beams between the second
and third poles and has a mass of 600 kg. The system, in total, has a mass of 3200 kg.
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Figure 6 - General views of the 1-pole (left) and 3-pole (right) circuit breakers
(units in mm).

The pole structure is composed of an insulator element and an interrupter which contains the
circuit breaker mechanism. Both insulator and interrupter elements are made of porcelain
with electrical components located inside. The insulator has a tubular profile with an
equivalent diameter of 210 mm and 35 mm thickness. The interrupter atop the insulator
contains the circuit breaker mechanism and has a tubular section with varying diameter which
is largest at 325 mm with 30 mm thickness. Both elements are 1.83 m high. Between two
elements as well as at the bottom end of the pole are tubular aluminum connection members
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which are 150 mm in height. Material properties of structural steel, aluminum and porcelain
elements of circuit breakers are given in Table 2.

Table 2 - Material properties of the elements of the inspected high voltage circuit breakers.

Modulus of Elasticity Unit Weight

Material (GPa) (kN/m?) Strength (MPa)
S235JR Structural 210 770 235
Steel
Porcelain 124 26.5 55
2014 — T6 Aluminum 73.6 26.6 70

3.2. Seismic Action and Service Loads for the Case Study Equipment

Turkish earthquake code for power systems (TEC-PS) [11] specifies that high voltage circuit
breakers should meet high seismic performance level in order to be qualified. As for the
qualification method, response spectrum dynamic analysis could be performed under the
seismic hazard compatible with the required performance level. The qualification procedure
also requires that the circuit breaker equipment should be investigated under the combined
action of service and seismic loads.

The high-performance level that circuit breakers should meet requires the use of the high
seismic hazard level response spectrum. Modal damping ratios of both circuit breaker types
are determined as 2% as specified in the TEC-PS [11]. Consequently, the response spectrum
given in Figure 3 for the associated damping ratio is used in the dynamic analyses for
horizontal excitation. Vertical excitation is also considered by defining the vertical response
spectrum which is obtained by multiplying the selected horizontal design spectrum by a
factor of 0.8.

Both allowable stress and load and resistance factor design methods are permitted to be used
in evaluation of seismic response obtained by performing dynamic analysis. As allowable
stress approach is adopted in this study, associated load combination (Equation 1) specified
by the TEC-PS [11] is employed. Vertical seismic loads computed according to vertical
response spectrum which is obtained by imposing a scale factor of 0.8 to the horizontal
acceleration spectrum, as per TEC-PS [11]. They are incorporated into Epload case which is
included in the load combination given in Equation 1.

106 + 1.0E, + 1.0S €))
In Equation 1, G denotes self-weight, S denotes the service loads acting on the circuit breaker

during operation. Ej is the earthquake load combined for two horizontal and vertical
orthogonal directions as defined in Equation 2.

E, = +Ef + 03E} + EZ @
Ep = +03Ef + E} + E}
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High voltage circuit breakers generate impact loads in their poles during instantaneous
opening and closing actions. The opening operation acts compression (downward) loads to
the poles. Similarly, closing operation results in a tension (upward) load. According to its
specifications, 1-pole circuit breaker generates 44 kN compression and 22 kN tension loads
in closing and opening operations, respectively. In the case of 3-pole system, a compression
load of 90 kN and a tension load of 40 kN during opening and closing, respectively are
applied to all 3-poles simultaneously. These services loads for both types of circuit breakers
are taken into account in the load combination given in Equation 1.

In a high voltage circuit breaker, each pole is connected to bus bars or high voltage lines at
their two end terminals. Environmental factors cause deformations and movement in
connected elements, resulting in point loads acting on terminal ends of circuit breakers.
According to Substation Structure Design Guide [17], these loads are determined as 1250 N
in direction of bus bars, 750 N in perpendicular direction and 1000 N in direction of gravity.
The terminal loads which are the external connection loads are acted in both senses (positive
and negative) in the analyses. The service load case, S in Equation 1 represents the result
envelope of the analyses performed under terminal loads acting in different directions.

3.3. Numerical Modeling of the Case Study Equipment

Three-dimensional finite element analytical models of high voltage circuit breakers are
created using a commercially available structural analysis software. Discrete elements are
utilized in modeling all members of 1-pole circuit breaker. In the case of 3-pole system, two
steel beams connecting the individual breaker poles are regarded critical members in terms
of expected stress demands. Due to this consideration, two steel beams are modeled using a
continuum approach while other parts of the equipment are represented as discrete elements.
A fine mesh of four-node finite elements has been created for the steel beams of the 3-pole
circuit breaker. Pole structures are represented in the model with equivalent diameters and
thicknesses of their members. The equivalent thickness of the porcelain insulators was
determined according to their bending stiffness. Consequently, the complex cross-sectional
geometry of the porcelain members was transformed to a tubular cross section which is more
convenient for numerical modeling. The self-mass of the equivalent sections was also
modified so that the total mass of the tubular sections is the same as actual porcelain
insulators. Hence, the dynamic characteristics of these members, namely stiffness and mass
properties, were incorporated into the numerical model with satisfactory accuracy. Discrete
elements representing the porcelain insulators are connected to the support structures via
massless link members at the actual position of the bolts. By doing so, the force transfer
between the insulator and the support structure is attained at the bolt interfaces. The control
cabinets, which contribute the total mass, are included in the analytical models as point
masses placed at their respected locations and connected with rigid elements to the rest of the
models. Analytical model visuals of both systems are presented in Figure 7.

Dynamic properties of two circuit-breaker systems are determined via modal analyses. The
first four free vibration periods of 1-pole circuit breaker are computed as T =0.153 s, T, =
0.150 s, T3 =0.035 s and T4 = 0.034 respectively. Due to its geometry, 1-pole circuit breaker
behaves like a cantilever column. The mode shapes and associated free vibration periods of
3-pole circuit breaker are given in Figure 8.
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3.4. Analysis Results
3.4.1. 1-pole Circuit Breaker

Stress demands on elements of the circuit breaker is compiled from the most unfavorable
loading conditions obtained from the load combinations defined in Equation 1. These
demands and allowable stress limits for each type of material are given in Table 3. In
accordance with the allowable stress approach, a safety factor of 1.67 is used for steel
members as defined in Turkish Steel Design Code [19]. Porcelain members are classified as
brittle under loading. Therefore, TEC-PS [11] limits the allowable stress by 50% of the
strength. Hence, a safety factor of 2 is utilized according to the regulation. In the case of
aluminum members, the safety factor is used as 1.65 conforming to Aluminum Design
Manual [20].

Table 3 - Computed stress demands and allowable limits for 1-pole circuit breaker
(results in MPa).

Maximum Stress Minimum

Element Type Demand Stress Demand Allowable Stress
Steel members 115.3 -132.7 140.7
.Por(.:elam 1nsu1atqr and 249 237 275
circuit breaker equipment
Aluminum (2014 — T6) 301 985 4.4

connection members

Maximum and minimum stresses as well as allowable limits for M24 bolts connecting the
pole to the support structure and anchorage bars at the foundation level are given in Table 4.
A safety factor of 2 which is required for both type of members according to Turkish Steel
Design code [19] is satisfied for the given loading.

Table 4 - Comparison of maximum and minimum stress levels of connection bolts and
anchorage bars with allowable limits.

. Maximum
Maximum . Computed
. Stress in Strength
Member Tension . Safety Factor
Force (kN) Tension (MPa) (SF)
(MPa)

M24 connection bolts 126.4 279.4 640.0 2.30
Foundation 94.2 1333 640.0 4.80

anchorage bars

Results in Tables 3 and 4 indicate that the 1-pole circuit breaker satisfies the seismic
qualification requirements defined in the TEC-PS [11] for the high hazard seismic level.
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3.4.2. 3-pole Circuit Breaker

Stress demands computed from the seismic analyses are compiled in a similar manner to 1-
pole system and evaluated according to allowable stress approach. Results are given in Table
5 for all steel, aluminum, and porcelain components of the 3-pole circuit breaker.

Table 5 - Computed stress demands and allowable limits for 3-pole circuit breaker
(results in MPa).

Maximum Stress Minimum

Element Type Demand Stress Demand Allowable Stress
Steel members 127.6 -138.6 140.7
Porgelam 1nsulatqr and 253 6.8 275
circuit breaker equipment
Aluminum (2014 — T6) 26.1 8.0 4.4

connection members

Finite element results of steel beams connecting 3-poles are processed for the most
unfavorable load combination and shown in Figure 9 for two principal axes.

Local stress concentrations are observed in Figure 9 at connections to poles and support
structures as well as circular openings as shown in the insets. The maximum and minimum
stress demands compiled from these results are shown in Table 6. The safety factor is 1.67
as in the case of other structural steel members.
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Figure 9 - Stress demands (kPa) obtained from finite element analysis of steel beams for 1-
1 (left) and 2-2 (right) principal axes.
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Table 6 - Stress demands of NPU320 steel beams and allowable limits (results in MPa).

1-1 2-2

Load rincipal rincipal Allowable
Combination princip princip Stress
axis axis
Maximum 92.0 95.2 140.7
Minimum -90.8 -101.9 140.7

Stress evaluation for M24 bolts connecting the poles, beams and support structures is given
along with anchor bars in Table 7. Computed safety factors for these members are higher
than the required safety factor of 2.

Table 7 - Comparison of maximum and minimum stress levels of connection bolts and
anchorage bars with allowable limits.

. Allowable
Maximum . Computed
. Stress in Strength
Member Tension . Safety Factor
Force (kN) Tension (MPa) (SF)
(MPa)

M24 connection bolts 99.5 219.9 640.0 2.90
Foundation anchorage bars 66.3 93.8 640.0 6.8

It is determined from the results that 3-pole circuit breaker system also satisfies seismic
qualification criteria for high hazard level which is defined by the TEC-PS [11].

3.5. Discussion of the Analysis Results

The 1-pole circuit breaker predominantly behaves as a single mode pendulum under the
seismic action due to its geometry. Hence, the highest demands presented in this study are
computed at the bottom ends of its components. However, stress concentrations that could
implicate a localized area of vulnerability are not observed in any particular part of the circuit
breaker.

It has been noted that the dynamic behavior of the 3-pole circuit breaker is different than that
of the 1-pole circuit breaker due to more complex geometry. This situation, in turn, causes
an increase in seismic demands determined for the 3-pole circuit breaker. The steel beams
running along the transverse length of the system play an important role in the out of plane
behavior of the circuit breaker in terms of transferring loads between support structures and
providing torsional rigidity. Their failure may lead to serious instability of the system. It has
been observed that some stress concentrations occur along steel beams in places such as holes
or connection regions. Although computed demands are close to allowable stress limit in
these members, they perform as required when subjected to code defined seismic hazard.
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4. CONCLUSIONS

The seismic safety of non-building structures has become the new focus of earthquake
engineering research in the last two decades. This is due to the fact that in today’s world it is
also important to mitigate economical losses and loss of functionality as well as the physical
losses after a major earthquake. This new paradigm turns the spotlights on electrical
equipment in power substations, which should continue their functionality in post-earthquake
periods. Hence, this study focuses on the seismic safety assessment of the electrical
equipment by introducing the recent efforts on national scale regarding their seismic
qualification and then by putting the emphasis on a specific electrical equipment within the
substation; namely the circuit breaker.

There are reasons for selecting circuit breakers as a case study. First, it is an essential
electrical equipment in a power station for continuous service and functionality since it is
used for electrical load switching and fault current interruption. Second, like most electrical
equipment, it is highly sensitive to amplified vibrational motion caused by the earthquakes
due to its cantilevered and flexible nature with elevated mass and fragile components. Hence,
the study focuses on the seismic safety calculations of two different types of circuit breakers
(1-pole and 3-pole) by using the new Turkish Earthquake Code for Power Systems (TEC-
PS). The following conclusions can be drawn based on the obtained results:

» Circuit breakers can be regarded as one of the most critical equipment in a power
substation due to their cantilevered structures of the poles which are made of fragile
and brittle material. Hence, they should be designed carefully to resist the earthquake
loads in the most critical zone with the highest level of seismic action in addition to
the other service loads.

* 3-pole circuit breaker seems to be more vulnerable to seismic action than the one-pole
circuit breaker due to geometrical complexity that triggers the higher vibration modes.
In that case, the critical zones in terms of stress concentration are located at the load
transfer sections between different components of the equipment (i.e. insulator-
interrupter, insulator-beam, beam-support structure). In the case study equipment, the
values seem to be within allowable limits although they are considerable under high
hazard level that is dictated by the response spectrum.

* The analysis results show that it is also important to check the seismic safety of the
supporting frame and its anchorage to the base plate in order to avoid any premature
failure during the vibration of the equipment.

This study is novel in the sense that it presents the new methodology in evaluating and
classifying the seismic response of high voltage electrical equipment and provides insight to
the expected behavior of circuit breakers under earthquake induced action. It also
demonstrates the current state of practice regarding the seismic assessment of electrical
equipment in power stations and implementation of the new Turkish Earthquake Code for
Power Systems that will be effective very soon. In that respect, the study also serves as a
pioneer document for those who will use the new national code for electrical equipment in
the near future.
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Cekme Yiikiine Maruz Betonarme Kazik Davranisinin
Orijinal Bir Kazik Yiikleme Deneyi ve Imalat Yaklasimi
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Enstriimante edilmis kazik yiikleme deneyleri ile kazik boyunca olusan yiik dagiliminin
belirlenmesi, Performansa Dayali Kazik Tasarimina (PDK-T) imkan vermekte ve temel
kaziklarinin tasarimindaki belirsizlikleri asgari diizeye indirmektedir. Ancak, cekme yiikiine
maruz betonarme kaziklarda (fore kazik, prekast ¢akma kazik, yerinde dokme ¢akma kazik
Vibreks, vs.) olusan ¢gekme gerilmeleri sebebiyle olusan gatlak gelisimi kaziklarda biitiinliik
ve uzun vadede durabilite problemlerini giindeme getirmektedir. Bu makalede ¢ekme yiikiine
maruz betonarme kazik davraniginin kaziklar ile incelenmesi amaglanmistir. Bu kapsamda
ara mesafesi yaklagik 6m olan komsu iki kazik {izerinde eksenel statik ¢gekme kazik yiikleme
deneyi (S-KYD/C) gerceklestirilmistir. Kazik cekme deneylerinde birinci tip TK-2 (TiP-A)
deney kazig1 konvansiyonel olarak kazik basindan cekilmesi ve ikinci tip ise TK-3 (TIP-B)
ise Ozel bir tertibat ile kazik tabanindan ¢ekilecek sekilde imal edilmistir. Kazik bagindan
cekilmesi durumu (TIP-A) icin deneyde uygulanan eksenel ¢ekme yiikii altinda betonun
cekme deformasyon kapasitesine ulasildiginda catlak gelisimi birim deformasyon
Olciimlerinde tespit edilmis ve tahribatsiz deney uygulamalartyla da teyit edilmistir. Bu
durum yaklasik 70-120 mikroStrain mertebelerinde gézlenmis olup literatiirdeki eksenel yiik
ve momente maruz beton kesitindeki ¢atlak gelisimini inceleyen c¢alismalar ile uyumludur.
Bu menfi etkilerin bertaraf edildigi betonda ¢ekme gerilmesinin olugsmadigi tarzda orijinal
bir diizenek tasarlanmistir. Bu diizenek vasitasi ile aymi sartlardaki komsu kazik, tabandan
yukart istikamette ¢ekilerek betonda basing gerilmesi mobilize edilerek ¢gekme yiikii altinda
test edilmistir. Bu gelistirilen orijinal deney ve imalat usulii konvansiyonel olarak kazik
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basindan ¢ekilerek tatbik edilen ¢ekme yiikleme durumundaki problemleri bertaraf ettigi
kazigin yiik deplasman performansinda ve yiik transfer iliskisinde hatir1 sayilir bir sekilde
performans artis1 sagladigi gozlemlenmistir. TIP-A ve TIP-B yiik tatbik noktasmin farkli
olmas1 sebebiyle dogrudan karsilastirma yapmak miimkiin olmamakla beraber genel bir
kiyaslama maksadiyla, kazik tasima kapasitesi tahmin yontemi Davisson Yontemi ile kazik
bast yiikii ve kazik bas1 deplasmani igin yapilan analizde kazik kapasitesi TIP-A i¢in 6.1MN
iken TIP-B i¢in 8.9MN ve kazik tabani yiik - kazik taban1 deplasman i¢in yapilan analizde
ise TIP-B icin 7.3MN olarak belirlenmistir. Bu da benzer sartlarda iki komsu es fore kazigin
farkl1 tarzda yiiklenmesiyle elde edilen kapasitenin kazik basi yiik - kazik bas1 deplasman
iliskisine gore “Davisson Kazik Kapasitesi Tahmin Yontemi” ile ~%146 mertebelerinde yine
TIP B igin kazik tabani yiik - kazik taban1 deplasman iliskisi kiyaslamasina gore ise ~%120
mertebelerinde daha yiiksek gekme kapasitesine ulastig1 anlamina gelmektedir.

Anahtar Kelimeler: Betonarme c¢ekme kaziklari, enstriimante edilmis kazik yiikleme
deneyi, aletsel gézlem, catlak, performansa dayali kazik tasarimi, kazik siireklilik/biitiinliik
deneyi.

ABSTRACT

Investigation the Behaviour of Cast In-Situ Piles which are Subjected to Tension /
Uplift Load with A Novel Pile Constructing / Testing Approach

Instrumented pile loading tests can give a better understanding of the pile load-transfer
mechanism. It also allows for assessing the integrity and durability issues of the bored piles
under tension. When a reinforced concrete pile is subjected to high tension forces, it might
reach the tensile stress capacity of concrete, and cracking occurs at the weakest section. In
this study, the results of an instrumented axial static tensile pile loading test (S-KYD/C) were
evaluated regarding crack development and propagation. It has been determined that crack
development occurs when the tensile deformation capacity of the concrete is reached under
the axial tensile load applied during the test. This phenomenon was observed at
approximately 70-120 microStrain levels and is consistent with similar studies in the
literature. With a novel approach, that prevents tensile stress development in the reinforced
concrete body, the problems mentioned above are targeted to be eliminated. Dywidag-made
GEWIPlus bars were used to transfer the pile head load to the pile toe. This mechanism
ensures the development of compression stresses in the pile during pull-out upward loading.
Loading from the pile toe contributes considerably to the load-displacement behavior of the
piles that are under tension load. TIP-A and TIP-B different load application points normally
don’t provide a chance for direct comparison. However, for a general understanding, the
comparison might be done with the “Davisson Pile Capacity Estimation Method” for TIP-A
and TIP-B pile loading test results as per pile head load - pile head movement relations.
6.1MN for TiP-A and 8.9MN for TIP-B estimated with the Davisson Method as per pile head
behavior. These figures represent a ~%146 capacity increase for piles under tension load.
Moreover, because the load application point is from the pile toe, comparing pile toe load -
pile toe movement for TIP-B might be worthwhile. 7.3MN for TIP-B resulting ~%120
capacity increase.

Keywords: Integrity, crosshole logging, tension, crack, pull-out, instrumented pile loading
test.
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1. GIRiS

Enstriimante edilmis kazik yiikleme deneyleri ile kazik boyunca olusan yiik dagiliminin
belirlenmesi, Performansa Dayali Kazik Tasarimina (PDK-T) imkan vermekte ve temel
kaziklarinin tasarimindaki belirsizlikleri asgari diizeye indirmektedir. Ayrica, ¢cekme yiikiine
maruz betonarme kaziklarda olusan ¢ekme gerilmeleri sebebiyle olusan catlak geligimi,
kaziklarda biitiinlik ve uzun vadede durabilite problemlerini giindeme getirmektedir.
Betonarme kaziklara kazik bagindan yukari istikamette yiik tatbik edilmesi ve bu yiikiin beton
cekme gerilmesi kapasitesine ulagmasi halinde en zayif kesitte ¢atlak gelisimi s6z konusu
olmaktadir. Catlak gelisimi kazigin ¢ekme yiikii altinda deplasman davranigini
etkilemektedir. Bu durum kazik ¢ekme deneylerinde kazik davranisinin degerlendirilmesini
ve t-z iliskilerine bagli simiilasyonunun yapilmasini zora sokmaktadir. Esasen, “Tekil Kazik-
Zemin Etkilesim Modeli” sihhatli bir seklide olusturulamamaktadir. Bu durum daha g¢ok
aragtirmacilar tarafindan mobilize olan saft direncinin istikamete bagli olmasi ile
aciklanmaya calisilmigtir. Ancak, literatiirde saft direncinin kazigin hareket istikameti ile
degisip degismedigi hususunda farkli goriisler mevcuttur. England [9] ve Fellenius [11]
calismalarinda deplasman dogrultusunun saft direnci tizerinde bir etkisi olmadigini, diger bir
deyisle kazik saftinda mobilize olan kayma gerilmesinin kazigin basing veya ¢ekme yiikiine
maruz kalmasindan bagimsiz oldugunu raporlamiglardir. Bu goriise karsilik bazi
aragtirmacilar ¢gekme yiikiine maruz kaziklarm saft direnglerinin, basing yiikiine maruz
kaziklardan daha diisiik oldugunu raporlamaktadirlar [16] [17].

Jardine ve Chow [16] tarafindan yapilan ¢aligmada ¢ekme yiikiine maruz kaziklarda saft
etkiyen radyal efektif gerilmelerin ve kazik boyunca etkiyen pik lokal kayma gerilmesinin
kum birimlerde basing yiikiine maruz kaziklara nisbeten daha diisiik oldugu ancak kilde bir
farklilik olugmadig: belirtilmektedir. Liew vd [17] ise ¢ekme yiikiine maruz kaziklarda saft
direncindeki azalmanin kazigin Poisson orani etkisi sebebiyle geometrik biiziilmesinin etkili
oldugunu belirtilmektedir. Ayrica, yaptiklart karsi kuyu ultrason deneyinde statik ¢ekme
kazik yiikleme deneyi esnasinda olusan catlak gelisimine bagl olarak ilk varig zamaninda
(FAT) gecikme ve sinyal enerjisinde (E) azalma tesbit ettiklerinden de bahsetmektedirler.

Bu calisma kapsaminda enstriimante edilmis bir eksenel statik ¢gekme kazik yiikleme deneyi
(S-KYD/C) sonuglar1 gatlak gelisimi ve yayilimi agisindan degerlendirilmistir. Cekme
yiikklemesi sonucunda betonun ¢ekme deformasyon kapasitesine ulasildiginda catlak
gelismektedir [7] [8]. Enstriimante edilmis eksenel kazik ¢ekme deneylerinde farkli beton
malzemesi karakteristikleri ve donat1 miktarlar1 igin Inanir [13] tarafindan catlak gelisimi
acisindan 50-150 mikroStrain sinir degerleri gozlemlendigi rapor edilmistir. Bicocchi [7]
calismasinda ise egilme momentine maruz pasif kaziklarda birim deformasyon 6lger verileri
ile catlak gelisimi sinir degerleri i¢in benzer sonuglar rapor edilmistir.

Beton aderansi ve donati styrilma mekanizmasi Somayaji [20] tarafindan incelenmis ve
cekme ylikiine maruz bir betonarme elemanin yiik-birim deformasyon egrisinde ii¢ bolge
tanimlanmistir (Sekil 1a). Birinci bolge catlamamig sathada ilk catlak gelisme noktasina
kadar elemanin elastik davranis sergiledigi bolge, ikinci bolge ilk ¢atlak gelisiminden nihai
catlak gelisimi noktasina kadar olan muhtelif ¢atlak olusma safhasindaki deformasyon
davranisi sergiledigi bolge ve tligiincii bolge ise nihai gatlak gelisimi noktasindan donati akma
noktasina kadar olan deformasyon davranisi sergiledigi bolgedir.
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Fields ve Bischoff [12] ise ¢ekme yiikiine maruz betonarme eleman igin eksenel gerilme ve
birim deformasyon dagilimini Sekil 1.b’deki gibi tanimlamaktadir. Catlak gelisimi betondaki
gerilmenin ¢ekme mukavemetine ilk ulastig1 en zayif kesitte olusmaktadir. Catlak gelisimi
sonrasinda bu noktada betondaki gerilme sifira diismektedir.

Betondaki gerilme gatlaktan uzaklastikca donati beton aderansi sebebiyle transfer boyu (s)
kadar mesafede ¢atlaktan etkilenmeyen gerilme degerine kadar artar. Catlayan kesitte donati
ile beton aderansinin yitirilmeye baslamasi, yiiksek gerilmelere sebeb olur ve gatlak genisler.
Nisbeten kiiglik bir yiik artimi1 bile mevcut gatlagin biraz ilerisinde bagka bir catlak
olusumuna sebebiyet verebilir. Yiik artimi ile birlikte betonarme eleman boyunca belirli
araliklarla (nisbeten nizami araliklarla, s<I<(2-s)) ilk ¢atlak patern gelisimi tamamlanmis olur
(Sekil 1.b). Bu catlak paterninde betondaki ¢ekme gerilmesi her gatlak noktasinda sifira
diiser, tekrar beton ¢gekme mukavemeti o degerine kadar artar, ancak tabii olarak hicbir
zaman betonun ¢ekme mukavemetini agsamaz. Beton ¢ekme mukavemetini artirici tedbir
olarak rastgele donat1 kullaniminin arastirildigi ¢aligmalar literatiirde mevcuttur [2].
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Sekil 1 - Cekme yiikiine maruz betonarme ¢ekme elemani: (a) ¢atlak gelisme safhalart [20]
(b) eksenel gerilme ve birim deformasyon dagilimwni [12]

Burada izah edilen davranis eksenel statik ¢cekme kazik yiikleme deneyinde (S-KYD/C) birim
deformasyon dlger (VWSG) verisinde net bir sekilde gdzlemlenmistir. Bu gdzleme ilave
olarak c¢atlak gelisimini dogrulamak i¢in kazik ¢ekme deneyi 6ncesinde, maksimum deney
yiikiinde ve deney yiikii bosaltildiktan sonra deney kaziginda tahribatsiz kazik deney
yontemlerinden kazik biittinliik/siireklilik deneyleri, KBD (Sonic Integrity Test-SIT, Pulse
Echo Test-PET, Pile Integrity Test-PIT) ve karst kuyu ultrason deneyleri, K-KUD
(CrossHole Sonic Logging-CSL, CrossHole Ultrasonic Method-CHUM) yapilmistir.
Karsilastirmali inceleme neticesinde catlak gelisimi gdzlemini destekleyici bulgular elde
edilmistir.
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2. ZEMIN VE KAZIK OZELLIKLERI
2.1. Zemin Durumu

Deney yapilan sahada yilizeyden (Kot +2.70) yaklasik 4m kalinliginda kontrolsiiz dolgu
tabakas1 mevcuttur. Kontrolsiiz dolgu tabakasini miiteakip kumtasi ve camurtasi ardalanmasi
sondaj sonuna kadar (Kot -24.5) devam etmektedir. Yeraltisu seviyesi yiizeye yakin
bulunmaktadir (~+2.5). Deney kazigi -13.10 kotunda teskil edilen ¢aligma platformundan
imal edilmis ve yiizeye yakin bulunan yeralti su seviyesi yaklasik ¢alisma platformunun
altinda kalacak sekilde galigmalar siiresince pompaj yapilmistir. Zemin tabakalanmasi ile
ilgili &zet bilgi Tablo 1°de verilmistir.

Tablo 1 - Deney lokasyonunda zemin ozellikleri

Kot/ [GRS 80] Zemin Tanimlamasi
+02.7 +00.0  Kontrolsiiz Dolgu: Iri ¢akilli Kum ve Kil
+00.0

/
/ -00.7  Kontrolsiiz Dolgu: Kumlu Kil kaya blok pargalar1 mevcut
-00.7 / -01.2  Kontrolsiiz Dolgu: Kaya bloklar1
-01.2 / -09.6  Kumtasi
-09.6 / -12.4  Camurtasi

/

/

/

/

-12.4 -20.2  Kumtast

-20.2 -23.3  Camurtast
-23.3
-23.8

-23.8  Konglemera

-24.5  Kumtast

2.1. Kazik Ozellikleri

TK-2 (TiP-A) ve TK-3 (TIP-B), Deney kaziklart OD1000mm dis ¢apinda ve Liopiam=10.4m
ve Lne=10.1m boyunda (Deney Platform Kotu -13.10, Temel Alt Kotu -13.40 ve Kazik Taban
Kotu -23.50 olmak iizere) fore kazik teknigi ile kaya augeri kullanilarak ve kuyu stabilitesi
i¢in gegici muhafaza borusu (TK-2 igin OD1080mm ve boru alt kotu -13.5 olmak tizere, TK-
3 i¢in OD1080mm ve boru alt kotu -20.6) kullanilarak imal edilmistir. Tij tipi ekstansometre
ve seyyar ekstansometre yerlestirilmesine yonelik kilif borular (karsi kuyu ultrason deneyi
maksadiyla da kullanilacak olan) ve donati tipi birim deformasyon 6lgerler ile enstriimante
edilerek hazirlanan donat1 kafesi (22nos®32mm boyuna donat1 ve ®12/100mm etriye ile
teskil edilerek) tek parca olarak kuyuya indirilmistir (Sekil 3 ve Sekil 4).

Bunun ardindan tremi borusu kullanilarak C35/45 smifi beton dokiilmiis ve muhafaza borusu
¢ekilerek imalat tamamlanmustir.

TK-2 (TiP-A) ve TK-3 (TiP-B), Deney kaziklar1 ara mesafesi 6m olmak iizere kapasitelerinin
ve kazik boyunca yiik dagilimimnin belirlenebilmesi i¢in “Enstriimante edilmis eksenel statik
cekme kazik ylikleme deneyi (S-KYD/C)” yapilmistir (Sekil 2).
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Sekil 2 - TK-2 Cekme deney kazigu i¢in konvansiyonel olarak kazik basindan yiikleme
durumu (TIP-A), TK-3 Cekme deney kazigi igin kazik tabanindan yiikleme durumu (TIP-B)
verlesimi

TK-2 (TIP-A) Donat Kafesi
Kaldirma Operasyonu

S
212 @100 mm

Beton Pas Pay
—Concrele Spacers

ST T

ember Donatis!
Stiffening ring @ 16

Tij Ekstansometre
T-EKST/ Tell-tale Tube 1/2"

l !m:-

Sekil 3 - Enstriimante edilmis TK-2 deney kazigi (TIP-A) donat: kafesi kaldirma
operasyonu, donati kafesi genel ve detay gériiniisii.
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TK=3/(TUP-B) Donatr Kufest
Kaldirma Operasyonu

Tabanng Yiik,,
icin jrr/]u,g{ ;an >

4 Kazik Tabamnda Yii 'I'"
icin Inll”(ln‘ll'llﬂ‘D

-KUD / Cross Hole tube 2"

Spiral Donati
@12 @100 mm
Beton Pas Pay!
- 2 - s y Concrete Spacers.
wr ] ] y R 15 k ! —|—_Cember Donatisi__
X 1: i ” Stiffening fing @ 16
Yiik Transfer Plakasi
Load Transfer Plate
Yitk Aktarma Tiji / Tij Ekstansometre

3 Dwidag GEWI Plus ?3 5mm  T-EKST/ Tell-tale Tube 1/2"

10‘ { Ima

Sekil 4 - Enstriimante edilmis TK-3 deney kazigi (TIP-B) donati kafesi genel ve detay
goriintis.

3. ENSTRUMANTE EDIiLMi$S EKSENEL STATiK CEKME KAZIK YUKLEME
DENEYI (S-KYD/C)

3.1. Ol¢iim Ekipmanlari

Deney kazigma dort (4) seviyede Titresen Telli Donat1 Tipi Birim Deformasyon Olger
(VWSG/SB, Vibrating Wire Sister Bar Type Strain Gauge) her seviyede karsilikli ikiser
ciftten dort (4) adet olmak iizere toplam onalt1 (16) adet olarak yerlestirilmistir. Karsilikli
kuvvet ciftlerinin 4 adet SG ile dlgiilmesi 6l¢iim dogrulugu (accuracy) ve yedeklemesi
(redundancy) agisindan ehemmiyet arz etmektedir. Birim deformasyon dlger kotlart SG-1/-
14.3, SG-2/-16.8, SG-3/-20.0 ve SG-4/-22.5 seklindedir. Kazik tabanindaki deplasmanlarin
hesaplanabilmesi igin tij tipi ekstansometre (T-EKST, Tell-Tale) karsilikli iki (2) adet olmak
iizere yerlestirilmistir. Deney esnasinda kars1 kuyu ultrason deneyi (K-KUD, CSL/CHUM)
maksadiyla kullanilan 2 ¢elik borulardan karsilikli olan 2 adedine 6 ankraj noktali seyyar
ekstansometre (S-EKST, EXT2strain) yerlestirilmistir. Bu sayede yaklastk SG
derinliklerinde olugsan deplasman dogrudan Sl¢iilmiis ve ankraj noktalar1 arasinda 6lgiilen
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kisalma/uzama degerleri kullanilarak ortalama birim deformasyon hesaplanmistir. Deney
kapsaminda kullanilan enstriimantasyon 6l¢iim sistemleri genel goriiniisleri Sekil 5°de, listesi
ise Tablo 2’de verilmistir.

Deneyde kazik imalat1 ve deney 6ncesi rezidiiel gerilmeler ihmal edilebilir diizeyde oldugu
kabul edilerek, deney dncesinde birim deformasyonlar sifirlanmis ve “Rezidiiel Gerilmeler”
dikkate alinmamustir.

Seyyar Ekstansometre, S-EKST / EXT2strain

Sekil 5 - TK-2 ve TK-3 Deney Kaziklarinda (TIP-A ve TIP-B) yiikleme deneyinde kullanilan
ol¢iim aletlerinden genel goriiniis

3.2. Kazik Yiikleme Deneyi

Yiikleme deneyinde ¢ekme kazigima yiik, TK-2 (TiP-A) deney kaziginda kazik ana donatilara
kaynaklanan “yiik aktarma borusu” ile / TK-3 (TIP-B) de ise yiik aktarma borusuna 6zel tij
somunlari ile kilitlenen D=63.5mm Dywidag GEWIPlus Tijler (akma yiikii Fy=2.122kN) ile
ve iki (2) adet reaksiyon kazigia mesnetlenen deney kirisinden faydalinarak hidrolik kriko
vasitasi ile tatbik edilmistir. Deneylerde hidrolik krikolara hava tahrikli hidrolik pompa ile
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basing uygulanmis ve pompa hattindaki basinci gozlemlemek igin yiiksek basingli bir
manometre (Bourdon gauge) ile yiiksek ¢oziiniirlikklii ve kalibrasyonlu bir basing 6lger
(pressure transducer) kullanilmistir. Kazik basinda mobilize olan yiikler ise elektrik direng
cinsi yiik hiicresi (Electric resistance type load cell, LC/ER) ile 6l¢iilmiistiir. Ayrica, TK-3
(TiP-B) deney kaziginda kazik tabanima aktarilan yiikler tabanda yiik transfer plakasina
kilitlenen Dywidag GEWIPlus noktasina yerlestirilen 4 adet 15 MN (%150 Yik Agsimi)
kapasiteli Titresen Telli Yiik Hiicresi VWLC kullanilarak dl¢iilmiigtiir. Kazik bagina transfer
edilen yiikiin eksenelliginin saglanabilmesi ve deney boyunca reaksiyon kaziklarmin farkli
deplasman yapmast sebebiyle olusabilecek potansiyel eksantrisite etkisinin bertaraf
edilebilmesi maksadiyla yarim kiiresel mafsal kullanilmigtir. Ayrica, referans kirisine
sabitlenen deplasman 6lgerler, tij tipi (T-EKST / Tell-tale) ve seyyar ekstansometre (S-EKST
/ EXT2strain) tijlerinin izafi hareketlerini 6l¢mek i¢in kullanilmistir. Deney diizeneginin
sematik gosterimi ve genel goriiniis Sekil 6 ve Sekil 7°de verilmistir. Referans kirisi iizerine
yerlestirilen “Barkodlu Invar Mira” ile referans kiris hareketinin belirlenmesi igin dis
referansa sabitlenen DNA-03 Elektronik Nivo ile diger sensorlerden alinan &lglimlerle
senkronize bir sekilde 0.01mm hassasiyette otomatik olarak okuma alinmistir. Ayrica, deney
boyunca deney kirislerinin devrilmeye kars1 giivenligi agisindan boyuna ve enine istikamette
kirislerde donme Ol¢limii yapilmistir.

TK-2 / TiP-A

aznk Cekmeuzegeﬁl

Sekil 7 - Deney diizenegi, yiik kontrol ve kumanda sistemi ve hidrolik pompa genel gériiniis

TK-2 (TIP-A) ve TK-3 (TIP-B), deneyleri kapsaminda ASTM D3689-07, (2013) Prosediir-
A “Hizli Test” (Procedure A "Quick Test") uyarinca yilikleme programi uygulanmistir (Tanlo
3). Nihai deney yiikiine (%100 = 7 MN) %5 kademelerde 15dk bekleme ile 20 adimda tek
cevrimde ulasilmasi hedeflenmistir. Ancak, nihai yiikte deney sistemi kapasitesinin imkan
verecegine kanaat getirilerek arttirilmig nihai yiike (%110 = 7.6 MN) 2 kademe daha yiikleme
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yapilarak (1L-22X adimi) 22 adimda ¢ikilmustir. Artirilmig nihai yiikte 60 dk bekleme sonrasi
5 adimda yine 15dk bekleme kademeleri ile bosaltilarak ve son asamada sifir yiikte yine 60dk
bekleme ile deney tamamlanmistir (1U-5X). Deney boyunca deplasman, yiik, basing, birim
deformasyon Ol¢iimii verileri ve diger veriler 60s araliklarla otomatik veri toplama sistemi
ile yedekli olarak kaydedilmistir.

3.3. Kazik Yiikleme Deneyi Sonuclar
3.3.1. Deney Kazig Yiik-Deplasman Davranisi

TiP-A ve TiP-B, ecksenel statik cekme kazik yiikleme deneyleri (S-KYD/C) kazik
imalatindan yaklasik 28 giin sonra gerceklestirilmistir. Ger¢eklesen nihai deney yiikiinde (1-
L-22-X) kazik basi1 yukari istikamette ortalama deplasmani TIP-A igin -34.73mm / TiP-B
igin ise -8.17mm ve kazik tabami yukari istikamette ortalama deplasmani TIP-A igin -
30.42mm / TIP-B i¢in -9.44mm olarak dl¢iilmiistiir (Sekil 8 (a)-(c)). Kazik Basinda Yiik -
Zaman ve Kazik Basinda / Kazik Tabaninda Yukari Istikamette Ortalama Deplasman -
Zaman Grafikleri Sekil 8 (b)-(d)’de kiyaslamali olarak ise (Sekil 9 (a)-(b)) verilmistir. Kazik
tabaninda hesaplanan deplasman degerleri, tij tipi ekstansometre olgiimleri kullanilarak ve
kazik taban yiikii ise dogrudan tabandaki yiik hiicresi 6lgtimleri ile elde edilmistir.

3.3.2. Kazik Boyunca Farkli Seviyelerde Olgiilen Birim Deformasyonlar

Kazik boyunca farkli seviyelerde dlgiilen birim deformasyonlar Kazik bagina tatbik edilen
¢ekme yiikii altinda kazik boyunca farkli seviyelerde birim deformasyon o&lgerlerden
(VWSG/SB) elde edilen ve seyyar ekstansometre (EXT2strain) ankraj noktalar1 arasindaki
mesafeler i¢in ortalama birim deformasyon grafikleri Sekil 10 (a) ve (b)’de verilmistir.

TiP-A ve TIP-B gerek seyyar ekstansometre gerekse SG deney birim deformasyon verileri
incelendiginde farkli davranis gostermektedir. Nihai deney yiikiinde;

o TK-2 (TIP-A) deneyinde VWSG birim deformasyon degerleri -1.356 mikroStrain (SG-1
A/B_KOT= -14.3), S-EKST ortalama birim deformasyon degerleri maksimum -2.083
mikroStrain (S-EKST 1 A/B KZK-BAS KOT=-14.35/-13.10) mertebelerinde

e TK-3 (TIP-B) deneyinde VWSG birim deformasyon maksimum degerleri +218
mikroStrain (SG-1 A/B_KOT= -14.3), S-EKST ortalama birim deformasyon maksimum
degerleri  +212  mikroStrain  (S-EKST 1 _A/B_KZK-BAS KOT=-14.35/-13.10)
mertebelerinde

Olciilmiistiir Sekil 11 (a)-(b)-(c)-(d). Benzer zemin durumlarinda ve yiikk mertebelerinde
ancak farkli yiikkleme durumunda betonarme kazik elemaninin i¢ gerilmeleri agisindan ¢ok
farkli davramis sergiledigi net bir seklide gériilmektedir. Ayrica, TIP-A betonarme kazik
elemanin ¢ekmeye calistirildigi yiikkleme durumunda VWSG/SB birim deformasyon (birim
uzama) verisinde S-EKST ortalama birim deformasyon (birim uzama) verisine kiyasla tabii
olarak ani birim uzama degisimi gayet belirgindir ve grafikteki ani sigrama kazik kesitinde
betonun ¢ekme mukametinin asildigt  kesitteki ilk  catlak gelisimi  olarak
degerlendirilmektedir. Bu anomali TiP-B betonarme kazik elemanin basinca c¢aligtirildig
yiikleme durumunda VWSG/SB birim deformasyon (birim kisalma) verisinde ve S-EKST
ortalama birim deformasyon (birim kisalma) verisinde gortilmemektedir (Sekil 11 (a)-(b)-

(¢)-(d)).
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Kazik Basinda Yiik- Kazik Basinda/Tabaninda Deplasman Grafigi
Load at Pile Head vs Movement at Pile Head / Toe Graph
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Kazik Basinda Yiik | Kazik Basinda / Kazik Tabaninda Deplasman - Zaman Grafigi
Load at Pile Head / Movement at Pile Head / PileToe vs. Time Graph
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Sekil 9 - TK-2 (TIP-A) ve TK-3 (TIP-B) icin kiyaslamali (a) Kazik basinda yiik - kazik
basinda / kazik tabaninda yukar istikamette ortalama deplasman ve kazik uzamasi grafigi
(b) Kazik basinda / kazik tabaminda yukar istikamette ortalama deplasman / kazik basinda
viik - zaman grafigi
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Kazik icinde Farkh Sevivelerde Ekstansometre Noktalan

Arasinda Birim Deformasyon - Deplasman Grafigi
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Sekil 10 - TK-2 (TIP-A) ve TK-3 (TIP-B) i¢in kiyaslamali (a) Ankraj noktalar: arasindaki
ortalama birim deformasyon (+basing, -¢cekme) ve ankraj noktalarindaki deplasman grafigi
(b) VWSG seviyelerindeki birim deformasyon (+basing, -¢cekme) ve VWSG seviyelerindeki

deplasman grafigi
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TIP-A yiikleme durumunda SG-1 seviyesinde (1.2m derinlik) ilk catlak gelisimi kazik
basinda ~2.3 MN yiikleme kademesine ve ~70 mikroStrain ¢ekme birim deformasyon
mertebesine tekabiil etmektedir. Tahmin edilebilecegi iizere en yiiksek birim deformasyon
SG-1 seviyesinde gozlenmekte ve daha derindeki birim deformasyon 6lger seviyelerinde ise
azalarak gozlemlenmektedir. Catlak gelisiminin SG-2 ve SG-3 seviyelerinde (3.7m ve 6.9m
mesafede) yaklasik sirasiyla ~3.4 MN ve ~5.0 MN kazik basi yiikleme kademelerinde ve
~120 ve ~70 mikroStrain ¢ekme birim uzama mertebelerinin gézlemlenmektedir. Bu durum
catlak gelisiminin derinlikle asag1 istikamette ilerlediginin gostermektedir (Sekil 12). Ancak,
bu tespit seyyar ekstansometre verisinde ¢ok net olarak ayirt edilememektedir. Catlayan ve
gegcis zonuna yakin kesitte yerlestirilmis bulunan bir birim deformasyon 6lger (SG) verisinde,
seyyar ekstansometre (EXT2strain) ankraj noktalar1 arasindaki mesafede olusan ortalama
birim uzama degerlerine nazaran ani ¢ok daha yiliksek birim deformasyon degisim
degerlerinin Olgiilmesi gayet tabiidir. Catlak gelisimi maksatli degerlendirilmelerde, ortalama
birim deformasyon verisinden (S-EKST) ziyade noktasal bazda olan birim deformasyon
6lger (SQ) verisinin dikkate alinmasinin daha saglikli olacagi diisiiniilmektedir.

Kazik Baginda Yiik - Farkh Strain Gauge Seviyelerinde Birim Deformasyon Grafigi

3 TK-2 (TiP-A)

SG-4/ 9.4m
(Kot -22.5)

1200 8G-3/6.9m

(Kot -20.0)
SG-2/3.7m
(Kot -16.8)

A MicroStrain
Birim Uzama, (mStrain) / Strain, (mStrain)

s

T T T T t
o © § Fi0000 F 20007 © “aooof ¢ f4p000 © Ps0000 60000 © (70007 © 8000

Yiik, (kN) / Load, (kN)

Sekil 12 - Kazik basinda yiik - kazik boyunca farkli seviyelerde (VWSG/SB) birim
deformasyon degisimi grafigi

3.3.3. Deney Kaziklarinda Tahribatsiz Kalite Kontrol Deneyleri

Betonarme deney kaziklarin siireklilik durumu ¢ekme deneyi Oncesi, nihai yiikte ve deney
sonras1 Kazik Biitiinliik/Siireklilik Deneyi (KBD) ve Kars1 Kuyu Ultrason Deneyi (K-KUD)
deneyleri yaplmistir. Eksenel statik ¢ekme kazik yiikleme deneyi (S-KYD/C) Oncesinde
gerceklestirilen kazik  biitiinliik/siireklilik  deneyi (KBD) kapsaminda reflektogram
incelendiginde ¢eki¢ darbesinin kazik baginda mobilize olan siiresinin nisbeten uzun (~2m)
oldugu goriilmektedir. Daha kiiciik bir ¢eki¢ kullanilarak daha kisa siireli darbe (0.5 - 1m)
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olusturulabilmesi halinde kazik basina yakin olan catlaklarin tesbitinin daha saglikli
olabilecegi [19] ¢alismasinda da raporlanmustir.

Kazik biitlinliik/stireklilik deneyi (KBD) kapsaminda elde edilen reflektogram (>10 adet
tekrar edilebilir darbe ortalamasi) incelendiginde 4.000m/sn dalga hiz1 i¢in yaklasik 10.5m
derinliginde belirgin bir u¢ sinyali elde edildigi goriilmektedir. Ayrica, yaklagik 5.5m
mertebelerindeki bir derinlikte muhafaza borusunun bittigi boélgede anormallik/gariplik
(anomaly) ve sapma (flaw) sinyali goriilmektedir (Sekil 3). Nihai yiikte yapilan KBD
deneyinde ise mobilize olan yiiksek saft direnci ve mevcut oldugu diisiiniilen catlak gelisimi
bir¢ok sinyal yansimasina sebebiyet vermekte ve reflektogramin sihhatli bir sekilde
degerlendirilebilmesine mani olmaktadir. Yiikiin bosaltilmasi akabinde yapilan KBD
deneyinde ise kazik saftinda kilitli kalan bir miktar rezidiiel gerilmelerin mevcut oldugu
asikardir ancak nihai yiikteki saft direnci ile kiyas-1 kabil degildir. Reflektogram (>10 adet
tekrar edilebilir darbe ortalamasi) incelendiginde kazik bagindan yaklasik 1.5m de “Serbest
U¢” yansimasi goriilmekte ve takip eden 3.0m, 4.5m vb tekrarli sinyal tepe noktalari
anormallik/gariplik (anomaly) ve sapma (flaw) sinyali olarak degerlendirilebilecegi ve
muhtemel sebebinin kazikta catlak gelisimi oldugu diisiiniilmektedir.

Kars1 kuyu ultrason deneyi (K-KUD) alic1 ve verici ayn1 seviyede olacak seklide “standart
tarama usulii” ile yapilmistir. Alic1 ve vericinin farkli seviyelerde konumladirilarak “ofset
tarama usulii” ile veya 3B tomografi yapilmasi halinde kaziktaki ¢atlak gelisiminin daha net
goriilebilecegi diigliniilmektedir. Buna ragmen catlak gelisimi olan SG seviyelerinde dalga
ilk varig zamaninda >%20 gecikme (FAT, First Arrival Time, sinyal genligine hassas
olmayan 6zel FAT tespit algoritmasi ile, [3] ve ~7dB (6dB<Euaim<9dB) Enerji azalimi tespit
bu degerler, [18] tarafindan tavsiye edilen saft degerlendirme skalasina gore P/F (zayif
beton/sapma, Poor/Flaw) kategorisine tekabiil etmektedir. Biitiin bu anormallik/gariplik
(anomaly) ve sapma (flaw) SG olctimleri ile tesbit edilen catlak gelisimini destekleyici
yondedir.

3.4. Kazik Yiikleme Deney Sonuclarinin Degerlendirilmesi

Catlak olusumunun iki ana asamasi bulunmaktadir: (1) ilk g¢atlak gelisimi ile baslayan
“mubhtelif ¢atlak olusma sathasi” ve (2) “nihai ¢atlak olusmus satha” olarak tanimlanmaktadir
(Sekil 1). 1lk sathada catlak gelisimi rastgelelik arz ederek betondaki gerilmenin cekme
mukavemetine ulastigt en zayif kesitte olusmaktadir. Catlamig kesitte beton-donati
aderansinin yitirilmeye baglamasi, yiiksek gerilmelere ve ¢atlak geniglemesine sebebiyet
vermektedir. Catlak gelisimi akabinde bu kesitte betondaki gerilme sifira diismektedir [8].
Betondaki gerilme catlaktan uzaklagtikca beton-donati aderansi sebebiyle transfer boyu (s)
kadar mesafede catlaktan etkilenmeyen ¢ekme gerilme degerine kadar artis gdstermektedir.
“Muhtelif ¢atlak olusma safha” sinda, gelisen catlaklarda birbirinden bagimsiz olarak beton-
donat1 aderansi iliskisi gecerli olmaktadir. Yiik artisi ile catlaklar gelismekte ve ortalama
catlak mesafesi azalmaktadir. “Nihai catlak olugsmus safhaya” ulasildiginda artik ilave yiik
altinda catlak ara mesafeleri asgari degere ulastigi icin yeni c¢atlak olusumu
ger¢eklesememekte ve bu sathada artik ¢atlak ara mesafesi sabit kalmakta ve de ilave yiik
artigi tamamen gatlak genigliginin artmasina sebebiyet vermektedir [8]. Bu duruma ilave
olarak tatbik edilen biitiin ¢ekme gerilmelerinin tamamen donatilar tarafindan tasmndigi
seklinde de ifade edilebilmektedir.
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TIiP-A deney kazig1 konvansiyonel olarak kazik basindan cekilmesi durumu igin birim
deformasyon Olger (SG) verisi catlak gelisimi hususunda birincil delil olarak dikkate
almmistir. Kazik biitiinliik/stireklilik deneyi (KBD) ve kars1 kuyu ultrason deneyi (K-KUD)
kapsaminda tesbit edilen biitiin anormallik/gariplik (anomaly) ve sapmalarin (flaw)
muhtemel sebebinin kazikta catlak gelisimi oldugu ve SG olgtimleri ile tesbit edilen catlak
gelisimini destekleyici deliller olarak degerlendirilebilecegi diisiiniilmektedir. Kazik bas1 yiik
- birim deformasyon iliskisinde Sekil 15’de goriilebilecegi lizere kazikta ilk gatlak gelisimi
yaklagik 70-120 mikroStrain birim deformasyon degerlerinde olugmaktadir.

ACI 318-14 Manual [1] uyarinca normal agirlikta bir beton igin elastisite modiilii ve serbest
basing mukavemeti iliskisi;

Epeton = 4.700 - |/ f/ (MPa) (1
Eveon = Beton icin elastisite modiil
fo = Silindir beton numunesi i¢in serbest basing mukavemeti

formiiliiyle hesaplanmaktadir. Deney kazik betonu silindir numunesi i¢in raporlanan
ortalama serbest basing mukavemeti (28 giinliikk) 29.9 MPa’dir. Buradan beton elastisite
modiilii 25.7 GPa olarak hesaplanmigtir. Kazik net beton kesiti dikkate alindiginda beton i¢in
eksenel rijitlik , EApeton 19.7 GN elde edilmistir. Benzer yaklagimla kazik boyuna donati alani
dikkate alindiginda (Egonatu=210GPa, 22032mm i¢in Agonan=17.693mm? olmak iizere), donati
icin eksenel rijitlik EAgonan=3.7 GN elde edilmektedir. Kompozit kazik kesiti i¢in toplam

SG-1 seviyesinde (1.2m derinlikte) saft direnci etkisi ihmal edilerek kazik basi yiikiiniin
degismedigi kabul edilmistir. Kazik bas1 yiikiinlin kademeli olarak artmasina karsilik benzer
sekilde SG seviyelerinde saft direncine bagli olarak yiik azalarak kazik boyunca transfer
edilmektedir. Aktarilan yiik kademesinde birim yiik artigina bagli gelisen birim deformasyon
deformasyon grafiginin egimine takabiil etmektedir. Bu kapsamda Sekil 15°den takip
edilebilecegi tizere SG-1 seviyesinde birim kazik bagsi yiikii degisimi - birim deformasyon
degisimi grafiginin ¢atlamamis sathadaki egimi igin

EA, = APl/Asl = 25.8 GN (EAgank ~ 23.4 GN)
ve nihai catlak olugsmus safthadaki egimi i¢in ise
EA, = AP ?/pg, =47 GN (EAdna = 3.7 GN)

degerleri elde edilmektedir. Eksenel statik ¢gekme kazik yilikleme deneyinde (S-KYD/C)
olgtilen SG verilerinden elde edilen bu degerler kompozit kesit i¢in hesaplanan kazik eksenel
rijitlik ve donati igin eksenel rijitlik degerleri ile kiyaslanabilir mertebelerde oldugu
goriilmektedir. Buradan “catlamamis satha” da yiikiin kazik kompozit kesiti ile tasindig1 ve
ilk catlak gelisme noktasi sonrasindaki bolge olan “nihai ¢atlak olugsmus satha” da ise donati
ile tasindig1 sdylenebilecegi diisiiniilmektedir.
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Bu mekanizma ¢ekme yiikiine maruz betonarme kaziklarin deneyde elde edilen yiik-
deplasman iligkisinde bir akma etkisi (yiilk deplasman egrisinde bir kirilma) olusmasina
sebebiyet vermektedir Sekil 16. TIP-A deney kaziginda konvansiyonel olarak kazik basindan
cekilmesi durumunda 6lgiilen kazik basi yiik - kazik bas1 deplasman iliskisinde yaklasik
3.250 kN mertebelerinde bu etki goriilmektedir. TIP-B deney kaziginda kazik tabanindan
¢ekilmesi durumunda 6lgiilen kazik basi yiik - kazik bast deplasman ve kazik tabani yiik -
kazik tabani deplasman iligkisinde bdyle bir akma etkisi gdzlenmemistir. Bu sebeble
deplasman gelisimi sinirli kalmistir.

TiP-A deney kazig1 malzeme Ozelligindeki degisim, kazik kapasite hesaplamalarimi saft
direncinden kaynakli olmamasina ragmen sun’i bir sekilde etkilemektedir. TiP-A ve TiP-B
yiik tatbik noktasi farkli olmasi sebebiyle dogrudan karsilagtirma yapmak miimkiin
olmamakla beraber genel bir kiyaslama maksadiyla, kazik tasima kapasitesi tahmin yontemi
Davisson Metodu [11] ile kazik bas1 yiik ve kazik basi deplasman i¢in yapilan analizde kazik
kapasitesi TIP-A igin 6.1MN iken TIP-B igin 8.9MN olarak belirlenmistir. Ayrica, kazik
tabam yiik ve kazik tabani deplasman icin yapilan analizde kazik kapasitesi TIP-B igin
73MN olarak belirlenmisgtir (TIP-B deneyinde kazik deplasmani simrli miktarda
olustugundan kazik kapasite tahmini yapilabilmesi i¢in yiikk-deplasman egrileri ekstrapole
edilmistir). Bu da benzer sartlarda iki komsu es fore kazigin farkli tarzda yiiklenmesiyle elde
edilen kapasitenin kazik basi yiik - kazik bagi deplasman iliskisine gore Davisson Metodu
ile > ~%146 mertebelerinde daha yiiksek ¢ekme kapasitesine ulagtigi anlamina gelmektedir.

4. SONUCLAR VE DEGERLENDIRMELER

Betonarme kaziklarda konvansiyonel olarak kazik basindan ¢ekme yiikil tatbik edilmesi ve
bu yiikiin beton ¢ekme mukavemetine ulagmasi halinde en zayif kesitte catlak gelisimi s6z
konusu olmaktadir. Bu makalede birim deformasyon dlger verisi ¢atlak gelisimi i¢in birincil
delil olarak dikkate alinmistir. Kazik biitiinliik/stireklilik deneyi ve karsi kuyu ultrason deneyi
kapsaminda tesbit edilen biitiin anormallik/gariplik (anomaly) ve sapmalarin (flaw)
muhtemel sebebinin kazikta catlak gelisimi oldugu ve SG olgtimleri ile tespit edilen catlak
gelisimini destekleyici deliller olarak degerlendirilmistir. Kazik eksenel rijitlik hesaplari da
bu 6l¢lim sonuglari ile uyusmaktadir. Bu durum degerlendirildiginde “Catlamamis saftha” da
yiikiin kazik kompozit kesiti ile tasindigi ve ilk ¢atlak gelisme noktasi sonrasindaki bolge
olan “nihai ¢atlak olugsmus satha” da ise donati ile tagindig1 sonucuna ulasilmaktadir.

TiP-A deney kaziginda konvansiyonel olarak kazik basindan gekilmesi durumunda dlgiilen
kazik bas1 yiik - kazik bast deplasman iliskisinde akma etkisi (ylik deplasman egrisinde bir
kirllma) olusmasina sebebiyet vermektedir ve bu mekanizma yaklastk 3.250 kN
mertebelerinde goriilmektedir. Kazik malzeme 6zelligindeki degisim, kazik kapasite
hesaplamalarin1 saft direncinden kaynakli olmamasina ragmen etkilemektedir. Yapilmis olan
TIP-A deneyinde, bu hadisenin yaklasik 70-120 mikroStrain birim deformasyon
mertebelerinde gozlendigi, literatiirdeki mubhtelif calismalarda ise 50-150 mikroStrain
mertebelerinde oldugu rapor edilmistir [7] [13].

TiP-B deney kaziginda kazik tabanindan ¢ekilmesi durumunda 6lciilen kazik bast yiik - kazik
bas1 deplasman ve kazik tabani yiik - kazik taban1 deplasman iliskisinde boyle bir akma etkisi
gozlenmemigtir. Bu sebeble deplasman gelisimi sinirli kalmustir.
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TiP-A ve TIP-B yiik tatbik noktasmin farkli olmasi sebebiyle dogrudan karsilastirma yapmak
miimkiin olmamakla beraber genel bir kiyaslama maksadiyla kazik tasima kapasitesi tahmin
yontemi Davisson Yontemi ile kazik bas yiikii ve kazik basi deplasmani i¢in yapilan analizde
kazik kapasitesi TIP-A igin 6.1MN iken TiP-B icin 8.9MN ve kazik tabani yiik - kazik tabani
deplasman igin yapilan analizde ise TIP-B igin 7.3MN olarak belirlenmistir. Bu da benzer
sartlarda iki komsu es fore kazigin farkl tarzda yiiklenmesiyle elde edilen kapasitenin kazik
bas1 yik - kazik basi deplasman iliskisine gore “Davisson Kazik Kapasitesi Tahmin
Yontemi” ile ~%146 mertebelerinde yine TiP B icin kazik tabami yiik - kazik tabam
deplasman iliskisi kiyaslamasina gore ise ~%120 mertebelerinde daha yiiksek g¢ekme
kapasitesine ulastig1 anlamina gelmektedir.

Konvansiyonel olarak kazik basindan ¢ekilmesi durumunda elde edilen bu sonuglara goére
cekme yiikiine maruz betonarme kazik tasariminda kazik boyunca olusacak nihai birim
deformasyon degeri tahdidi, faydali bir kazik tasarim sinir sart1 olarak tavsiye edilebilecegi
diistiniilmektedir. Diger bir deyisle, kazikta mobilize olan maksimum birim deformasyonun
50-100 mikroStrain metebelerinde smirlandirmasi ile catlaksiz bir kazik tasarim
yapilabilecektir (mevcut sartnamelerdeki catlamis kesit tasarimi catlak gelisimine mani
olmamaktadir). Ayrica hesaplanan kazik kapasitesinin daha diisiik tahmin edilmesinin 6niine
gececek ve malzeme durabilitesini artiracaktir. Ancak, bu kadar diisiikk birim deformasyon
degerlerinin kazik tasariminda esas alinmasi beton ¢gekme kapasitesi agisindan gerekli iken,
donatinin ¢ekme kapasitesinin ¢ok sinirli mertebelerde kalmasinin ekonomik bir yaklasim
olmadigi dikkate alinmalidir.

Cekme yiikiine maruz betonarme kaziklarda, “kazik kapasite hesaplarina” ve “kazik ¢ekme
deney verilerine gore kazik kapasitesi tahmin yaklagimlarina” catlak gelisiminin ve gekme
birim deformasyon etkisinin daha iyi anlasilabilmesi ve bu probleme ¢6ziim {iretilebilmesi
icin daha fazla arastirma yapilmasina ihtiyag¢ vardir.

TiP-B uygulamasinda kullanilan 6zel diizenek ile kazik tabanindan ¢ekilmesi durumu
uygulama pratigi ve betonarme ¢cekme kazik tasarimi hususunda ¢ekme kapasitesi ve uzun
vadede durabiliteye etkisi agisindan faydali bir alternatif olabilecegi diisiiniilmektedir.

Semboller

Edonat : Donati i¢in elastisite modiil

Adonatn : Donatt kesit alani

Linet : Net kazik boyu

Litoptam : Toplam kazik boyu

Ebeton : Beton igin elastisite modiil

Abeton : Beton kesit alani

f. : Silindir beton numunesi i¢in serbest basing mukavemeti
Get : Beton ¢ekme mukavemeti

EA : Eksenel rijitlik
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P : Kazik bagi yiikii

€ : Birim deformasyon

Fyx : GEWIPlus i¢in akma yiikii

TiP-A : Konvansiyonel olarak kazik bagindan yukari istikamette ¢ekilmesi

TiP-B : Ozel bir tertibat ile kazik tabanindan yukari istikamette cekilmesi

PDK-T : Performansa Dayal1 Kazik Tasarimi

KBD : Kazik biitlinliik/stireklilik deneyi

K-KUD : Kars1 kuyu ultrason deneyi (CrossHole Sonic Logging-CSL, CrossHole
Ultrasonic Method-CHUM)

FAT : 11k varis zamam (First Arrival Time)

S-EKST : Seyyar ekstansometre (EXT2strain)

T-EKST : Tij tipi ekstansometre (Tell-tale)
S-KYD/C  : Eksenel statik ¢cekme kazik yiikleme deneyi

SG
Vw

: Birim deformasyon dlger

: Titresen telli

VWSG/SB : Titresen telli donat: tipi birim deformasyon dlger

(2]

[3]
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Kuzey Kibris Tiirk Cumhuriyeti, Insaat Sektoriinde
Meydana Gelen Is Kazalarimin Analizi

Giir¢cag OZGURER!

(0V/

Bu ¢alisma, 2012-2021 yillar1 arasindaki 10 yillik siirede Kuzey Kibris Tiirk Cumhuriyeti
(KKTC), insaat sektoriinde meydana gelen is kazalarini, insaat sektoriinii olusturan alt
sektorlere gore analiz etmek amaciyla hazirlanmistir. KKTC, Sosyal Sigortalar Dairesinden
(SSD) alman veriler dogrultusunda yapilan analizlerde; Ulke genelinde toplam 2,634 is
kazasinin meydana geldigi, bu kazalardan 668 tanesinin insaat sektoriinde oldugu ve 23
tanesinin 6liimle sonuglandig1 goriilmektedir. 668 is kazasi icerisinde en fazla kazanin 401 is
kazas1 ile Lefkosa ilgesinde meydana geldigi ve bu kazalardan dolay1 calisanlara toplam
55,037 giin gegici is goremezlik 6denegi verildigi saptanmistir. En fazla igyeri ve ¢alisanin
bina insaat ve tamirati, bina yikim isleri, tageronlugu alt sektériinde oldugu, en fazla is
kazasinin ise 470 is kazasi ile yine bu alt sektdrde gergeklestigi goriilmektedir. KKTC geneli
ile kiyaslandiginda Kaza Olabilirlik Oranlarinin (KOO) ingaat sektoriinde 2 katindan fazla,
Oliimlii Kaza Olabilirlik Oranlarinda (OKOO) ise 3,5 katindan fazla ¢iktig1 gériilmektedir.

Anahtar Kelimeler: s kazasi, insaat alt sektorleri, ilce dagilimi, kaza olabilirlik oran,
6liimlii kaza olabilirlik orani.

ABSTRACT

Analysis of Occupational Accidents Occurring in the Construction Sector in Turkish
Republic of Northern Cyprus

This study aims to analyze the occupational accidents in the Turkish Republic of Northern
Cyprus (TRNC) construction sector in the ten years between 2012-2021, according to the
construction sub-sectors. The data was received from the TRNC Social Insurance
Department (SID), and the findings indicate that 2,634 occupational accidents occurred
throughout the country; 668 of these accidents were in the construction sector, where there
were 23 fatalities in construction-related accidents. The findings highlighted that most
accidents occurred in Nicosia, with 401 out of total occupational accidents, where the
employees were given a total of 55,037 days of temporary incapacity allowance due to these

Not: Bu yazi
- Yaym Kurulu’na 12 Mayis 2023 giinii ulagmistir. 5 Nisan 2024 giinii yayimlanmak iizere kabul
edilmistir.
- 30 Eyliil 2024 giiniine kadar tartigmaya agiktir.

o hitps://doi.org/10.18400/tjce. 1296335

1 KKTC, Calisma ve Sosyal Giivenlik Bakanligi, Lefkosa, Kuzey Kibris Tiirk Cumhuriyeti
gurcagozgurer@gmail.com - https://orcid.org/0000-0003-0600-6756
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accidents. It is seen that the highest number of workplaces and employees are in the sub-
sector named building construction and repair, building demolition works, and
subcontracting. In parallel, this sub-sector had the highest number of occupational accidents,
with 470 cases. In response to the analysis made in this research, it is highlighted that the
Occupational Accident Rates (OAR) are more than two times higher, and the Fatal Accident
Rates (FAR) are more than 3.5 times higher in the construction sector compared with the
other sectors.

Keywords: Occupational accident, construction sub-sectors, district distribution,
occupational accident rates, fatal accident rate.

1. GIRiS

Sanayi devrimi ile yaygimlasan makinelesme siireci, ¢alisma hayatinin her alaninda
insanoglunun kitlesel iiretime gegmesini saglayarak gelisimine katkida bulunmus, bir yandan
iiretimin artmasii saglarken diger yandan da ekonominin biiyiimesine yardimci olmustur.
Sanayi devriminin tarihsel gelisim siireci incelendiginde, insan hayatina yaptig1 olumlu
katkilar yaninda bir dizi sorunu da beraberinde getirdigi goriilmektedir. Bu sorunlarin en
onemlilerinden biri de is kazalaridir.

Ulkemizde yasanan is kazalar1 iilke ekonomisine énemli oranda zarar verirken hem iiretim
kaybina hem de telafisi miimkiin olmayan &liimlere sebep olmaktadir [1]. Uretimin temel
noktasi olan insanin, is kazalar1 sonucu kaybedilmesi yalnizca can kayiplari ve sakatlanmalar
seklinde olmamakta ayni zamanda isletmelerin verimliligini diisiirmekte, maliyetlerinin
artmasina neden olmaktadir. Bunlara ek olarak yasanan is kazalar1 sonucu yapilmasi gereken
tazminat 6demeleri, tedavi ve bakim masraflari ile hem ¢alisanlar hem isverenler hem de iilke
ekonomisi olumsuz yonde etkilenmektedir [2,3].

Uluslararas1 Calisma Orgiitii'ne (ILO) gore, diinya genelinde yillik olarak 374 milyon is
kazas1 meydana gelirken, 2,78 milyondan fazla kisi ig kazalar1 sonucu yagamini yitirmekte,
meydana gelen is kazalarimin Gayri Safi Yurti¢i Hasila’nin (GSYIH) %3,94’ii tutarinda
ekonomik kayba neden oldugu tahmin edilmektedir [4]. Diinya’da ve Tirkiye’de is
kazalarmin meydana geldigi sektorler incelendigi zaman, insan emeginin fiziksel olarak
yogun oldugu sektorlerde meydana gelen is kazalarmin diger sektorlere gore daha fazla
oldugu goriilmektedir [5]. Hemen hemen tiim iilkelerde is kazalarmin en sik rastlandigi
iskollarindan biri olan ingaat sektorii, emek yogun sektorlerin basinda gelmektedir.

Insaat sektorii, tek basina iilke ekonomisine katki koymanin yaninda pek ¢ok farkli {iretim
sektoriinii de desteklemekte ve bu sayede bagli bulundugu cografyanin gelisimine katki
koymaktadir. insaat sektérii yarattigi ekonomik gii¢ ve kullandig1 teknolojiye bagli olarak
stirekli olarak gelisim gostermekle birlikte pek ¢ok yaralanma ve oliimli is kazasini da
beraberinde getirmektedir [6]. Insaat sektdriinde yasanan is kazasi istatistikleri diger
sektorlerle kryaslandigi zaman, sektdrde yasanan is kazasi sayilarmin diger sektorlerden
yiiksek ¢iktig1 ayrica yiiksek Olim oranlarindan dolay1 diger is kollarini geride biraktigi
goriilmektedir [7].

KKTC’de meydana gelen is kazalar1 ve bu kazalarin neden oldugu olumsuz sonuglarin
azaltilabilmesi i¢in diinyadaki gelismelere paralel is sagligi ve giivenligi ile ilgili yasal
mevzuatlar uygulanmasina ragmen, kazalarin hangi sektorlerde ve ilgelerde yogunlastigi
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iizerine smirlt sayida caligma bulunmaktadir. Bu caligmalarin eksikligi is kazalarmin
yasandig1 sektorler ve ilgeler ile ilgili uzun vadeli planlama yapilabilmesini engellemektedir.

Ozgiirer [8] KKTC’de, 2015-2020 yillarin1 kapsayan 6 yilin istatistiklerini incelemis ve is
kazalarini sektorlere ve ilgelere gore analiz etmistir. Incelenen veriler sonucunda KKTC
genelinde toplam 1,492 is kazasinda 32 kisinin 61d{igii, en fazla is kazasinin 362 is kazasi ile
ingaat sanayinde yasandig1 ve bu kazalardan 15 tanesinin 6liimle sonuglandigi goriilmistiir.

Ozellikle ingaat sektdriinde yasanan is kazalarmin ¢ok siddetli ve agir sonuglarinmn olmast,
bu sektdrde yasanan is kazalarinin alt sektorlere ve ilgelere gore analiz edilerek,
siniflandirilmasi ihtiyacini dogurmustur.

Bu ¢alisma, 2012-2021 yillarin1 kapsayan 10 yillik siire igerisinde KKTC, Insaat sektdriinde
yasanan is kazalarini, ingaat sektoriinii olugturan alt sektorlere gore analiz etmek amaciyla
hazirlanmistir. Bu noktadan hareketle insaat sektorii ile birlikte is kazasi kavraminin
literatiirde ve yasalarda nasil tanimlandig1 agiklanmus, 10 yillik siire i¢erisinde ingaat sektorii
ve ona bagl alt sektorlerde meydana gelen ig kazalarinin detayli analizi yapilarak, sektoriin
KOO ve OKOO hesaplanmustir.

2. LITERATUR

Insaat sektdrii dogas1 geregi icerisinde birgok tehlikeyi ve bu tehlikelerin neden olabilecegi
yiiksek riskleri kapsamaktadir. Bu riskleri en aza indirebilmek ve insaat sektoriinde
meydana gelen is kazalarinin azaltilabilmesine yardimci olmak amaci ile sektoriin
durumunun bilinmesine ve analiz edilmesine ihtiya¢ duyulmaktadir. insaat sektdriinde
meydana gelen kazalarin hangi alt sektorlerde yogunlastigmin tespit edilerek
siniflandirilmasi, onlem alma siralamast yapilmasini miimkiin kilacak, sistemin
iyilestirilmesine yonelik odaklanilmasi gereken noktalari ortaya koyacaktir.

KKTC o6zelindeki literatiir incelendiginde bu konuda yapilmis benzer bir arastirmaya
rastlanilmamugtir. Dolayisiyla bu ¢alisma insaat sektoriindeki durumu ortaya koyarken bir
yandan da literatiire katki niteligi tasimaktadir. Insaat sektériinde yasanan is kazalarinin
hangi alt sektorlerde ve ilgelerde yogunlastigmin incelenmesi ve elde edilen bulgularin
calisma hayati ile ilgili tiim kesimlerle paylasilmasi, is kazalarmin azaltilabilmesi agisindan
onemlidir.

Bayrak ve Telatar’a [9] gore insaat sektorii; kamu veya 6zel sektor tarafindan yapilan, bir
ingaat ile ilgili olan en kiigiik islemden en biiyiik yatirimlara kadar tiim 6zel veya kamu bina
ve altyapilarinin inga, bakim ve onarim islerini de icerisine alan sermaye faaliyetlerinin
timiidiir seklinde tanimlana bilinir. Sektor temelde insa etme iizerine kurulu olsa da tiim bina
ve altyapilarin bakim ve onariminin yaninda yikim islerini de biinyesinde barindirmaktadir.

Insaat sektorii gerek finansal biiyiikliigii gerekse de ekonomiye sagladig isgiicii imkanlartyla
iilke ekonomisine ciddi katki saglamakta, kendisinin yarattig1 ekonomik gelisime ek olarak,
paydas pek cok sektorii de destekleyerek, bu sektorlerin gelisimine katki koymaktadir [10].
Insaat sektdrii hem sagladig altyapi ile mal ve hizmetlerin iiretilebilmesini saglamakta hem
de tiretilen bu mal ve hizmetleri bir girdi olarak kullanabilmektedir. Sektérde yogun is giicii
kullanilmasi, istihdama olumlu yonde katki yaparken; GSYIH’y1 etkileyerek ekonomik
biiyiimeyi tetiklemekte ve sosyo-ekonomik refah diizeyini artirarak {ilke ekonomileri i¢in ne
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kadar &nemli oldugunu gostermektedir [11]. Insaat sektorii, iilke ekonomisine yaptigi
katkilarin yaninda emek yogun bir sektor olmasi nedeni ile fiziksel olarak zor ve tehlikeli bir
sektordiir. Ingaat sektdriiniin bu tehlikeli yapisi is kazasi sayilarmin yiiksek olmasina da
neden olmaktadir.

Tiirkiye Cumhuriyeti, Calisma ve Sosyal Glivenlik Bakanliginin hazirladigi Tehlike Siniflari
Yonetmeligi’nde ingaat sektoriiniin "cok tehlikeli isler" kategorisine dahil edildigi
goriilmektedir [12]. Insaat sektorii lizerine yapilan arastirmalar gdstermistir ki, bu sektorde
calisan kisilerin diger sektorlerle kiyaslandiginda is kazasi sonucu iki kat daha fazla
sakatlanma ve ii¢ kat daha fazla 6liim riski vardir [13].

Yapilan aragtirmalarda insaat sektdriindeki kaza sayilarinin yiiksek olmasini etkileyen pek
ok faktdr oldugu goriilmektedir. Ozellikle ingaat sektdriiniin emek yogun bir sektdr olmasi
ve sektorde istihdam edilen ¢alisanlarin egitimsiz veya diisiik egitimli olmalar1 kaza sayilarimi
artiran etkenlerin baginda gelmektedir [5, 14-21].

Insaat sektdriiniin calisma alanlarinin daginik olmasi, genellikle disarida ¢alisilmasindan
dolay1 degisen hava sartlarmin iiretimi zorlagtirmasi, santiye alanlarmin veya c¢aligma
kosullarinin bir igyerinden digerine degiskenlik gostermesi, insaat alanlarinda kullanilan
malzemelerin siirekli hareket halinde olmasi gibi etkenler is kazalarinin diger nedenleri
arasindadir [22-33].

Ulke genelindeki insaat faaliyetlerinde taseron isveren uygulamasina siklikla basvurulmast,
sektorde uyulmas: gereken is sagligi ve giivenligi tedbirlerinin uygulanmasini
zorlastirmaktadir. Bu noktada taseron isverenlerin is sagligi ve giivenligi tedbirlerini
ekonomik yonden maliyeti artirici bir faktor olarak gormeleri ve sektorde galisanlarin yeterli
mesleki ve is saglig1 ve giivenligi egitimlerini almamis olmalar1 meydana gelen is kazalarinin
en dnemli nedenleri arasinda gelmektedir [17, 27, 28, 34]. Tiim bunlara ek olarak ¢aliganlarin
kisisel koruyucu malzeme kullanmamasi gibi etkenler de insaat sektoériinde meydana gelen
is kazalarinin diger bir sebebi olarak gosterilebilinir [18, 35].

Yapilan literatiir taramasinda is kazas1 kavraminin uluslararas: kuruluglar tarafindan farkl
tanimlarinin yapildig1 gériilmektedir. Bunlar arasinda yaygin olarak kullanilani Uluslararasi
Calisma Orgiitii’niin (ILO) tanimdir. ILO’a gére is kazasi, “Is veya is ile baglantili olarak
olusan, siddet eylemleri de dahil, beklenmedik ve planlanmamis etkenlerle bir veya daha
fazla is¢inin yaralanmasi, hastaligr veya oliimiiyle sonuglanan olay” seklinde tanimlanirken
[36], Avrupa Istatistik Ofisi (EUROSTAT) is kazasmi, “is sirasinda meydana gelen, fiziksel
veya zihinsel hasara neden olan olaylar” seklinde tanimlamaktadir [37]. Bu makalenin
amagclar1 bakimmdan ise is kazas1 “Sigortali ¢alisamin, yapmakta oldugu is veya is ile
baglantili olarak, distan gelen beklenmedik bir etkenle fiziksel veya ruhsal yonden hasara
ugramasi” seklinde tanimlanabilir.

KKTC yasal mevzuati incelendiginde, SSD’nin uyguladigi iki farkli yasa oldugu
goriilmektedir. Her iki yasada da bulunan is kazasi ile ilgili maddeler incelendiginde,
kazalarin hangi hallerde is kazas1 olarak degerlendirileceginin belirtildigi ve net bir tanima
yer verilmedigi goriilmektedir. Calisma hayatini diizenleyen ilk yasa olarak 01 Haziran 1977
tarihinde uygulamaya giren ve Kibris Tiirk Sosyal Sigortalar Yasasi olarak isimlendirilen
16/1976 say1li yasanin 13. maddesi 1. fikrasi’nda is kazasi,
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“a) Sigortalinin, igyerinde bulundugu sirada veya yiiriitiilmekte olan ig dolayisiyla,
b) Sigortalinin igverenin emri ile bagka bir yere gonderildigi sirada,
c¢) Kadin sigortalinin emzikli cocuguna siit vermek i¢in ayrilan zamanlarda,

¢) Sigortalilarin, isverence saglanan bir tasitla isin yapildig1 yere gotiiriiliip getirilmeleri
sirasinda meydana gelen ve sigortaliyr hemen veya sonradan bedence veya ruhga arizaya
ugratan olay,” seklinde tanimlanmustir.

Ayni maddenin 2. fikrasi’nda ise, “Bir sigortalinin Kuzey Kibris Tiirk Cumhuriyeti sinirlar
icinde isine giderken veya gelirken kazaya ugramasi halinde, sigortalinin belli bir yolda ve
belli bir aragla gitmesi zorunda olup olmamasina bakilmaksizin o kaza bir is kazasi sayilir.
Sigortalinin herhangi bir sekilde yaralanmasina neden olacak her tiirlii olay, tiirine, yerine
ve zamanina bakilmaksizin, bu Yasa amaglari agisindan is kazasi sayilir,” seklinde
tanimlanmistir.

Sosyal giivenlik sistemlerinin diinya genelinde degisime ve gelisime ugramasi, KKTC’de de
kargilik bulmus ve 2000’li yillarin basinda hazirlanmaya baslanan 73/2007 sayili Sosyal
Giivenlik Yasasi, 01 Subat 2008 tarihinde uygulamaya girmistir. Bu yasanin 14. maddesi, 1.
fikrasi’nda ise is kazasi,

“a) Sigortalinin igyerinde bulundugu sirada,
b) Sigortali tarafindan isyerinde veya isyeri disinda yiriitmekte oldugu is nedeniyle,

¢) Bir igverene bagli olarak galisan sigortalinin igveren tarafindan gorev ile isyeri disinda
baska bir yere gonderilmesi nedeniyle asil isini yapmaksizin gecen zamanlarda,

¢) Emzikli kadin sigortalinin, gocuguna siit vermek igin ayrilan zamanlarda,

d) Sigortalilarin, ise baslama ve isten ayrilma saatleri dikkate alinarak, ise gidig-gelisi
sirasinda, meydana gelen ve sigortaliyr hemen veya sonradan bedence veya ruhga arizaya
ugratan olay,” seklinde tanimlanmustir.

Her iki yasanin is kazalar ile ilgili maddeleri incelendiginde; 16/1976 sayili yasanin, 2.
fikrasinin, 73/2007 sayili yasada uygulamadan kaldirildigi goriilmektedir. Yapilan bu
degisiklikle yasa maddesinin kapsami daraltilmis, sigortalilarin ise giderken veya gelirken
yasadig1 kazalarda ise baslama ve isten ayrilma saatlerine ek olarak gidilen gilizergdh da
dikkate alinmaya baslanmistir. Bu sayede ilgili maddenin daha kolay ve anlagilabilir olmasi
saglanarak ortaya ¢ikabilecek sorunlar 6nlenmistir.

Tiirkiye Sosyal Giivenlik Kurumu (SGK) tarafindan yaymlanan ve 2013-2021 yillarini
kapsayan is kazasi istatistikleri incelendiginde, ingaat sektdriinde meydana gelen kazalarin
tiim sektorlerle kiyaslandiginda ortalama %14,06 oraninda oldugu, meydana gelen kazalarin
hem ¢ok sik hem de siddetli ve ¢ok sayida 6liimle sonuglandigi ortaya ¢ikmistir. Yapilan
incelemelerde, diger sektorlerle kiyaslandiginda ingaat sektoriinde 2013-2021 yillar1 arasinda
%33,86 oraninda oliimlii is kazasinin meydana geldigi de goriilmektedir [38]. Ayn1 konu
iizerine yapilan ve farkli yillar1 kapsayan calismalarda da benzer bulgulara ulagilmistir [25,
39-48].

Avrupa Istatistik Ofisi tarafindan yaymlanan 2021 yilina ait is kazas1 istatistiklerine gore,
(AB’ne lye tilkeler arasinda) ingaat sektoriiniin diger sektorlerle kiyaslandiginda %12,9 oran
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ile en yiiksek 3. sektor oldugu, 6liimlii is kazasi istatistiklerinde rakamin %22,5’le en yiiksek
orana ¢ikt1g1 ve tiim sektoriiler arasinda en 6liimciil is kazalarinin ingaat sektoriinde meydana
geldigi goriilmektedir [49].

Tozer vd.’nin [50, 517 KKTC ingaat sektoriinde 1994-2004 yillarinda meydana gelen is
kazalarinin sektorel dagilimini inceledigi arastirmada, is kazalarinin %26’dan fazlasinin
ingaat sektériinde meydana geldigi, 6limlii is kazalarinda ise bu oranin %40’a ¢iktigi
saptanmustir. Bunlara ek olarak sektordeki kazalarin yil, ay ve giin i¢cindeki dagilimlari, is
kazas1 tipleri ve insaat sektdriindeki kazazedelerin meslek gruplarma gore dagilimlarn
incelenmistir. Celik ve Tozer [52] 2008-2012 yillarini kapsayan ve insaat sektoriindeki is
kazalarmimn analizi ile birlikte ¢alisanlarm egitim ve kiiltiir seviyeleri iizerine yaptiklar
calismada, KKTC’de yilda ortalama 253 is kazasmin meydana geldigini, bu kazalardan
ortalama 85 tanesinin ingaat sahalarinda gerceklestigini ve her yil insaatlarda yaganan is
kazalarimin yaklasik %2-3’{inlin 6liimle sonuglandigini tespit etmislerdir. Ayrica meydana
gelen is kazalarinin nedenleri ile birlikte ¢aliganlarin egitim ve kiiltiir seviyelerinin is
kazalarina olan etkileri de incelenmis, ¢alisanlarin biiyiik bir boliimiiniin egitimsiz veya
yeterli seviyede egitim almamis kisiler oldugunu tespit etmislerdir. Toézer vd. [53]
KKTC’deki 50 insaat sahasinda yaptiklart ve insaat sektoriinde sektorel egitim almamis
is¢gilerin yasadig1 is kazalari lizerine yapilan ¢aligmalarinda, 212 kazazede yas, cinsiyet ve
mesleki tecriibelerine gore incelenirken, kazalarin olus nedenleri {izerine analizler de
yaptlmistir. KKTC ingaat sektoriinde ¢alisan sektorel egitim almamis iscilerin yasamini
yitirdigi is kazalarinin ingaat sektoriindeki toplam dliimlii kazalarin %30,95’ini ve iilkedeki
meslek dliimlerinin %15.12°sini olusturdugu goriiliirken, kazalarda yaralanan calisanlarin
neredeyse yarisinin 20-30 yas araligindaki geng ve egitimsiz kisiler oldugu tespit edilmistir.
Ozgiirer [8] ise KKTC’de gerceklestirdigi bir diger calismada, 2015-2020 yillar1 arasindaki
6 yillik siire icerisinde is kazalarinin sektorlere ve ilgelere gore analizini yapmustir. Bu
calismaya gore en ¢ok is kazasi insaat sektoriinde gerceklesirken, yine en fazla Sliimlii is
kazasinin bu sektérde meydana geldigi tespit edilmistir. Bu c¢alismanin bir diger ¢arpict
sonucu ise meydana gelen is kazalarinin nerede ise %55’inin Lefkosa ilgesi sinirlari
igerisinde olmasidir.

3. MATERYAL VE METOT

KKTC’de is kazalar ile ilgili istatistiki verilerin ana kaynagi SSD’dir. Ancak SSD’sinin
herhangi bir basili yilliginin ve/veya istatistik biilteninin olmamasindan dolay1 ¢aligmada
kullanilan verilere ilgili kurumdan alinan yazili izinle ulasilmistir. Elde edilen veriler
iizerinden yapilan incelemede, verilerin is kazalart ile ilgili kapsamli bilgiler icerdigi
goriilmesine ragmen Oliimli is kazalari ile ilgili detayli verilere ulagilamamistir. Bu soruna
¢oziim bulmak gailesi ile 6ncelikle SSD’de gorev yapan miifettisler ile Eyliil - Kasim 2022
tarihleri arasinda ytiz ylize goriigiilerek KKTC siirlar igerisinde meydana gelen 6liimli is
kazalari ile ilgili hazirladiklar1 yazili raporlar temin edilmistir. Akabinde, temin edilen tiim
raporlar incelenmistir. Herhangi bir eksiklik olmamasi adina, KKTC’de is kazasi
istatistiklerini arsivleyen diger bir kurum olan Calisma Dairesi’nin istatistik yilliklari temin
edilmis, SSD’den alinan veriler ile Calisma Dairesi’nden alinan raporlar karsilastirilip,
capraz kontrol yapildiktan sonra sisteme iglenmistir.
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Bu caligma kapsaminda, nitel analiz yontemi kullanilmistir. Arastirma kapsaminda KKTC
SSD ve KKTC Calisma Dairesinden temin edilen 2012-2021 yillarmna ait is kazas1 verileri ve
Olimlii is kazalarina ait miifettis rapor sonuglar1 derlenmis, Microsoft Excel programi
kullanilarak olusturulan tablolar yardimi ile sonuglar analiz edilmistir.

Ozellikle Tiirkiye’de is kazalari ile ilgili verilerin ana kaynag1 Sosyal Sigortalar Kurumu ve
yayimlamis oldugu istatistik yilliklaridir. Yayinlanan istatistik yilliklart bu konularda ¢aligma
yiiriiten arastirmacilar i¢in temel bagvuru kaynagi niteliginde olup, bilgiye erismenin kolay
olmasi daha fazla ¢alisma yapilmasina ve yapilan ¢alismalarin ¢esitli alanlara yayilmasina
olumlu yonde katki koymaktadir. KKTC’de SSD’ne ait istatistik yilligimin olmamas gerek
akademik ¢aligma yapan arastirmacilarin gerek sektor paydaslarinin arastirma yapmasini
giiclestirmekte, meydana gelen is kazalarinin tekrarlanmasini onleyici adimlar atilabilmesi
icin yapilabilecek ¢aligmalarda verilere ulagimi zorlagtirmaktadir. Meydana gelen is kazalari
cesitli yonlerden analiz edilerek, insaat sektoriinde dncelikli olarak 6nlem alinmasi gereken
noktalar ortaya kona bilinecektir.

Caligmada kullanilan istatistiki veriler yalnizca kayitl istihdamlara ait bilgileri icermektedir.
KKTC’ne turist statiisii altinda gelip calismaya baslayan veya KKTC’deki iiniversitelere
egitim almak i¢in gelip sonrasinda g¢alismaya baslayan kayit disi sahislara ait verileri
icermemektedir. Son yillarda 6zellikle insaat sektoriinde yapilan denetim ve teftiglerde bu
durumda bulunan kayit disi ¢alisanlara rastlanilmistir. KKTC’de faaliyet gosteren insaat
sirketleri genellikle kiiglik ve orta 6lgekli isletmeler olmasina ragmen taseron igveren
uygulamasi yaygin olarak kullanilmaktadir. Taseron isletmeler biiyiik isletmelere kiyasla
daha fazla kayitsiz is¢i calistirmakta ve kayitsiz olarak calistirilan iggilerin gegirdikleri
kazalar SSD kayitlarinda goriilmemektedir. Kayitsiz ¢alisanlarm gegirmis oldugu is
kazalarmim SSD kayitlarinda tutulmadigi, bu nedenle mevcut is kazasi sayilariin ¢ok daha
fazla oldugu diistinilmektedir.

Aragtirma konusunun siirlandirilmasi agisindan istatistikler; SSD’de sigortali olarak kayitl
bulunan ve yasadig1 is kazasi sonucu tiim haklar1 ddenerek dosyasi kapatilan sigortalilarin
verilerini kapsamaktadir. Is kazas1 yasandigina dair bagvuru yapilip, eksik bildirim ve/veya
eksik evrak ile miiracaat edenler, hatali bagvurular ve/veya teftis ve inceleme sonucu olayin
is kazas1 olmadigi tespit edilen miiracaatlar ile kurum miifettiglerine is kazasi ile ilgili ifade
vermeyen kazazedelerin dosyalart kapatilamadigindan dolayi ¢alismaya dahil edilmemistir.

Avrupa Birligi (AB) iilkeleri ve Tiirkiye’de isyeri faaliyet gruplart siniflandirmasinda,
kisaltmast “NACE” olan “Avrupa Toplulugunda Ekonomik Faaliyetlerin Istatistiki
Siniflamas1” iktisadi faaliyet kolu simiflandirmasi kullanilmaktadir. Ingaat sektdrii bu
siniflandirma altinda; 41- ‘Bina Ingaat1’, 42- ‘Bina Dis1 Yapilarm Insaat1® ve 43- ‘Ozel insaat
Faaliyetleri’ olmak tizere ii¢ alt gruba ayrilmistir. Bu smniflandirma Tablo 1°de goriildiigii gibi
kendi icerisinde detaylandirilarak tim AB iilkeleri ve Tiirkiye tarafindan da kullanilmaktadir
[10].

NACE iktisadi faaliyet kolu smiflandirmasi KKTC, istatistik kurumu tarafindan
kullanilmasina ragmen KKTC, SSD’de faaliyet gruplari siniflandirmasinda 1976, Kibris
Tiirk Sosyal Sigortalar Yasasi, is kazalari ile meslek hastaliklar1 primi tarifesi yonetmenligi,
tehlike dereceleri ve prim oranlari cetveli kullanilmaktadir [54]. Bu siniflandirmaya gore
ingaat sektorii 10 farklr alt sektdre ayrilmistir.
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Tablo 1 - AB ve Tiirkiye Insaat Sektorii NACE Simiflandirmast

41-Bina Ingaat1
1-Ingaat projelerinin gelistirilmesi
2-Tkamet veya ikamet amacl olmayan binalarin ingaat:
42-Bina Dis1 Yapilarm Ingaatt
1-Kara ve demir yollarinin insaat
1.1-Kara yollar1 ve otoyollarin ingaat
1.2-Demir yollar1 ve metrolarin ingaati (demiryolu tiinel ve yer alt1 insaats)
1.3-Kopriiler ve tiinellerin insaati
1.4-Demir yolu, tiinel ve yer alt: tamirati
2-Hizmet projelerinin ingaat:
2.1-Svilar i¢in hizmet projelerinin insaat:
2.2-Elektrik ve telekomiinikasyon i¢in hizmet projelerinin insaat:
2.3-Dekovil ve tramvay yolu insaat ve tamirati
3-Bina dis1 diger yapilara ait projelerin insaat1
3.1-Su projeleri ingaat:
3.2-Iskele, Liman, mendirek ingaat ve tamirat:
3.3-Baska yerde smiflandirilmamig bina dis1 diger yapilara ait projelerin insaat:
43-Ozel Ingaat Faaliyetleri
1- Yikim ve santiyenin hazirlanmasi
1.1-Yikim isleri
1.2-Santiyenin hazirlanmasi
1.3-Test sondaj1 ve delme
2-Elektrik tesisati, sthhi tesisat ve diger ingaat tesisat: faaliyetleri
2.1-Elektrik tesisati
2.2-S1hhi tesisat, 1s1tma ve iklimlendirme tesisati
2.3-Diger insaat tesisat1 (Asansdrlerin, yiiriiyen merdivenlerin vb. kurulum igleri)
3-Binamn tamamlanmasi ve bitirilmesi
3.1-Swva isleri
3.2-Dograma tesisat1
3.3-Yer ve duvar kaplama
3.4-Boya ve cam isleri
3.5-Ingaatlardaki diger biitiinleyici ve tamamlayicr isler
4- Diger dzel insaat faaliyetleri
4.1-Cat1 1sler1
4.2-Baska yerde simflandirilmamis diger 6zel ingaat faaliyetleri

Gerek AB iilkeleri gerek Tiirkiye gerekse de KKTC istatistik kurumunun uluslararast NACE
iktisadi  faaliyet kolu siniflandirmasim1  kullandigr  goriilirken, SSD’nin  NACE
siniflandirmasint  kullanmamasi iilke igerisinde farkli sistemler kullanilmasina neden
olmakta, bunun da iilke i¢erisinde yeknesak bir sistem kullanilmasinin dniinde engel teskil
ederek, faaliyet kollart iizerinden uluslararasi karsilagtirma yapmay1 engelledigi
diigiiniilmektedir.
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Tablo 2 - KKTC, SSD, Tehlike Dereceleri ve Prim Oranlari Cetveli

40-1n$aat Sanayi,
400-Insaat Isleri

4000-Insat isinden miistakilen yapilan badanacilik, yagli boyacilik, binalarin parke,
musamba ve ninolyon vs. ile dosenmesi isleri

4001-Koprii, kanalizasyon, baraj, su regiilatorii ve varyant su yolu, kuyu ve su isleri ile ilgili
ingaat ve tamirati

4002-Dekovil ile tramvay yolu insaat ve tamirati

4003-Bina insaat1 ve tamirati, bina yikimui isleri, taseronlugu

4004-S1hhi tesisat kalorifer, gaz su elektrik tesisat1 (Bina ici tesisati)

4005-Iskele, liman, mendirek ingaat ve tamiri

4006-Demiryolu, tiinel ve yeralt: insaat1

4007-Demiryolu, tiinel ve yeralt: tamirati

4008-Bina dis1 elektrik, gaz, telgraf, telefon tesisat1 ve havai hat payplayn insaat, tamirat ve
bakim isleri

4009-Yol, sporcu ve ugak alanlar1 ingaati, tamirat ve bakim isleri (yol ingaati ile ilgili varyant
insaat1 dahil)

4. BULGULAR VE TARTISMA

Tablo 3 - KKTC Geneli Isyeri Sayilar, Insaat Sektorii Isyeri Sayilar,, KKTC Geneli
Calisan Sayilari, Insaat Sektorii Calisan Sayilar ve Yiizdeliklerinin Yillara Gore Dagilimi

KKTC Ingaat KKTC Insaat
Isyeri Isyeri Calisan Calisan
Yil Sayilan Sayilar % Sayilan Sayilar %
2012 18,312 1,249 %6,82 107,657 12,559 %11,67
2013 18,217 1,246 %6.84 109,307 11,827 %10.82
2014 18,279 1,238 %6.77 113,590 12,348 %10.87
2015 18,466 1,249 %6.76 120,714 14,555 %12.06
2016 18,850 1,293 %6.86 131,425 15,500 %11.79
2017 19,578 1,418 %7.24 143,200 18,972 %13.25
2018 20,075 1,499 %7.47 152,382 19,875 %13.04
2019 20,323 1,515 %7.45 153,481 17,195 %11.20
2020 20,322 1,495 %7.36 143,170 15,459 %10.80
2021 20,042 1,523 %7.60 143,528 15,767 %10.99
Ortalama 19,246 1,373 %7.13 131,845 15,406 %11.68

Tablo 3’e gore 2012-2021 yillar1 arasinda KKTC’de ortalama 19,246 is yerinin oldugu, ayn1
yillarda insaat sektoriinde ortalama 1,373 igyerinin bulundugu ve insaat sektoriiniin genel is
yeri sayilarina oraninin ortalama %7,13 oldugu goriilmektedir. 2012-2021 yillar1 arasinda
KKTC genelinde ortalama 131,845 calisan oldugu goriilirken, ayni yillarda insaat
sektoriinde ortalama 15,406 c¢alisanin oldugu, insaat sektorii ¢aligan sayilarinin KKTC geneli
calisan sayilarina oraninin ise ortalama %11,68 oldugu goriilmektedir. KKTC gibi
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gelismekte olan bir tilkede bu oran sadece istthdam potansiyeli olarak degil ekonomiye
katt1g1 deger agisindan da 6nemli ve yiiksektir.

KKTC geneli igyeri sayilaria bakildigi zaman 6zellikle 2013 yilindan 2019 yilina kadar
istikrarl bir biiyiimenin oldugu goriilmektedir. Insaat sektorii isyeri sayilarina bakildig:
zaman ise ilk 4 yi1lda duragan bir goriintiiniin hakim oldugu 2015 yilindan 2019 yilina kadar
da hizli bir biiyiimenin yasandigi goriilmektedir. KKTC geneli isyeri sayilarinda 2019
yilindan sonra bir diisiis yasansa da bu gerilemenin insaat sektoriine ayni oranda yansimadigi,
2020 yilinda az bir gerileme olduktan sonra 2021 yilimi yine yiikselisle tamamladig:
goriilmektedir.

10 y1llik siire igerisinde ¢alisan sayilarina bakildigir zaman; KKTC geneli ¢alisan sayilarinin
2012 yilindan 2019 yilina kadar istikrarlt bir sekilde arttig1 ve 2020 yilinda diistise gegerek,
2021 yilinda duraganlastig1 goriilmektedir. Ingaat sektérii ¢alisan sayilart ise 2013 yilindan
itibaren istikrarli bir sekilde artmaya baglamig ve 2018 yilina kadar yiikselisini siirdiirmiis,
sonrasinda ise 2019-2020 yillarinda biiylik bir diisiis yasayarak istihdam oranlarinda
%1,84’liik bir gerileme yasayarak, 2021 yilinda duraganlagmaistir.

Tablo 3’deki veriler incelendiginde ingaat sektorii is yeri sayilarinda 2019 yilindan itibaren
bir duraksama oldugu goriliirken, ¢alisan sayilarinda ve istihdam oranlarinda ¢ok ciddi bir
azalma yasandigi goriilmektedir. Bu azalmanmn en 6nemli nedenleri arasinda 2019 yili
sonunda Tiirk Lirasinin doviz karsisinda deger kaybetmesi ile baslayan ekonomik krizin
oncelikli olarak insaat sektoriinii etkilemesi ve ingaat sektoriiniin yavaglamasi nedeni ile
igyerlerinin personel azaltmasi gosterilebilinir. 2019 yilinda yasanan doviz krizinin hemen
sonrasinda baslayan Covid-19 pandemisinden dolayr KKTC Bakanlar Kurulunun
15/03/2020-04/05/2020 ve 28/01/2021-22/02/2021 tarihleri arasinda insaat sektorii dahil
olmak tizere pek c¢ok sektoriin faaliyetini durdurmasi ve buna bagli olarak ortaya ¢ikan
ekonomik krizin tiim iilkeyi etkilemesi de bu gerilemenin diger bir 6nemli nedeni oldugu
diigiiniilmektedir.

Tablo 4 - KKTC Insaat Alt Sektorlerindeki Isyeri Sayilarimin Yillara Gére Dagilimi

Y1l - insaat Genel
Alt Sektor | 4000 | 4001 | 4002 | 4003 | 4004 | 4005 | 4007 | 4008 | 4009 Toplam
2012 127 | 34 1 811 241 1 1 18 14 1248
2013 127 | 36 1 819 | 227 1 1 20 12 1244
2014 127 36 1 812 | 224 1 1 23 11 1236
2015 132 34 1 819 | 223 1 1 26 10 1247
2016 134 | 32 1 841 240 1 1 29 11 1290
2017 157 | 36 1 921 259 1 1 29 10 1415
2018 165 | 36 1 969 | 281 1 1 29 13 1496
2019 163 | 36 1 981 286 1 1 31 12 1512
2020 149 | 34 1 976 | 290 1 1 29 10 1491
2021 162 36 1 977 | 302 1 1 28 11 1519
Ortalama | 144 | 35 1 893 257 1 1 26 11 13,698
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Tablo 4’de insaat alt sektorlerinde 2012-2021 yillar1 arasinda faaliyet gosteren is yerlerinin
yillara gore dagilimi goriilmektedir. Tablo 2’ye gore insaat alt baglig1 altinda 10 farkli alt
sektdr bulunmasina ragmen 4006 kodlu alt sektorde faaliyet gosteren herhangi bir isyerinin
olmamasindan dolay1 ¢aligmanin bu noktadan sonraki bdliimii 9 farkl alt sektor tizerinden
devam ettirilecektir.

2012-2021 yillar arasinda 9 farkli alt sektdrde en fazla isyerinin 4003 kodlu alt sektorde
oldugu ve 10 yillik siire igerisinde bu alt sektdrde ortalama 893 igyerinin bulundugu
goriilmektedir. 2. sirada bulunan 4004 kodlu alt sektdrde ortalama 257 igyerinin oldugu, 3.
sirada bulunan 4000 kodlu alt sektorde ise ortalama 144 igyerinin oldugu goriilmektedir. 4003
kodlu alt sektordeki toplam igyeri sayisinin, 10 yillik siire i¢erisinde ingaat sektorii toplam
igyeri sayisina orani %65,16 olurken, yukarida yazilan ilk 3 alt sektoriin, insaat sektori
toplam igyeri sayisina oraninin %94,48’ini olusturdugu, geriye kalan 6 alt sektoriin ise genel
istatistigin %5,52’sini olusturdugu goriilmekte ve neredeyse bu 3 alt sektoriin tiim insaat
sektoriinii olusturdugu goriilmektedir.

Tablo 5 - KKTC Insaat Alt Sektorlerinde Calisan Sayilarinin Yillara Gore Dagilimi

Y1l - insaat Genel
Alt Sektor | 4000 | 4001 | 4002 | 4003 | 4004 | 4005 | 4007 | 4008 | 4009 Toplam

2012 1114|242 | 6 9593 | 1054 | 13 1 | 342 | 364 12729

2013 1161 | 262 | 5 8885 | 1050 241 | 469 12081

2014 1150 | 407 | 12 | 9021 | 1086 | 7 296 | 557 12537

2015 12721 553 | 6 | 10698 | 1206 525 | 448 14716

2016 1514 | 337 | 7 | 11657 | 1544 273 | 387 15729

2017 2149 | 308 | 8 | 13693 | 2171 | 12 354 | 489 19186

2018 1949 | 413 | 10 | 145822146 | 10 288 | 698 20098

2019 1621 | 505 | 9 | 12631 | 1875 287 | 459 17391

2020 1417 | 435 | 11 | 11472 | 1738 270 | 251 15597

N (N[NNI (N[ ===

2
1
2021 1432 | 480 | 13 | 11590 | 1741 | 1 275 | 378 15912
Ortalama |1,478| 394 | 9 |11,382|1,561| 7 315 | 450 | 155,976

Tablo 5°de 2012-2021 yillar1 arasinda ingaat alt sektorlerinde calisan kisilerin yillara gore
dagilimi goriilmektedir. 4006 kodlu alt sektdrde faaliyet gosteren herhangi bir isyeri ve
calisan olmamasindan dolayr ¢alismanin bu noktadan sonraki boliimii 9 farkli alt sektor
tizerinden devam ettirilecektir.

2012-2021 yillar1 arasinda 9 farklr alt sektorde en fazla ¢alisanin 4003 kodlu alt sektdrde
oldugu ve 10 yillik siire igerisinde bu alt sektdrde ortalama 11,382 c¢alisanin bulundugu
goriilmektedir. 2. sirada bulunan 4004 kodlu alt sektdérde ortalama 1,561 ¢alisanin oldugu, 3.
sirada bulunan 4000 kodlu alt sektorde ise ortalama 1,478 calisanin oldugu goriilmektedir.
4003 kodlu alt sektdrde toplam calisan sayisimnin, 10 yillik siire icerisinde insaat sektorii
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toplam ¢alisan sayisina orani %72,97 olurken, yukarida yazilan ilk 3 alt sektdriin insaat
sektorii genel caligsan sayilarina oranimin %92,46’sin1 tuttugu, geriye kalan 6 alt sektoriin ise
genel istatistigin %7,54’lini tuttugu goriilmekte ve neredeyse bu 3 alt sektorde ¢alisanlarin
tiim ingaat sektoriinii olusturdugu goriilmektedir.

Tablo 6 - KKTC Geneli Is Kazasi Sayilart, I'n?v'aat Sektorii Is Kazasi Sayilart, KKTC Geneli
Oliimlii Is Kazast Sayilary, Insaat Sektorii Oliimlii Is Kazast Sayilart ve Yiizdeliklerinin
Yillara Gére Dagilimi

_ insaat

. Ins_aat Sektorii KKTC Sektorii

KKTC Geneli Is Is Kazasi Geneli Oliim Oliim

Yil Kazas: Sayilari Sayilari % Sayilari Sayilar %

2012 290 86 %29.66 4 1 %25.00
2013 328 95 %28.96 7 2 %28.57
2014 286 73 %25.52 6 3 %50.00
2015 241 59 %24.48 7 2 %28.57
2016 210 63 %30.00 8 5 %62.50
2017 249 61 %24.50 4 2 %50.00
2018 288 72 %25.00 4 1 %25.00
2019 300 56 %18.67 5 4 %80.00
2020 214 53 %24.77 4 1 %25.00
2021 228 50 %21.93 8 2 %25.00
Toplam 2,634 668 %25.36 57 23 %40.35

Tablo 6’ya gore 2012-2021 yillar1 arasinda KKTC genelinde toplam 2,634 is kazas1 meydana
gelirken, bu kazalardan 668 tanesinin (%25,36) insaat sektoriinde yasandig1 goriilmektedir.
10 yillik siire igerisinde gerek K.K.T.C. genelinde (328 is kazasi) gerckse de insaat
sektoriinde (95 is kazas1 ) en ¢ok is kazasinin 2013 yilinda meydana geldigi goriilmektedir.
KKTC genelinde en az is kazasi 2016 yilinda (210 is kazasi) meydana gelirken, insaat
sektoriinde meydana gelen is kazalarinin en diisiik oldugu yilin 2021 y1l1 (50 i kazast) oldugu
goriilmektedir. 10 yillik siire igerisinde 6liimlil is kazasi sayilar1 incelendiginde toplam 57
oliimli is kazasinin meydana geldigi, bu 6liimlii is kazalarindan 23 tanesinin ise (%40,35)
ingaat sektoriinde oldugu goriilmektedir.

10 yillik stire igerisinde K.K.T.C. genelinde en az kazanin 2016 yilinda meydana geldigi ve
bu saymin diger yillara goére nispeten diisiik oldugu disiliniilse de ylizdelik olarak
bakildiginda toplam is kazalarinin %30,00°luk kismini olusturarak en yiikse is kazasi
oraninin bu yilda ¢iktig1 goriilmektedir. Ayni yil icerisinde 8 dliimlii is kazasinin olmast ve
bu 8 o6liimlii is kazasindan 5 tanesinin ingaat sektoriinde (%62,50) yasanmasi diger dikkat
gekici bir istatistik olarak karsimizda durmaktadir. Diger yandan 2019 yili igerisinde 5

106



Giircag OZGURER

oliimli is kazas1 meydana gelirken bu kazalardan 4 tanesinin (%80,00) insaat sektdriinde
yasanmasi ¢arpici bir istatistik olarak karsimiza ¢ikmaktadir.

2020-2021 yillarinda hem iilke genelinde yasanan ekonomik krizin hem de Covid-19
pandemisinin etkisi ile ¢alisan sayilarinda biiyiik bir diigiis yaganmis olmasimin genel is
kazasi sayilarinda azalmaya etki ettigi diisiiniiliirken, 2020 yilinda meydana gelen 6limlii is
kazas1 sayisinda dikkat ¢ekici bir azalma olmadigi, 2021 yilinda ise bu sayinin 2 kat arttig
goriilmektedir. 2021 yili igerisinde KKTC genelinde 6liimlii is kazasi sayis1 2 kat artmasina
ragmen, insaat sektoriinde yasanan Sliimlii is kazasi sayisinin yiizdelik olarak ayni kaldig:
goriilmektedir.

Tablo 7 - KKTC Insaat Sektoriinde Yasanan Is Kazalarimin Igelere ve Yillara Gore

Dagilimi

Yil - flce | Lefkosa | Girne | Magusa | Iskele | Giizelyurt | Lefke | Toplam
2012 45 15 20 4 2 0 86
2013 58 15 17 4 1 0 95
2014 44 15 10 4 0 0 73
2015 41 6 7 5 0 0 59
2016 39 12 5 2 0 63
2017 43 6 7 4 1 0 61
2018 39 15 13 5 0 0 72
2019 33 10 8 4 1 0 56
2020 28 6 15 3 0 1 53
2021 31 7 11 1 0 0 50

Toplam 401 107 113 39 7 1 668

% 60.03 16.02 16.92 5.84 1.05 0.15 100.00

Tablo 7°de 2012-2021 yillar1 arasinda ingaat sektoriinde meydana gelen is kazalarinin ilgelere
ve yillara gore dagilimi goriilmektedir. 2012-2021 yillar1 arasinda gergeklesen ve tiim ilgeleri
kapsayan ig kazasi istatistikleri incelendiginde, ingaat sektoriinde meydana gelen toplam 668
is kazasmin 401 tanesinin (%60,03) Lefkosa ilgesinde meydana geldigi, 113 is kazasi
(%16,92) ile Magusa ilgesinin 2. sirada, 107 is kazasi (%16,02) ile Girne ilgesinin 3. sirada,
39 is kazas1 (%5,84) ile Iskele ilgesinin 4. sirada, 7 is kazas1 (%1,05) ile Giizelyurt ilgesinin
5. sirada ve 1 is kazasi (%0, 15) ile Lefke ilgesinin son sirada oldugu goriilmektedir. Lefkosa
ilcesinde meydana gelen 401 is kazasinin genel istatistigin %60,03 gibi biiylik bir oranini
tuttugu goriiliirken diger 5 ilcede meydana gelen 267 is kazasmin genel istatistigin
%39,97’sini olusturdugu goriilmektedir.

Bu noktada ig kazalarinin nerede ise 2/3’linlin Lefkosa ilgesinde meydana gelmesi 6nemli bir
detay olarak karsimiza ¢ikmaktadir. En ¢ok is kazasinin Lefkosa ilgesinde yaganmasinin en
o6nemli nedenleri arasinda KKTC genelinde galisan is giiciiniin yaklasik %46’lik bir kisminin
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Lefkosa ilgesinde bulunmasi [55] ve insaat ve ingaata bagli yan sanayilerin bulundugu
organize sanayi bolgelerinin Lefkosa ilgesinde yogunlagsmasi oldugu diistintilmektedir.
Dikkat ceken diger bir detay ise 10 yillik siire icerisinde Lefke ilgesinde sadece tek 1 is
kazasinin meydana gelmesidir. Bunun en 6nemli nedeni, 2012-2019 yillar1 arasinda Lefke
bolgesinde hizmet veren SSD’nin, Glizelyurt ilgesindeki SSD’sine bagli bir biiro olarak
hizmet vermesi ve bu yillar arasinda meydana gelen is kazalarinin Giizelyurt SSD’nin
istatistiklerinde tutulmasidir. Lefke bolgesinin 2019 yilinda ayr1 ilge olmasindan sonra bu
ilgede meydana gelen is kazalart Lefke SSD’nin kayitlarinda tutulmaya baslanmistir. Diger
bir yandan Lefke ilgesinin diger ilgelere kiyasla niifusunun az olmasi, bdlgenin kirsal kesim
olmas1 ve buna bagli olarak bdlgeye yatirimin az olmasindan dolay1 insaat sektoriinde 2021
yilinda herhangi bir kazanin meydana gelmedigi diistiniilmektedir.

Tablo 8 - KKTC’de Meydana Gelen Is Kazalarimin Insaat Alt Sektérlerine ve Ilgelere Gore

Dagilimi
Insaat Alt .
Sektor | Lefkosa | Girne | Magusa | Iskele | Giizelyurt | Lefke | Toplam %
4000 99 2 2 0 0 1 104 15.57
4001 6 2 2 0 1 0 11 1.64
4003 240 93 95 36 6 0 470 70.36
4004 46 10 14 1 0 0 71 10.63
4008 2 0 0 0 0 0 2 0.30
4009 8 0 0 2 0 0 10 1.50
Toplam 401 107 113 39 7 1 668 100.00

Tablo 8’de insaat alt sektorlerinde gerceklesen ve tiim ilgeleri kapsayan is kazasi istatistikleri
gorlilmektedir. 2012-2021 yillar1 arasinda insaat alt sektorlerinde yasanan is kazalar
incelendiginde; 4002, 4005, 4006 ve 4007 kodlu alt sektorlerde herhangi bir is kazasinin
olmadigi, geriye kalan 6 farkli alt sektorde ise 668 is kazasmin meydana geldigi
goriilmektedir. Alt sektorler igerisinde en fazla is kazasinin 470 is kazasi ile (%70,36) 4003
kodlu alt sektérde gerceklestigi ve bu kazalarin 401 tanesinin Lefkosa ilgesinde oldugu tespit
edilmistir. Bu istatistikler insaat sektoriinde meydana gelen toplam 668 is kazasinin nerede
ise 2/3’tniin Lefkosa ilgesinde ve 2/3’{inden fazlasinin ise “Bina ingaat ve tamirati, bina
yikimu isleri, taseronlugu” alt sektdriinde meydana geldigini gostermektedir. Yine ayni
verilere gore 104 is kazast (%15,57) ile 4000 kodlu alt sektoriin 2. sirada oldugu ve bu
kazalardan 99 tanesinin Lefkosa ilgesinde gerceklestigi goriilmektedir. 71 is kazas1 (%10,63)
ile 4004 kodlu alt sektoriin 3. sirada oldugu ve bu kazalardan 46 tanesinin Lefkosa ilgesinde
gerceklestigi goriilmektedir. 2012-2021 yillar1 arasinda yasanan toplam 668 is kazasindan
645 tanesinin (%96,56) yukarida yazilan ilk 3 alt sektorde oldugu goriiliirken, geriye kalan 3
alt sektorde 23 is kazasinin (%3,44) oldugu goriilmektedir. Yukarida yazilan ilk 3 alt sektorde
bu kadar fazla is kazas1 olmasinin en dnemli nedeni olarak bu alt sektorlerde faaliyet gésteren
is yeri ve ¢alisan sayilarinin diger alt sektorlerden ¢ok daha fazla olmasi gosterilebilinir.
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2012-2021 yillar1 arasinda meydana gelen 668 is kazasinin ilgelere gore dagilimi
incelendiginde Lefkosa ilgesinin 401 is kazas1 (%60,03) ile 1. sirada, 113 is kazas1 (%16,92)
ile Magusa ilgesinin 2. sirada, 107 is kazasi1 (%16,02) ile Girne ilgesinin 3. sirada, 39 is kazasi
(%5,84) ile Iskele ilgesinin 4. sirada, 7 is kazas1 (%1,05) ile Giizelyurt ilgesinin 5. sirada ve
1 is kazasi1 (%0,15) ile Lefke ilgesinin son sirada oldugu goriilmektedir.

Tablo 9 - KKTC Insaat Al_t Sektorlerinde Meydana Gelen Kazalarda, Kazazedelere Odenen
Gegici Is Goéremezlik Siirelerinin Yillara Gére Dagilimi

Y1l — insaat

Alt Sektor 4000 | 4001 | 4003 4004 | 4008 | 4009 | Genel Toplam
2012 871 0 6,631 698 0 46 8,246
2013 861 30 4,186 181 0 74 5,332
2014 378 0 4,259 279 0 37 4,953
2015 468 42 4,470 517 186 0 5,683
2016 542 15 5,164 222 0 0 5,943
2017 466 116 5,689 430 0 221 6,922
2018 507 199 4,943 511 93 295 6,548
2019 471 113 2,678 424 0 0 3,686
2020 558 0 2,441 274 0 0 3,273
2021 804 29 2,972 578 0 68 4,451
Toplam 5,926 | 544 | 43,433 | 4,114 | 279 741 55,037
% 10.77 | 0.99 | 78.92 747 | 051 | 1.35 100.00

Tablo 9°da 2012-2021 yillar1 arasinda insaat alt sektdrlerinde meydana gelen kazalarda,
kazazedelere 6denen gegici is goremezlik giin sayilarinin istatistikleri goriilmektedir. 2012-
2021 yillar1 arasinda 6 farkli alt sektérde meydana gelen 668 is kazasindan dolay1 ¢aliganlara
toplam 55,037 giin gegici is goremezlik 6denegi verildigi ortaya ¢ikmaktadir. En fazla is
kazasinin meydana geldigi 4003 kodlu alt sektérdeki yaralanmalardan dolay1 kazazedelerin
toplam 43,433 giin gecici is géremezlik 6denegi aldigi, bunun da toplam gegici is goremezlik
stirelerinin %78,92’sini olusturdugu goriilmektedir. Yine ayni tabloya gore 2. sirada bulunan
4000 kodlu alt sektordeki yaralanmalardan dolay1 kazazedelere toplam 5,926 giin (%10,77)
gecici is goremezlik odenegi verildigi, 3. swrada bulunan 4004 kodlu alt sektordeki
yaralanmalardan dolay1 ise kazazedelere toplam 4,114 giin (%7,47) gegici is goremezlik
Odenegi verildigi goriilmektedir. Yukarida yazilan ilk 3 alt sektorde 6denen gegici is
goremezlik stireleri (53,473 giin) toplam ddemelerin %97,16’sin1 olustururken, geriye kalan
diger 3 alt sektorde (4001, 4008 ve 4009 kodlu) ddenen gegici is gdremezlik siirelerinin
(1,564 giin) toplam 6demelerin %2,84’tinii olusturdugu goriilmektedir. 470 is kazasi ile en
fazla is kazasinin meydana geldigi 4003 kodlu alt sektorde kazazedelere ddenen 43,433
giinliik gegici is goremezlik siiresi hesaplandiginda, kaza basina neredeyse 93 giinliik gegici
is goremezlik 6demesi yapildigi ortaya ¢ikmakta ve bu alt sektorde meydana gelen kazalarin
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ne kadar siddetli ve agir sonuglar dogurdugu c¢ikan istatistiki verilerden kolayca
anlagilabilmektedir. SSD’den elde edilen veriler 1s18inda, yasanan kazalarin gerek
kazazedeler gerek sirketler gerekse de iilke ekonomisine olan kayiplar1 géstermesi agisindan
O6nemli bir veri oldugu diigiiniilmektedir.

Tablo 10 - KKTC Geneli ve Insaat Sektorii KOO ve OKOO 'min Yillara Gére Dagilimi

Yil KKTC KOO | insaat KOO | KKTC OKOO | insaat OKOO
2012 26.94 68.48 0.37 0.80
2013 30.01 80.32 0.64 1.69
2014 25.18 59.12 0.53 243
2015 19.96 40.54 0.58 1.37
2016 15.98 40.65 0.61 323
2017 17.39 32.15 0.28 1.05
2018 18.90 36.23 0.26 0.50
2019 19.55 32.57 0.33 233
2020 14.95 34.28 0.28 0.65
2021 15.89 31.71 0.56 1.27

Ortalama 20,47 45,60 0,44 1,53

KOO, temel olarak belirli bir zaman diliminde yasanan kazalarin ne siklikla meydana
geldiginin 6l¢iilmesidir [56]. Bu hesaplama yapilirken genel olarak bir takvim yili igerisinde
yasanan toplam is kazas1 sayisinin, hesaplama yapilan yil igerisinde referans alinan toplam
is¢i sayisina boliinmesiyle elde edilen rakamin 100.000 sayisi ile ¢arpilmasiyla bulunur [57].
KKTC ingaat sektoriinde toplam ¢alisan sayisinin 100.000’den az olmasi nedeni ile bu
hesaplama 10.000 katsayis1 ile ¢arpilarak hesaplanmis ve tablonun daha net ve kolay bir
sekilde anlagilabilmesi i¢in ¢alismaya eklenmistir.

Tablo 10°da 2012-2021 yillar1 arasinda KKTC genelinde ve ingaat sektdriinde yasanan is
kazalarinmn her yil icin KOO ve OKOO goriilmektedir. 10 yillik siire igerisinde meydana
gelen is kazalarinin KKTC geneli ile karsilastirilmasi sayesinde insaat sektoriiniin durumu
daha kolay ve net bir sekilde anlasilabilecektir. 2012-2021 yillar1 arasinda KKTC genelinde
10.000 kisiye diisen ortalama KOO 20,47 olmasina karsin ingaat sektoriinde bu oranin 2
katindan fazla ¢ikarak 45,60 oldugu tespit edilmistir. Tlgili yillarda OKOO bakildiginda ise
KKTC genelinde 10.000 kisiye diisen OKOO 0,44 ¢ikmasia karsin insaat sektoriinde bu
oranin 3,5 kat fazla cikarak 1,53 oldugu goriilmektedir. insaat sektorii KKTC ekonomisini
ayakta tutan sektdrlerin basinda gelmesine ragmen KOO ve OKOO’na bakildiginda bile
diger tiim sektorlerden daha riskli oldugu ve daha fazla kaza meydana gelme olasiliginin
bulundugu goriilmektedir. Bu nedenle insaat sektoriine gereken hassasiyetin gosterilerek
kaza sayilarmin azaltilmasi icin gerekli calismalarin yapilmasinin 6nemi tekrar ortaya
cikmaktadir.
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5. SONUCLAR

Tiim diinyada oldugu gibi KKTC ¢alisma hayatinin en énemli sorunlar1 arasinda is kazalari
gelmektedir. KKTC’de yasanan is kazalarina ait istatistikler incelendiginde, ingaat
sektoriinde yasanan is kazalarinin diger sektorlerden daha fazla oldugu ve yasanan is
kazalarinin diger sektorlere nazaran daha siddetli ve Oliimciil sonuglar dogurdugu
goriilmektedir. Bu agir sonuglar sektérde yasanan is kazalarinin alt sektorlere ve ilgelere
gore analiz edilerek, siniflandiriimasi ihtiyacini dogurmustur. Insaat sektoriinde yasanan
kazalarin hangi alt sektorlerde yogunlastiginin tespit edilerek siniflandirilmasi, dnlem alma
siralamasi yapilmasimni miimkiin kilacak, sistemin iyilestirilmesine yonelik odaklanilmasi
gereken noktalari ortaya koyacaktir. Diinya genelinde ingaat sektdriinde meydana gelen is
kazalarmi ¢esitli yonlerden inceleyen pek ¢ok arastirma bulunmasina ragmen, KKTC
literatiiriinde bu konuda daha dnce yapilmis bir ¢alisma bulunmamaktadir. Dolayisiyla bu
calisma ingaat sektoriindeki durumu ortaya koyarken bir yandan da literatiire katki niteligi
tasimaktadir. Insaat sektoriinde yasanan is kazalarmin hangi alt sektorlerde ve ilgelerde
yogunlastigimin incelenmesi ve elde edilen bulgularin ¢alisma hayati ile ilgili tiim
kesimlerle paylasilmasi, is kazalarinin azaltilabilmesi acisindan dnemlidir.

SSD’den elde edilen veriler incelendiginde, 2012-2021 yillar1 arasinda KKTC genelinde
ortalama 19,246 is yerinin oldugu, ayni yillarda ingaat sektoriinde ortalama 1,373 igyerinin
bulundugu ve insaat sektoriiniin genel is yeri sayilarina oranmin ortalama %7,13 oldugu
goriilmektedir.

2012-2021 yillar1 arasinda KKTC genelinde ortalama 131,845 ¢alisan oldugu goriiliirken,
ayni yillarda ingaat sektdriinde ortalama 15,406 calisanin oldugu, insaat sektoriinde ¢alisan
sayilarinin KKTC genelinde calisan sayilarina oraninm ise ortalama %11,68 oldugu
goriilmektedir.

Insaat sektorii altinda 10 farkli alt sektdr bulunmasina ragmen 4006 kodlu alt sektdrde
faaliyet gdsteren herhangi bir igyeri ve ¢alisan olmamasindan dolay:1 ¢alisma 9 farkli alt
sektor lizerinden hazirlanmgtir.

2012-2021 yillart arasinda 9 farkli alt sektdrde en fazla igyeri ve ¢aliganin 4003 kodlu alt
sektorde oldugu ve 10 yillik siire igerisinde bu alt sektérde ortalama 893 isyeri ve 11,382
calisanin kayitli bulundugu goriilmektedir. 4003 kodlu alt sektdriin insaat sektorii toplam
igyeri sayilarina orani %65,16 olurken, ¢alisanlarda bu oran %72,97 ye ¢ikmaktadir.

2012-2021 yillarim kapsayan 10 yillik siire igerisinde KKTC genelinde toplam 2,634 is
kazas1 meydana gelirken, bu kazalardan 668 tanesinin (%25,36) insaat sektoriinde yasandigi
goriilmektedir. Oliimlii is kazas1 sayilari incelendiginde 10 yillik siire igerisinde yasanan
toplam 57 Olimli is kazasindan 23 tanesinin (%40,35) insaat sektoriinde yasandigi
goriilmektedir.

Insaat sektoriinde yasanan is kazalarinin yillara ve ilgelere gére dagilimi incelendiginde
2012-2021 yillar1 arasinda meydana gelen toplam 668 is kazasindan 401 tanesinin (%60,03)
Letkosa ilgesinde meydana geldigi goriilmektedir.

Insaat alt sektdrlerinde gerceklesen ve KKTC’nin tiim ilgelerini kapsayan is kazasi
istatistiklerine gore; 4002, 4005, 4006 ve 4007 kodlu alt sektorlerde herhangi bir is kazasinin
olmadigi, geriye kalan 6 farkli alt sektorde ise 668 is kazasmmin meydana geldigi
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goriilmektedir. Alt sektorler igerisinde en fazla is kazasinin 470 is kazasi (%70,36) ile 4003
kodlu alt sektorde gerceklestigi tespit edilmistir.

2012-2021 yillar1 arasinda ingaat alt sektorlerinde meydana gelen kazalarda, kazazedelere
Odenen gecici is goremezlik giin sayilari incelendiginde 6 farkli alt sektérde meydana gelen
668 is kazasindan dolay1 calisanlara toplam 55,037 giin gecici i3 goremezlik 6denegi
verildigi, 470 is kazas1 ile en fazla kazanin meydana geldigi 4003 kodlu alt sektordeki
yaralanmalardan dolay1 kazazedelerin toplam 43,433 giin gegici is géremezlik 6denegi aldigi,
bunun da toplam gegici is goremezlik siirelerinin %78,92’sini olugturdugu goriilmektedir.

2012-2021 yillar1 arasinda KKTC genelinde 10.000 kisiye diisen ortalama KOO 20,47
olmasma kargin ingaat sektoriinde bu oranin 2 katindan fazla ¢ikarak 45,60 oldugu tespit
edilmistir. {lgili yillarda OKOO’na bakildiginda ise KKTC genelinde 10.000 kisiye diisen
OKOO 0,44 ¢ikmasima karsin ingaat sektdriinde bu oranmn 3,5 katindan fazla ¢ikarak 1,53
oldugu goriilmektedir.
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Yapi Uretim Siireclerinde BIM ve VR Uygulamalarinin
Entegrasyonunun Degerlendirilmesi

Giilce BOZKURT "
Selahattin ERSOY?
Enes YASA3

(074

Insaat sektorii yenilige ve degisikliklere a1k bir sektordiir. Yapi iiretim siireglerine entegre
olabilecek bircok enformasyon teknolojisi gelistirilmis, yap1 tiretim siireglerinin daha hizli,
sistematik ve kontrollii olarak yiiriitilmesi amaglanmistir. Bu baglamda yapi iiretim
siireclerinde kullanilan enformasyon teknolojilerinden Yap1 Bilgi Modelleme (BIM) ve Sanal
Gergeklik (VR) teknolojileri yaygin olarak karsimiza ¢ikmaktadir. BIM siiregleriyle ve VR
araglariyla yiiriitilen entegre projelerde yapi iretim siireglerinde pek ¢ok kolaylik
saglanmaktadir. Caligmada yapi iretim siireclerinde BIM ve VR entegrasyonunun
kullaniminin amaglarini, giiglii ve zayif yanlarini tespit etmek ve potansiyel tehdit ve firsatlar
baglaminda bir degerlendirme yapmak amaglanmistir. Bu baglamda literatiir taramasi ve
kullanici deneyimlerinin baz alindig1 firma arastirmasi yapilmustir.

Anahtar Kelimeler: Yapi Uretim Siireci, BIM (Yap: Bilgi Modelleme), VR (Sanal
Gergeklik), insaat sektorii, BIM-VR Entegrasyonu, kullanici deneyimi, firma arastirmast.

ABSTRACT

Evaluation of Integration of BIM and Virtual Reality Applications in Building
Production Processes

The construction industry is a sector open to innovation and changes. Many information
technologies that can be integrated into building production processes have been developed,
and it is aimed to carry out building production processes faster, systematically and in a
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controlled manner.In this context, Building Information Modeling (BIM) and Virtual Reality
(VR) technologies, which are information technologies used in building production
processes, are widely encountered. Many conveniences are provided in building production
processes in integrated projects carried out with BIM processes and VR tools. In the study, it
is aimed to determine the aims, strengths and weaknesses of the use of BIM and VR
integration in building production processes and to make an evaluation in the context of
potential threats and opportunities. In this context, a literature review and a company research
based on user experiences were made.

Keywords: Building production process, BIM (Building Information Modeling), virtual
reality, Construction Industry, BIM-VR Integration, user experience, company research.

1. GIRiS

Yapr iretim siireci, kullanicinin agiga ¢ikan bir ihtiyacindan veya ihtiyacinin bir talebe
doniismesiyle baglar. Yapi iiretim siirecinde amag, fiziksel bir yapimin olugmasidir. Bu
amacla once planlama daha sonra tasarim ve uygulama, son olarak kullanim asamalarindan
gecilerek hedeflenen yapinin olusturulmasi saglanir (Kuzey, 2007).

Giliniimiizde yap iiretim siirecinde hala geleneksel yontemler kullaniliyor olmasina karsin,
teknolojinin sagladigi tistiinliik ve kolayliklar sebebiyle bilgi yonetimine dayali enformasyon
teknolojileri kullanimi arttk  bir ihtiyag haline gelmektedir. BIM (Yap1 Bilgi
Modelleme)siirecleri ve VR (Sanal Gergeklik) araglariyla entegre sekilde yiiriitillen yap1
tiretim siiregleri daha planli, kontrollii, sistematik ve tasarruflu olacaktir (Eastman ve dig.,
2011 ve Yenigiin ve dig., 2020). Yap1 iiretim siireclerinde BIM ve VR teknolojilerinin,
mimarlar, mithendisler, miiteahhitler ve BIM yoneticileri tarafindan yaygin olarak kullanimi,
ingaat sektoriinde yeni bir donemin agilmasina sebep olmustur (Sen, 2021). ABD, Cin ve
Ingiltere basta olmak iizere diinyanin farkli bolgelerinde geleneksel yontemler terk edilerek,
birgok iilkede yap1 liretim siireclerine standartlar gelistirilmeye baslanmistir (Geng, 2019).

Bu c¢aligmanin amaci, ingaat sektdriindeki gelisen teknolojiyle birlikte enformasyon
teknolojilerinden BIM (Yap1 Bilgi Modelleme) ve VR (Sanal Gergeklik) entegrasyonun yapi
iiretim siireclerine etkilerini incelemektir.

Calisma kapsaminda yontem olarak ilk boliimde sistematik bir literatiir taramasi1 yaparak
BIM (Yap1 Bilgi Modelleme) ve VR (Sanal Gergeklik) teknolojileri incelenmis ve BIM-VR
teknolojilerinin entegrasyonunun yapi iiretim siireglerinin; tasarim, yapim ve yapimdan
sonraki asamalarda kullanim amaglarina, bu asamalara sagladig1 katkilara erisilmistir. Tkinci
boliimde literatiirdeki Ornek vaka c¢aligmalari derinlemesine incelenmis, BIM-VR
teknolojilerinin kullanilma amaglarina ve bu entegrasyonun sagladig: faydalara erisilmistir.
Ikinci boliim literatiire destek olarak secilen firmalarla yapilan calismayla desteklenmistir.
Uciincii boliimde elde edilen bulgular degerlendirilmis ve sonug béliimiinde arastirmacilara
ve sektdre yonelik onerilerde bulunulmustur. Literatiire ve sektore katkida bulunmak istenen
bu calismada, sektoriin O6nde gelen sirketlerinin kullanici deneyimlerinin aktarilmasi
baglaminda yapilan firma ¢aligmasinin énemi biiytiktiir.
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2. YONTEM

Bu ¢aligma kapsaminda, BIM (Yap1 Bilgi Modelleme) ve VR (Sanal Gergeklik) teknolojileri
hakkinda sistematik bir literatiir taramasi yapilmis, bu teknolojilerin ne oldugu ne amagla ve
nasil kullanildiginin yaninda kullanim alanlar1 incelenmistir. Yapilan literatiir analizlerinin
ardindan BIM ve VR entegrasyonun yapi liretim siireglerinde; tasarim, kiiltiirel miras, yapim
ve yapimdan sonraki agsamalarda kullanimlar1 aragtirilmistir.

Yapilan literatiir ¢alismasinda, konuyla ilgili var olan g¢alismalar incelenmis, erigilen
caligmalardan igerisinde BIM-VR entegrasyonunun &rnek bir vaka c¢aligmasi iizerinde
caligilan 5 yayin detaylica incelenmistir. incelemeler sonucunda BIM-VR entegrasyonunun
kullanim amaglari, giiglii ve zayif yanlar1 tespit edilmistir.

Bu caligmay1 diger ¢alismalardan ayiracak bir yontem olarak, sanal ger¢eklik ve artirilmis
gerceklik teknolojilerinin insaat sektdriine entegrasyonuyla ilgili yazilimlari sunan firmalarin
kullanici yorumlar1 ve bloglar1 taranmig. Kullanici yorumlart ve bloglarinda ingaat
firmalariyla yaptiklar1 roportaj ve sdylesiler incelenmis, belirtilen yorumlar iizerinden bir
inceleme yapilarak BIM-VR entegrasyonu hakkindaki yorumlarina erisilmistir. ~ Taranan
yazilim firmalarmin kullanict yorumlar1 boliimiinden bu entegrasyonu kullanan insaat
firmalarina erigilmistir. Erisilen insaat firmalarinin web sitelerindeki BIM ve VR ile ilgili
ornek vaka ¢alismalari, bloglar1 ve yazilar1 taranmustir. Erigilen bulgular 1s1ginda, insaat
firmalarmin BIM-VR entegrasyonunu hangi amagla kullandiklari, giiclii ve zayif buldugu
yanlar tespit edilmistir.

3. BIM VE SANAL GERCEKLIK TEKNOLOJILERININ YAPI URETIiM
SURECLERINDE KULLANIMI

BIM (Yap1 Bilgi Modellemesi), ¢esitli donanim ve yazilimlarla birlikte olusturulmasi
hedeflenen projenin tasarim agamasindan yikim asamasina kadar, proje katilimcilariyla is
birligi ve bilgi paylasimini hedefleyen bir siire¢ olarak 6zetle tanimlayabiliriz. BIM’in
kullanim alanlarini tasarim siireclerinde, ¢evresel analizlerde, bina yapim siireglerinde ve
bina isletim siireclerinde kullanim seklinde 4 ana baslikta toplamak miimkiindiir (Ofluoglu,
2012).

VR (sanal gerceklik) teknolojisi kullanicilarin hareketlerini algilayarak, onlarin bu
hareketlerine karsilik kullanicilarin hem fiziksel hem de psikolojik olarak geri bildirim
alacagi bilgisayar simiilasyonlarindan olusan ortamdir.

Giiniimiizde yaygin olarak masaiistii uygulamalardan gelismis siiriikkleyici deneyimlere kadar
pek cok ticari alanda kullanilan VR teknolojisi, simiilasyon ve gorsellestirme yetenekleri
sayesinde farkli disiplinler ve hedefler i¢in insaat sektoriinde yapi iiretim siireglerinin
kullanimina sunulmaktadir (Getuli ve ark., 2020). BIM ve VR’1n birlikte ¢aligabilirligi, BIM
verilerinin zenginlestirilmesine ve proje yasam dongilisiiniin ¢esitli asamalarinda projenin
iiretimini, planlanmasmi ve BIM modelinin dogrulugunu gii¢lendirebilmektedir (Halili,
2021). BIM ve VR teknolojilerinin entegrasyonu, yapi iiretim siireglerinde 6rnegin sorunlarin
Onceden tespiti, tasarim kalitesinin iyilestirilmesi, tasarim bilesenlerinin siiriikleyici sanal
ortamda incelenmesi gibi birgok hususa katkida bulunmak konusunda biiyiik bir potansiyele
sahiptir (Kim ve ark., 2021).
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Alizadehsalehi ve arkadaslari yaymlarinda BIM modelini, goriintiilenebilir VR modele
doniistiirme i akigint Sekil 1° deki gibi 6zetlemislerdir. Bu is akisi, bir Revit 2019 yazilimi
ile mimar ve mithendislerin bulundugu proje ekibinin bilgi agisindan zengin bir 2D/3D-BIM
parametrik modeli olusturulmasiyla baslar. BIM 360 bulut sunucusu (veritabani) ile tiim ekip
iyelerinin gergek zamanl erigsim saglayabildigi bir ¢evrimi¢i depolama alani saglamak igin
kullanilmustir. Olusturulan Revit modelini VR modeline doniistiirmek igin Revit 2019°daki
Fuzor eklentisi kullanilarak, model VR araglar1 olan Oculus Rift, HTC Vive ve Samsung
HMD’ye aktarilmistir. Boylece siiriikleyici bir BIM/VR macerast deneyimlenmistir
(Alizadehsalehi ve ark., 2020).

(" Create RevitBIM model : 1 )

v u
Convert BIM model to VR model

o

\
Import VR model to VR devices

u e 4. gn
s0% ‘@
OculusRit HTC Vive Samsung HMD

| —

Immerse in VR environment
4 o

Sekil 1 - BIM modelinin ve VR arag¢larina transferi (Alizadehsalehi ve ark., 2020.)
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Sekil 2 - BIM ve VR araglarimin transferi ( Hololens, Realwear ve Unity Web siteleri
incelenerek kurgulanmistir.)
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Ozetle Sekil 2°deki gibi BIM ile proje ekiplerince olusturulan model, bir ara yazilim
programiyla veya teknoloji sirketlerinin sunmus oldugu eklentiler sayesinde disa aktarilarak
VR araglarina yonlendirilmekte ve yap1 liretim siireglerinde kullanilmaktadir (Halili, 2021).

Insaat endiistrisinde yapr iiretim siireclerinde kullanilan BIM-VR entegrasyonunu; tasarim,
yapim ve yapim sonrasindaki agamalarda ve kiiltiirel miras yapilarinda incelemek
miimkiindiir.

3.1. Tasarim Asamasinda BIM-VR Kullanimi

BIM-VR teknolojileri mimari tasarim asamalarinda; tek bir model iizerinde g¢aligmak,
gorsellestirme, tasarim kusurlarinin ve ¢akigmalarin 6nceden tespiti, mekani deneyimlemek,
acil durum planlarina goére uygun tasarimlar yapmak ve daha cok fazla amagla
kullanilabilmektedir.

Tasarim siireclerinde BIM-VR entegrasyonunun en avantajli kismi, ayni model tizerinde tiim
proje paydaslarinin birlikte calisabilmesidir. Bu sayede farkli lokasyonlarda da olsa, proje
paydaslar1 tek model iizerinde tasarim ve projelerin ¢izimini birlikte yiiriitebilmekte, projede
is birligi ve iletisim oldukca yiiksek seviyede olmaktadir. Sekil 3’teki gibi bir BIM
programinda ¢izim yaparken arka planda bir VR gozIiigi ile ¢izilen projeyi deneyimlemek,
proje tizerinde detaylar1 gérebilmeyi ve tasarim kusurlarinin 6nceden tespitini yapabilmeyi
ve ¢ift tarafli kontrolii saglamaktadir (Kieferle ve Woessner, 2015).

Sekil 3 - Tasarim agamasinda BIM-VR entegrasyonuyla tasarim denetimi
(VECTION Technologies, 2022)

Proje paydaslartyla yapilan toplantilarda, yenilenen kisimlarin aninda kaydedilebilmesi ve
birden ¢ok tasarimin aninda gorsellestirilebilmesi, tasarim toplantilarinda zamandan tasarrufa
ve memnuniyet artisina yardimci olmaktadir (Woessner, 2015).

Mimari tasarim asamalarinda, tiim proje paydaslarinin tek bir model {izerinde ¢aligmasiyla
statik, elektrik, tesisat, havalandirma gibi MEP projelerinin tek bir proje {izerinde
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goriilebilmesine yardimci olmaktadir. Bu sayede, geleneksel sistemlerdeki gibi proje
kaymasi, cakigmalarin tespiti, tasarim kusurlari gibi pek ¢ok hatanin daha proje asamasinda
sistem uyarilartyla fark edilmesine ve VR aracglartyla bu detaylarin veya problemlerin 3
boyutlu sekilde goriilmesine olanak saglanir. Boylece, yapi liretim siireglerinde geri doniisler,
tekrar yapim gibi maliyet ve zaman gerektiren uygulamalar minimuma inmis olur.

BIM-VR teknolojilerinin tasarim asamasinda farkli bir alanda kullanimi, BIM ortaminda
olusturulan bir model igerisinde VR donanimlariyla 6rnegin yangin gibi acil bir durum
yaratilabilmektedir. Yangin swrasinda projelendirilen duman dedektorleri, yangin
yagmurlama sistemleri gibi araglarin sanal ortamda denenmesiyle eksiklerin belirlenmesi,
model iizerinde acil durumlarda en ¢ok hangi alanlara dikkat edilmesi gerektiginin
anlasilmasina yardimer1 olacaktir. Boylece daha tasarim asamasindayken, yapinin acil durum
planlamalari yapilabilmektedir (Park ve dig., 2018).

Tasarim ekibi ve son kullanicilar/miisteriler arasindaki iliskide, miisterileri tasarim
siireclerine dahil ederek yapinin i¢ ve dis mekanlarindaki erisilebilirlik, mekanin islevselligi
konularinda miisterinin beklentilerine yonelik tasarim yapilmasi kolaylagir. Miisterilerin VR
araglariyla tasarlananlar1 6nceden gorebilmesi, geri doniisleri azaltmakta, zaman ve maliyet
tasarrufu saglamakta ve ilk tasarim asamalarini kisaltabilmektedir. Ayrica tasarim ekibi ve
miisterilerle olan is birligi ve iletisim gelismektedir (Moraru ve Pozanski, 2020). Tiim
bunlarn yaninda, proje asamasi bittiginde aninda erisilebilen gorseller, derinlik hissinin
verilebilmesi ve VR teknolojisiyle ¢esitli sunum yontemleri kullanilarak miisteriler mekant
3 boyutlu ve etkilesimli sekilde deneyimleyebilmektedir. Bu sayede santiye siirecine
gecmeden satislarin yapilabilmesine olanak saglayacak, hatta satiglarda gozle goriiliir artist
meydana getirecektir.

3.2. Yap1 Uretimi Asamasinda BIM-VR Kullanimi

BIM ve VR teknolojilerinin santiyede kullanimini; yapi iiretim siirecinde gorsellestirme ve
kontrol asamalarinda, saha organizasyonu asamasinda ve i giivenligi siireclerinde olacak
sekilde 3 asamada incelemek miimkiindiir.

BIM ve VR teknolojilerinin santiyede kullaniminda 3 boyutlu goérsellere erisebilmenin en
biiyiikk avantaji projenin gergcek anlamda anlasilmasiin kolayligidir. Bu sayede yapilmasi
hedeflenen yapinin farkli bakis agilarindan goriiniimilyle, yap1 santiye ekibi tarafindan
kolayca algilanabilecektir. Yapim siirecinde 2 boyutlu ¢izimleri yorumlamak yerine, VR
araglartyla hedeflenen {iretimi 3 boyutlu sekilde gorebilmek yanlis anlamalari azaltmakta ve
iletisimin giliglenmesine yardimci olmaktadir. Yapilacak olan imalati 1/1 dlceginde
gorebilme kolayligi, geri doniisleri azaltacaktir. Ayrica 1/1 dlgekte goriintiilenebilen proje,
tasarim kusurlarinin 6nceden tespitini kolaylastiracak, Sekil 4’teki gibi MEP ve gakigsma
kontrollerinin yapilmasina olanak saglayacaktir (Johansson ve Roupe, 2019).

BIM-VR teknolojilerinin saha organizasyonunda, santiyenin yerlesim planinin yapilmasi ve
gorsellestirilmesi saglanarak, saha lojistigi planlarmin olusumunda kullanilabilmektedir.
Ving kurulum planlari, malzemelerin depo alani1 ve saha igerisinde malzemelerin ulasim
planlart gibi tiim planlamalarin yapilmasina ve 3 boyutlu sekilde simiile edilmesine yardimci
olur. Saha igerisinde gerceklesebilecek farkli senaryolarin ve ¢akigsma testlerinin
yapilmasiyla risk planlarinin yapilabilmesine olanak verir. Bu sekilde saha organizasyonu,
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mevcut durum ve gergeklesebilecek senaryolara karst 3 boyutlu sekilde kurgulanmig ve
planlanmig olacaktir (Muhammad ve digerleri, 2020). BIM-VR teknolojisinin proje
paydaslari arasinda karsilikli bilgi paylasimini destekleyici ¢6ziimler sunmasi, bu tiir proje
paydaslar1 arasindaki isciler, planlamacilar ve yoneticiler gibi ekiplerin karsilikli
paylasimlartyla bilgilerin ortaya cikarilmasini, resmilesmesini ve entegrasyonunu saglar
(Getuli ve ark., 2020).

Sekil 4 - Yapu tiretimi asamasinda BIM-VR entegrasyonuyla MEP kontrolleri
(VisualLive, 2023)

Sekil 5 - Yapu tiretimi asamasinda BIM-VR entegrasyonuyla saha egitimleri
(ForgetFx, 2022)

BIM ve VR teknolojilerinin is giivenligi planlamalarinda kullanimi; BIM ile olusturulan
modellerde is giivenligi planlamalarin1 yapmak, gerekli is giivenligi ekipmanlarini hem saha
personeli i¢in hem de santiye i¢in dogru sekilde lojistigini saglamada yardimci olmaktadir.
BIM sistemine VR teknolojilerinin eklenmesiyle ise; Sekil 5°deki gibi is¢ilerin ve saha
personelinin egitiminde ve stajyer Ogrencilerin saha egitiminde gorsellestirme araglari
kullanilarak giivenli egitimler verilebilmektedir (Park, Panya ve digerleri, 2018). Bu durum
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da BIM ve VR teknolojilerinin kombinasyonunun, i sahasi giivenlik tehditlerini azaltmaya,
giivenlik tehlikelerini onceden belirleyerek saha calisanlarini egiterek bilgi paylasimini
artirmaya yardimci olacagini gostermektedir. Sonu¢ olarak c¢ok dilli bir ortamda dil
engellerinin de kaldirilarak, sahadaki saglik ve giivenlik ortaminin genel olarak iyilesmesine
yardimet olacaktir (Afsal ve Shafig, 2021).

3.3. Yap1 Uretimi Sonras1 Asamada BIM-VR Kullanimi

BIM ‘in parametrelerinden 7. Boyut olan tesis yonetimi ve iglemleri, yapinin yasam siireci
boyunca isletilmesi ve bakimi konularini ele alir. Ayrica BIM ‘in simiilasyon modelleriyle
birlikte VR donanimlariyla entegrasyonu sayesinde aninda verilere ulagim saglanabilmekte
ve tesis ile ilgili alinacak kararlara yardimci olunabilmektedir. Bir VR araci yardimiyla tesis
icerisindeyken, modele daha dnce erigim saglayan ekibin uyarilarini gorebilmekte veya ekibe
o alan iizerinde uyar1 mesaj1 gonderilebilmektedir (Sen, 2021). Tadilat gerektiren noktalarin
tespiti, MEP kontrolleriyle ana hatlara ulasimda sikinti yaganmadan ve malzeme kayiplari
olmaksizin tadilatlar gerceklestirilebilmekte ve yikim projeleri planlanip simiilasyonlarla
desteklenebilmektedir.

3.4. Kiiltiirel Miras Yapilarinda BIM-VR Kullanimi

Bilgisayar teknolojilerindeki gelisim, yap1 bilgi modellemesinde HBIM (Heritage BIM)
olarak karsimiza ¢ikan ve oOzellikle kaybedilmis kiiltiirel miras yapilarinin yeniden
canlandirilabilmesini saglayan bir kavramdir. HBIM gercege dayali olan, lazer tarama ve
fotogrametriden elde edilen 3B bulutu sayesinde kiiltiirel miras yapilarint modellemek,
restorasyonunu yapmak ve yapim siireci yontemi i¢in kullanilmaktadir (Yang ve dig. 2020).

Sanal gerceklik teknolojilerinde sanal ortamda kiiltiirel mirasin tespiti ve belgelenmesinin
yaninda sanal koruma, sanal restitiisyon, sanal rekonstrilksiyon gibi imkanlar da
saglamaktadir. Bu sayede kiiltiirel miras yapilary, ozgiin kullanim donemlerine ait
cevreleriyle birlikte sanal ortamda canlandirilabilmektedir (As, 2019).

Bu iki teknolojileri birlesimi; fotogrametri veya lazer tarama yontemleriyle elde edilen bulut
verinin BIM programlarma kolayca aktarimi sonrasinda, bulut veriyle birlikte BIM iginde
kiiltiirel miras yapisinin modeli olusturulmasiyla baglar. Model iizerinde, bilimsel analiz
uygulamalar1 yapilabilir, sanal rekonstriikksiyon veya sanal restorasyon projeleri
detaylandirilabilir. Ayrica yine BIM programlariyla kiiltiirel mirasin g¢evresindeki yapili
¢evre de olusturularak VR araglariyla birlikte, sanal ortam miizeleri, egitim ve oyun
uygulamalar1 gibi uygulamalar gerceklestirilebilmektedir (Siiriicti, 2017).

4. YAPI URETIM SURECINDE BIM VE SANAL GERCEKLIK
TEKNOLOJISININ INCELENDiGi VAKA VE FIRMA CALISMALARI

Yapu iiretim siireglerinde BIM ve VR teknolojilerinin kullanimiyla ilgili, varolan akademik
calismalarin vaka calismalarina ve yazilim — ingaat firmalarinin arastirmasina yonelik iki
analiz yontemi izlenmistir.
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4.1. incelenen Ornek Vaka Calismalar

BIM ve VR Teknolojisinin kullanildig1 5 adet 6rnek vaka ¢alismasi incelenmistir. (Tablo 1)

Tablo I - Ornek vaka ¢alismalar: siniflandirmast

YAYIN AMAC BIM-VR KULLANMANIN GUCLU BIM-VR
YONLERI KULLANMANIN
ZAYIF YONLERI
Azhar, S.  1- Risk Planlamas1 1- Cahiganlarla Iletisimin Giiglendirilmesi ~ 1- Kalibrasyon
2017 2- Saha Planlamasi 2- Is Giivenligi Ekipmanlarini 3 Boyutlu  Sikintilart
3- Is Giivenligi Gorebilme 2- Baslangig
Planlamast 3- Simiilasyonlarin Kurulumu Maliyetleri
4- Acil Durum Kolaylastirmasi 3- Detayh On Calisma
Planlamast 4- Is Kazalarmin Onlenebilmesi 4- Motivasyon
5- Is Kazalarinin 5- s Giivenligi Planlamas1 ve Egitimi Eksikligi
Onlenmesi 6- Saha Planlamasinin Yapilmasi
6- Potansiyel 7- Etkili ve Etkilesimli Saha Y&netimi
Tehlikelerin Tespiti 8- Potansiyel Tehditleri Onceden
Gorebilmek
Baik, A. 1- Restorasyon Projesi 1- Kiiltiir Turizmin Devamliligim 1-Detayli On Calisma
2021 Igin Proje ve Model Saglamak
Olusturmak 2- Tarihi Caligmalar1 Belgelemek
2- Proje Paydaslarin1 Tek  3- Cevrimici Kiiltiirel Miras Ziyaretleri
Bir Modelde
Birlestirmek
Zaker, 1- MEP Kontrollerinin 1- 360 Derecelik Agilar Sahada 1- Aligma Siirecinin
R. ve Saglanmasi Goriinmeyen MEP Baglantilarini Uzunlugu
Coloma,  2- Mimari Tasarimin Kolayca Gérmeyi Saglamasi 2- Fizyolojik Zorluklar
E. Gozden Gegirilmesi 2- VR Kullaniminin Pratikligi ve Hizlihgt  3- Yazilim ve Donanim
2018 3- Yapimin Gergekten I¢inde Olma Maliyetleri
Hissini Vermesi 4- Teknolojiyle
4- Ekipler Arasi Iletisimin Giiglenmesi Adaptasyon Siireci
5- Miisteriye Sunumunun Giiglenmesi 5- Firmalarin Degisime
Kars1 Direnci
Haggard, 1-iletisimi Giiglendirmek  1-Ekip Y&netimi. 1- Uzman Insan
K.E. 2-Maliyetleri Azaltmak 2-Maliyet Tasarrufu. Kaynagimin Az Olmasi
2017 3-Projede Yeniden 3- Tasarim Kusurlarim1 Onceden Fark 2- Cok Katilime1l
Yapmay1 ve Geri Etmek Sistemin Tasarim
Déoniisleri Azaltmak 4- Tesis Yonetiminde Yapilabilecek Siirecini Uzatmast
4- Detaylar1 Yakalamak Tadilatlardaki Kolaylik 3- Baslangi¢ Maliyeti
Deniz, G.  1- Proje Paydaslarin1 Tek  1- Maliyet ve Zaman Tasarrufu 1- Detayli On Caligma
2019 Bir Modelde 2- Is Akisin1 Olusturmak 2- Paydaslar Arasi

Birlestirmek

2- Kullanicilardan Geri
Bildirim Almak

3- Yapim Siirecini
Onceden Izlemek

4- Proje Koordinasyonu
5- Degisiklikleri
Azaltmak

6- Saha Yonetimini ve Is
Giivenligi Planlamalart

3- Kalite Kontroliiniin Kolaylikla
Yapilmasi

4- Proje Paydaslari icin Tek Projeye
Kolay Erisim

5- Tasarim Siirecinin Kisalmasi

6- Paydaslar Aras1 Koordinasyon ve
Isbirliginin Artigt

7- Katilimer Tasarim Yontemiyle Miisteri
Memnuniyeti

Kalibrasyon
Eksiklikleri

3- ik Maliyetler

4- Render Alma
Problemleri

5- Tiim Detaylartyla
Bitmis Bir Proje
Olusturma Zorunlulugu
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Tablo 2 - Ornek vaka calismalarindan ¢cikarilan sonuclar

BIM — VR TEKNOLOJISI
KULLANIMININ

GUCLU YONLERI

BIM — VR TEKNOLOJISI KULLANIMININ
ZAYIF YONLERI

1- Hletisiminin Giiclenmesi

1- Baslangi¢c Maliyetleri

2- Zaman ve Maliyet Tasarrufu

2- Teknolojiye Adaptasyon

3- Maliyetlerin Net Olarak Onceden
Bilinmesi

3- Detayli On Calisma

4- Proje Paydagslarini Tek Modelde
Birlestirebilmek

4- Alisma Siirecinin Uzunlugu

5- Potansiyel Tehlikelerin Onceden Tespiti
ve Risk Planlamasi

5- Kalibrasyon Sikintist

6- i§ Giivenligi, Acil durum Planlamast ve
Simiilasyonlarla Calisanlarin Egitim
Kolayligi

6- Fizyolojik Zorluklar

7- Saha Planlamasi ve Koordinasyonunda
Kolaylik

7- Uzman Insan Kaynaginin Az Olmas:

8-Yeniden Yapimi ve Geri Doniisleri
Azaltmasi

8- Cok Katilimct Sistemin Tasarim Stirecini Bir
Miktar Uzatmast

9- Detaylari Onceden Gérebilmek

9- Tiim Detaylariyla Tam Olarak Bitmis Bir Proje
Olusturma Zorunlulugu

10- Tesis Yonetiminin Kolayligi

10- Firmalarin Degisime Direnci

11- Yapim Siirecinin Onceden
Simiilasyonlarla Izlenmesi

12- MEP Kontrolleri ve Cakisma
Kontrollerinin Onceden Yapilabilmesi

13- Restorasyon I¢in R6love Alimi ve Model
Olusturmada Kolaylik ve Kesinlik

14- Satislarda Artig ve Miisteri Memnuniyeti

4.2. insaat Firmalar1 Uzerinden BIM-VR Incelemesi

Bu calismayr diger calismalardan ayiwrabilecek olan analiz yontemi, BIM-VR
entegrasyonuyla yapi iiretim siireclerinde yer alan 6rnek yazilim sirketlerinin ve ingaat
firmalariin arastirildigi ¢alismadir.

Calismada sektorde oncii 2 adet yazilim firmasi taranmustir, bunlarin ilki oyun sektoriinde
tekellesmis olan Unity firmasidir. Unity firmasi oyun, film sektorlerinin yan1 sira otomotiv,
enerji, havacilik, mimarlik ve miihendislik sektdrlerinde de yer almakta ve dijital ikizler,
egitim ve rehberlik, tasarim, satig ve pazarlama, simiilasyon ve insan- makine arayiizi gibi
kullanim alanlartyla kiiresel olarak taninmis bir firma olarak caligmaya katki verecegi
diisiiniildiigiinden tercih edilmistir. Incelenen ikinci yazilim firmasi, insaat sektoriiniin bir
numaralt VR platformu olarak marka yapmis IrisVr/ Prospect firmasidir. IrisVr yazilim
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firmasi, 60.000’den fazla ingaat firmasinin kullanicisi oldugu, tasarim ve model incelemesini
hizli, dogru ve is birligine dayali hale getirdigi ve 6diillii bir VR firmasi olmasi sebebiyle

tercih edilmistir.

Belirlenen 2 yazilim firmasinin Web sitesinin miisteriler, kullanict yorumlari ve bloglari
taranmug, kullanicist olduklar1 VR teknolojisi hakkindaki degerlendirmeleri sistemli sekilde
gruplandirilmig, BIM- VR entegrasyonuyla ilgili yorumlari, roportajlar1 derlenmis ve BIM-
VR entegrasyonunu hangi amagla kullandiklari, kullanim deneyimlerine erisilmistir. Tablo
3’te insaat sirketlerinin BIM-VR entegrasyonunu kullanma amaglarma iligskin goriisleri

verilmistir.

Tablo 3 - Insaat Sirketlerinin BIM-VR Entegrasyonunu Kullanma Amaglar

2-“Sorunlart hizli ¢dzebilmek ve yapim siiresini kisaltmak i¢in” SHOP-AR/VR Arge Lideri
3-“Tasarim degisiklikleri i¢in daha hizli bir yola ihtiyacimiz vardr” BRC-Kreatif Direktor

Uriin Yorumu, Blog Yazsi, Roportajlar ve Vaka Cahsmalarindaki ifadeler Karsihig

1-“Siiregleri kolaylastirmak ve genel is birligini gelistirmek igin” YVR Airport-Inovasyon Tletisim, Is

ve Biligim Direktorii Birligi ve

2-“Is birligini artirmak amagli” Sitowise-Uzman Koordinasyonun

3-“Alt yiiklenicileri ve tasarim ekiplerini siirece dahil edebilmek amaciyla” SPACE-Peyzaj Artist

Tasarimcist

4-“Koordinasyon toplantilarinda daha iyi iletisim ve anlayis1 giiclendirmek™ Gilbane-VDC

Direktorii

5-“Iletisim ve is birligi optimizasyonunu saglamak amactyla” Barton Malow-Ekip Uyeleri

1-“Geleneksel mekansal analiz modelini atlamak” Losci-Ceo/Kurucu Tasarimi

2-“Tasarim diizeyinde 6ngoriiler gelistirebilmek” Zutari-Interaktif Gorsellestirme Uzmani Geligtirebilmek,

3-Tasarim kusurlarini erken yakalamak hedefiyle” SHOP-AR/VR Arge Lideri gzgﬁa(r)almak

4-“Her yap: arasindaki 6lgek iliskilerini daha iyi anlamak amacimizd1” StudioMB-Bas

Uriin Tasarimcisi

5-“Cizimler ve 3D modellerle geleneksel tasarimi desteklemek, tasarimcilar yaraticy

stirece dahil edebilmek i¢in” SHOP Architects-Ekip Uyeleri

1-“Maliyetleri azaltmak” Zutari-Interaktif Gorsellestirme Uzmant Maliyeti

2-“Verimli ve uygun maliyetli is akislarin1 saglayabilmek igin” One Alliance-Ekip Uyesi Diigiirmek veya
Tasarruf Etmek

1-“Siireyi azaltmak” Zutari-Interaktif Gorsellestirme Uzmant Zamandan
Tasarruf Etmek

1-“Bakim, siirdiiriilebilirlik ve giivenlik gibi tesis zorluklarmi ele almak i¢in” YVR Airport-

Bakim ve Tesis

2-“Miisteri deneyimini artirmak i¢in” Schnabel Engineering-Sirket Ortagi

3-“Miisteriler ile malzeme ve tasarim segeneklerini incelemek amaglh kullantyoruz”
StudioMB-Ekip Uyesi
4-“Gorsellestirmenin erken asamalarini iyilestirmek” Anglian Water-Ekip Uyeleri

Inovasyon ve Biligim Direktorii Yonetimlerini
Sistematik
Yapmak

1-“Konutlar1 bireysel ihtiyaglara gore 6zellestirmek i¢in” House by Urban Miisteri

Memnuniyeti ve
Miisteriye Etkili
Sunum,
Gorsellestirme

1-“Sahada degisiklikleri azaltmak hedefi” Anglian Water-Ekip Uyeleri
2-“Saha degisikliklerini azaltmak i¢in” One Alliance-Ekip Uyesi
3-“Is akiglarim gelistirmek” Friis & Moltke-Ekip Uyeleri

Saha Planlamasi
ve Yonetiminde
Kolaylik
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1-“Kazalar1 azaltmak” “Isgilerin santiyedeki giivenlik faktorleri konusunda farkindaligini Is Giivenligi ve
artirmak” Skanska-Proje Lideri/Uretim Miidiirii/Teknoloji Direktorii Risk

2-“Giivenligi artirmak hedefiyle” Sitowise-Uzman Planlamalar
3-“Riskleri azaltmak hedeflerimizle” Schnabel Engineering-Sirket Ortagi

4-“Kontrollii ortamda giivenlik tehditlerinin belirlenmesi” Barton Malow-Proje/VDC
Miihendisi

5-“Is yeri giivenligini artirmak éncelikli hedefimiz” Balfour Construction-Teknoloji
Miikemmelliyet Merkezi Lideri

Yazilim firma arastirmasinda, Unity firmasindan 16 adet blog yazisi, roportaj ve vaka
calismasi incelenmistir. Incelemeler sonucunda erisilen insaat firmalarindan, kiiresel
anlamda en biiylik ve BIM-VR entegrasyonu ile ilgili bloglarinin oldugu 3 adet ingaat firmasi
secilmistir. Yazilim firma aragtirmasinda, IrisVR firmasindan 7 adedi yorum ve 32 adedi blog
yazisi, roportaj ve vaka caligmasi olmak tizere toplam 39 adet galisma incelenmistir.
Incelemeler sonucunda erisilen insaat firmalarindan, kiiresel anlamda en biiyiik ve BIM-VR
entegrasyonu ile ilgili bloglarinin oldugu 7 adet ingaat firmasi se¢ilmistir.

Toplamda incelenen 55 adet kullanic1 deneyimi ¢iktis1 olarak;

BIM-VR entegrasyonunun insaat firmalarinca giiglii yanlari olarak degerlendirilen goriislerin
ifadesi ve karsiliklar1 Tablo 4’te verilmistir (Tablo 4).

Tablo 4 - Insaat Sirketlerinin BIM- VR Entegrasyonunun Giiclii Yanlart Olarak
Degerlendirdigi Ifadeler ve Karsilig

Uriin yorumu, blog yazsi, roportajlar ve vaka ¢ahsmalarindaki ifadeler Karsihg
1-“Ekibin gergek zamanli is birligi yaptiklarini gérmek harika” Mortenson-Gelisen Tletigim, Ts
Teknoloji Gelistiricisi ve Proje Coziimleri Teknik Uzmani Birligi ve
2-“Paydaslarla etkilesim i¢in zengin bir materyal” Zutari-Interaktif Gorsellestirme Koordinasyonun
Uzman Artis1

3-“Miisteri ve gelistirici ekibin gergek zamanl 3D tasarim incelemelerinde is birligi
yapilmasina olanak tanir” Mortenson-Teknoloji Gelistiricileri

4-“Kilit paydaslarla iyi iletisim kurmay1 saglar” SHOP-AR/VR Arge Lideri
5-“Tasarimcilarin koordinasyon sorununu ¢ézer” Gilbane-VDC Direktorii

6-“Karar verme siiresinin kisalmasi, 15 giinden 15 dakikaya” Gilbane-VDC Direktor
7-“lyi is birligi, daha hizli kararlar, daha az hatayla ¢alisma” Gilbane-VDC Direktor

1-“Zaman ve para tasarrufu yaninda tasarim islevselligi ve paydaslarin yapim asamasi Maliyet ve Proje
oncesinde giivenini saglamlastirir” Losci-Ceo/Kurucu Siiresinde
2-“VR’da koridordaki kolon sorununu yakalamak 500.000 dolardan fazla tasarruf sagladi” | Kesinlik,
“Fiziksel modelde tahmini 45.0008 tasarruf etmeyi basardik” Mortenson-Gelisen Tasarruf ve
Teknoloji Gelistiricisi ve Proje Coziimleri Teknik Uzman Verimlilik

3-“lyi tahminler sayesinde kaynak planlamasina olan giiven artt” YVR Airport-Inovasyon
ve Biligsim Direktorii

4-“Fiziksel modellerle ilgili masraf ve teslim siiresi olmadan biit¢e ve program dahilinde
kalabildik” Mortenson-Teknoloji Gelistiricileri

5-“Daha dogru dokiimantasyon ve insaat yonetimi sayesinde saha az hata ve biiyiik
tasarruf” SHOP-AR/VR Arge Lideri

6-“%15-20 ye varan verimlilik artis1, bazi durumlarda daha yiiksek olabilir” Sitowise-
Uzman

7-“Tum katlarin insa edilmesi 18 ay1 buldu, geleneksel yontemle bu 2-3 yili bulurdu”
Kane-Dijital Insaat Baskan:
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8-“Maddi olarak tasarruf sagladik” Barton Malow-Proje/VDC Miihendisi
9-“23.000€’luk yeniden yapim maliyet tasarrufu saglandi” Anglian Water-Ekip Uyeleri

10-“Maket olusturmaya gerek olmadig igin zaman ve maliyet tasarrufu sagliyor” Friis
&Moltke-Ekip Uyeleri

1-“Tasarim degisiklikleri {izerinde yineleme yapmamamiza, tasarimdaki bosluklar1 ortaya Tasarimin
¢ikarip gidermemizi sagliyor” Mortenson-Gelisen Teknoloji Gelistiricisi ve Proje Detaylarla
Coziimleri Teknik Uzmani Gelistirilebilmesi
2-“T1bbi paydaslarin yeni ¢aligma ortamlarini genis 6lgekte dnceden deneyimlemelerine
ve uyarlamalarina olanak tanidi” Mortenson-Teknoloji Gelistiricileri

3-“Alternatif tasarimlar1 kesfedebilme” Mortenson-Proje Coziimleri Teknoloji Uzmani
4-“Mekansal iliskiler, mekan hacmi ve temel tasarim 6zellikleri, 6l¢ek tartigilabildi”
Mortenson-Proje Coziimleri Teknolojisti

5-“Tasarim incelemesi anlamli hale geldi, ergonomi ve kullanilabilirlik testleri
yapabildik” SHOP Architects-Ekip Uyeleri

6-“Giines ayarlari araglariyla tasarimi gergek hayatta gibi algilayabilmek” BB+C Arch-
Ekip Uyesi

1-“Herkesin ayn1 anda VR’da olmas1 karar verme siirecini hizlandirtyor” Mortenson- Ortak Dili
Gelisen Teknoloji Gelistiricisi ve Proje Coziimleri Teknik Uzmani Paylagmak
2-“birden fazla paydasin ayni anda erisebilecegi sanal bir model” Zutari-Interaktif
Gorsellestirme Uzmant

3-“Modeli Revit ve Rhino’dan aninda buluta aktarabilmek ve birden fazla uzak
kullaniciyla canli senkronizasyon gergeklesti. Oldukga etkileyici” Retima-Mimar
4-“Miisteri ve gelistirici ekibin ger¢cek zamanli 3D tasarim incelemelerinde is birligi
yapilmasina olanak tanir” Mortenson-Teknoloji Gelistiricileri

5-“Birlesik bir vizyonda hizmet eden herkesin erisimi” Vectuel-CEO/Inovasyon Direktorii
6-“Covid dolayisiyla uzaktan toplant1 kolaylig1” Gilbane-VDC Direktirii

7-“Uzaktan ¢aliymada basarili ve ayni odada olma hissini sagliyor” KPF-VR Uzmani

1-“Alanlarm nasil goriinecegi ve nasil hissedilecegi konusundaki belirsizlik ortadan Daha Detayli
kalkiyor” Mortenson-Gelisen Teknoloji Gelistiricisi ve Proje Coziimleri Teknik Uzmani Model ve
2-“Alicilar 3 boyutlu modelde etkilesim kurup, mekani ve nesneleri algilayabiliyor” Detaylar1 3
“Gergekgi detaylar eklenebiliyor” House by Urban Boyutlu Sekilde
3-“Modeli daha detayli sekilde deneyimlemek” Gorebilme

Schnabel Engineering-Sirket Ortagi

4-“Cikty1 gorsellestirebiliyor” Schnabel Engineering-Sirket Ortag

5-“Tasarimlarin tek bir tikla i¢ine girebilme olanag1” Payette-3D Goérsellestirme Yoneticisi
6-“Modeldeki sikisik ve dar alanlar1 gozlemleyebildik” Gilbane-VDC Direktorii
7-“Giivenlik i¢in kamera alanlarinin tespiti yapilabildi” Barton Malow-Proje/VDC
Miihendisi

8-“Tasarimcilar 3D modelde degisiklikler yaptik¢a sanal gerceklik deneyimini tek
tiklamayla hizla yeniden yaratabildiler” Miele-Satis Miidiirii

9-“Olgek ve oran anlayisimizi devreye sokarak daha iyi tasarim yapmamiza yardimet
oldu” Deforest-Miidiir

1-“Montajin her bileseninin degerlendirilmesine olanak tanid1” Mortenson-Gelisen Cakisma ve
Teknoloji Gelistiricisi ve Proje Coziimleri Teknik Uzmani MEP
2-“Hatalar1 is sahasindan dnce dijital olarak yakalamak biiyiik avantaj” Stuffolk-Insaat Kontrollerinin
Coziimleri Direktorii Saglanmasi

3-“MEP projelerinin koordinasyonunu saglar” Mortenson-Ekip Uyeleri

4-“Tespit edilmesi zor ¢cakismalar, tam Oniiniizde oldugunda hemen fark edilir”
Perkins+Wills-Ekip Uyesi

1-“Ingaat1 izlemeye, bilesenlerin ne zaman ve nereye monte edilmesi gerektigine iliskin Saha Planlamasi
planlama rehberligi saglamaya yardimei olur” Zutari-Interaktif Gorsellestirme Uzmani ve Yonetiminde
2-“En tiretken ve verimli is akislar1 saglandi.” Mortenson-Teknoloji Gelistiricileri Kolaylik

3-“Daha dogru dokiimantasyon ve insaat yonetimi sayesinde saha az hata ve biiyiik
tasarruf” SHOP-AR/VR Arge Lideri
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4-“Insaat: simiile edebilmek en temel faydas1” Vectuel-CEO/Inovasyon Direktorii
5-“Insaatin VR modellerini sunabilmesi” Gilbane-VDC Direktérii

6-“Saha kisitlamalarmin etkisini azalti” Gilbane-VDC Direktérii

7-“Santiyeleri dijital diinyaya tasimak i¢in etkili bir yol” Gilbane-VDC Direktorii
8-“Saha ekipleriyle iletisim kurabilmeyi sagladi” Barton Malow-Ekip Uyeleri
9-“Santiyede ¢ikan sorunlarin tespitinde ve ¢oziimiinde kolaylik” “Makine
operatorlerinin goriis agilarimi anlamaya yardimetr” One Alliance-Ekip Uyesi

1-“Ofislerde giivenlik egitimi igin VR ¢dziimlerini kullantyoruz” Zutari-Interaktif
Gorsellegtirme Uzmant

Is Giivenligi ve
Risk

3-“Satig sunumlariin en 6nemli noktasi oldu” Mortenson-VR Gelistiricisi

4-“En 6nemli pargalardan biri bir biitlin olarak kullanict deneyimi” House by Urban
5-“Sanal tur, miisterilerin tasarimdaki ihtiyaglarina ve taleplerine hizli bir sekilde uyum
saglamamiza ve hatta bu degisiklikleri test etmenize olanak tanir” Sound Hannam — CEO
6-“Miisterilerimizi projenin ¢ok erken bir zamaninda memnun edebildik” Kane-Dijital
Insaat Baskam

7-“Miisteriler tasarimm ilerleyisi konusunda ilgili ve bilgili hissettiler” Reed-Ekip Uyeleri

2-“Caliganlarin is tehlikeleri konusunda farkindalig: artti” “Daha giivenli ¢aligma sahalar1 Planlamalarinin
yaratarak daha az kaza” “Riskleri ortadan kaldirma olanagi sagliyor” “Geleneksel smif ve Kolayhigt
¢evrimigi egitimlerde asla yapamayacaginiz farkindaligi yaratiyor” Skanska-Proje

Lideri/Uretim Miidiirii/Teknoloji Direktorii

3-“Olast tehlikelerin tespiti ve VR giivenlik kontrollerinin yapilmasina yardime1” Barton

Malow-Ekip Uyeleri

1-“Dronelar ile sahadan toplanan verilerle giincellenmis gorsellestirmeler her hafta Satiglarda Artig
miisterilere gonderilebiliyor” Zutari-Interaktif Gérsellestirme Uzmant ve Miisteri
2-“Aninda miisteri geri bildirimi sagliyor” Mortenson-Teknoloji Gelistiricileri Memnuniyeti

1-“Daha hizli ve akici bir 3D program araciligiyla gelismis miisteri deneyimi” Marxent-
Kurucu

2-“Proje paydaslarinin ve miisterilerin tasarimlari diledikleri kadar etkilesimli olarak
gorsellestirmelerine, gbzden gegirmelerine ve optimize etmelerine olanak tanir” Zutari-
Interaktif Gorsellestirme Uzmani

3-“Miisterilerin yeni tasarim projelerini gercek anlamda gorsellestirmesine,
deneyimlemesine ve onaylamasina yardimei olur” Mortenson-Teknoloji Gelistiricileri
4-“Satis sunumlarinin en 6nemli noktasi oldu” Mortenson-VR Gelistiricisi
5-“Miisterilerin tasarimi anlamasi avantaj1” Reed Hilderbrand-Kidemli Uye

6-“Birincil gorsellestirme aracimiz” Thornton T.-Kidemli Proje Miihendisi

7-“Giiglii bir gorsel temsili sagladi” “Kullanicilar daha duygusal ve heyecanl bir deneyim
yasad1” SPACE-Peyzaj Tasarimcisi

8-“Miisteriye renk se¢imi ve bitis modelini gostermemize yardimei oldu” StudioMB-Basg
Uriin Tasarimcist

Miisteriye Etkili
Sunum ve
Gorsellestirme

Buna gore, insaat firmalarinin BIM-VR entegrasyonunda en c¢ok bahsedilen giiclii yan,
cevaplarin %45 inde aktarilmig olan miisteri memnuniyetidir. Bu orani sirasiyla, ifadelerin
%43 linde zaman tasarrufu, %41 inde 3D model ile ayrintilar1 gérebilmek ve %40 ile maliyet
tasarrufu takip etmektedir. En az bahsedilen gii¢lii yan ise, ifadelerin %9 unu olusturan saha
planlamasi ve yonetiminde saglanan avantajlar ve cakisma-MEP kontrollerinin saglanmasina

olan faydasidir.

BIM-VR entegrasyonunun insaat firmalarinca zayif yanlar1 olarak degerlendirilen goriislerin

ifadesi ve karsiliklar1 Tablo 5°te verilmistir (Tablo 5).
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Tablo 5 - Insaat Sirketlerinin BIM-VR Entegrasyonunun Zayif Yanlari Olarak

Degerlendirdigi Ifadeler ve Karsihig

Uriin yorumu, blog yazsi, roportajlar ve vaka ¢ahsmalarindaki ifadeler

Karsilig1

1-“Teknoloji yatirimi yapild1” Retima-Mimar

2-“Saha ekibi i¢in otel arazisinde 6zel VR odas1 kuruldu” Kane-Dijital Insaat Baskant
3-“Teknolojik altyapt kurduk” Stuffolk-Insaat Céziimleri Direktorii

4-“Gegici VR odasindan, kalic1 bir VR odasina ge¢is yapmak durumunda kaldik” SPACE-
Peyzaj Tasarimcisi

5-“VR ekibi kuruldu” “Yazilim kurulumu yapildi” Gilbane-VDC Direktorii

6-“Bir teknoloji yatirimi yaptik ” Gilbane-VDC Direktor

7-“Baslangigta bir kurulum satmn aldik” StudioMB-Bas Uriin Tasarimcist

8-“Kurulumu satin aldik” Barton Malow-Proje/VDC Miihendisi

9-“VR ofisinin kurulumuyla basladik, teknik altyapry1 gii¢lendirdik, firsat buldukga biiyiik
ekranlar koyuyoruz” SHOP Architects-Ekip Uyeleri

10-“VR laboratuvar1 kuruldu” “Ekip tiyeleri ve miisteriler i¢in oda olusturduk™ Deforest-Miidiir
11-“Biiyiik yatinmeilari bir sekilde etkileyip, projeye yatirim yapmalari i¢in ikna etmeye
calistik” Agora Architecture-Bas Mimar ve Ekip Uyeleri

12-“2-3 haftalik deneme boyunca 5.000€ iicret ayirmamiz gerekti” One Alliance-Ekip Uyesi

Baslangig
Maliyetleri

1-“Geleneksel mekansal analiz modelini atlamak” Losci-Ceo/Kurucu

2-“Bagskalar izlerken araci kullanmada isteksizlik fark ettik ve oda degisiklikleri yaptik”
StudioMB-Bas Uriin Tasarimcisi

3-“VR kullanimu igin miisterilerden ek komisyon alind1” SHOP Architects-Ekip Uyeleri
4-“Disa aktarimlarda Revit’in yeterli olmadigim gordiik” Agora Architecture-Bas Mimar ve
Ekip Uyeleri

5-“Yatirimlar miisterilerden ek komisyon almamiza sebep oldu” Reed-Ekip Uyeleri

Teknolojiye
Adaptasyon

1-“Projelerde aktarma yapmak zorunda kaldik” SPACE-Peyzaj Tasarimcisi

Uzun Siireli

2-“Modelinizi hazirlamak i¢in harcanan zaman, VR’da gegirilen siire ve ek faydalar i¢in Caligma

elinizden geleni yapmalisiniz” “Tamamlanmanus unsurlar dikkatinizi dagitmamalidir”

Perkins+Wills-Ekip Uyesi

3-“Modelleme i¢in zaman harcamaniz gerekiyor” Reed-Ekip Uyeleri

1-“Ttim verileri gorsellestirmemize yardimce1 olacak ¢oziimleri artyoruz, simdilik veri kabugunu | Alisma

kullanmaktay1z ” Schnabel Engineering-Sirket Ortagi Siirecinin

2-“Miisterilere VR yazilimini anlattik” SPACE-Peyzaj Tasarimctst Uzunlugu

3-“Yeni VR ofisini kurmaya ¢alisiyoruz” “Miisteriler VR’1in mide bulandirdigini diisiiniiyorlar

bu sebeple deneme konusunda tereddiit ediyorlar” Gilbane-VDC Direktorii

4-“Calisanlarin teknolojiyi etkin gekilde kullanip kullanamadiklarin siirekli kontrol ettik”

Reed-Ekip Uyeleri

1-“Proje ekibi giiclendirildi” Marxent-Kurucu Teknolojiye

2-“Virtual Insight ekibi olusturduk™ Mortenson-Teknoloji Gelistiricileri Adapte

3-“Yeni teknolojiyi gelistirmekle gorevli Teknik AR-GE grubu olusturuldu” Schnabel Insan

Engineering-Sirket Ortagi Kaynagim
Saglamak

4-“Bilgi s Istasyonlar1 olusturuldu” Zebradog-Kullanict Deneyimi Lideri

1-“Sirket ici gerekli egitimler aldirtld1” Mortenson-VR Gelistiricisi

Caliganlara

2-“1-3 saatlik egitimler aldik” SPACE-Peyzaj Tasarimcisi Verilmesi
3-“Tiim ekibe yeni sistem tanmtildr” Treehouse-Creative+Design Baskan Yardimcisi Gereken
4-“Calisanlara egitim aldirdik” “Sirket i¢i egitimlerimiz yeni gelenler oldukga devam etti” Egitimlerin
Reed-Ekip Uyeleri Mahy_etl ve
Siiresi
1-“Cogu kisi tamamlanmamis modelin faydasi olmaz diye VR’a baglama konusunda isteksiz” Teknolojiye
Perkins+Wills-Ekip Uyesi Karst
2-“Yalnizca ilk miisteri etkisi disinda etkisi olmayacagini diisiindiik” Agora Architecture-Basg Duyulan
Mimar ve Ekip Uyeleri Isteksizlik
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Buna gore, insaat firmalarinin BIM-VR entegrasyonunda en ¢ok bahsedilen zayif yan,
cevaplarin %23 {inii olusturan baslangic maliyetleridir. Bunu cevaplarin %9 unu olusturan
calisanlara verilmesi gereken egitimlerin maliyeti, siiresi ve bu teknolojilere aligma siirecinin
uzunlugu takip etmistir. En az bahsedilen zayif yan ise, ifadelerin % 3 iinii olusturan uzun
stireli caligmadir.

Calismanin devaminda Unity ve IrisVr yazilim firmalarinin misteriler, kullanict yorumlari
ve bloglarinin taranmasiyla ulasilan ingaat firmalarindan kiiresel anlamda ¢aligmalari olan 10
adet insaat firmasi secilmistir. Sec¢ilen ingaat firmalarinin ¢alistiklar: yapr tiirleri, lilkeler ve
kullandiklart BIM-VR araglar1 incelenmistir. Ayrica secilen 10 insaat firmasinin Web
sitelerindeki BIM ve VR teknolojisiyle ilgili bloglari, 6rnek vaka caligmalari ve bu
teknolojilerin  kullanimiyla 1ilgili degerlendirmeleri incelenmis sonu¢ olarak insaat
firmalarmin bu teknolojileri kullanma amaglarina, bu teknolojiler hakkindaki deneyimlerine
erisilmistir. (Tablo 6)

Yazilim ve insaat firmalarinin Web sitelerindeki 6rnek vaka caligmalari tizerindeki tespitleri,
blog yazilar1 tarandiginda, BIM-VR Teknolojisinin kullanildig1 projelerden elde edilen
veriler 6zetle Tablo 7’ de verilmistir.

Tablo 7 - Ornek Firma Calismalarindan Cikarilan Sonuclar

BIM — VR TEKNOLOJISI
KULLANIMININ
GUCLU YONLERI

BIM — VR TEKNOLOJISI
KULLANIMININ
ZAYIF YONLERI

1- lletigim, Is Birligi ve Koordinasyonun
Artisi

1- Baglangi¢ Maliyetleri

2- Maliyet ve Proje Siiresinde Kesinlik,
Tasarruf ve Verimlilik

2- Teknolojiye Adaptasyon

3- Tasarumin Detaylarla Gelistirilebilmesi

3- Uzun Siireli Calisma

4- Ortak Dili Paylasabilmek

4- Aligma Siirecinin Uzunlugu

5- Daha Detayli Model ve Detaylar: 3
Boyutlu Sekilde Gérebilmek

5- Teknolojiye Adapte Insan Kaynagin Saglamak

6- Cakisma ve MEP Kontrollerinin
Saglanmasi

6- Teknolojiye Adaptasyonda Kaybedilen Zaman

7- Saha Planlamasi ve Yénetiminde Kolaylik

7- Calisanlara Verilmesi Gereken Egitimlerin
Maliyeti ve Siiresi

8- Is Giivenligi ve Risk Planlamalarinin
Kolaylig

8- Teknolojinin Sadece Ofiste Kalmast ve Sahaya
Entegre Edilememesi

9- Satislarda Artig ve Miisteri Memnuniyeti

9- Teknolojiye Karst Duyulan Isteksizlik

10- Miisteriye Etkili Sunum ve
Gorsellestirme
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5. BULGULAR VE TARTISMA

Literatiirde var olan ¢alismalarin vaka(alan) ¢aligmalarinin incelenmesi ve ingaat firmalarinin
yapt Uretim siireclerinde BIM-VR entegrasyonunun kullanimma yonelik goriislerinden
cikarilan verilerin sonucu olarak, yapi iiretim siireclerinde BIM-VR teknolojilerinin kullanim
hedeflerini su sekilde agiklamak miimkiindiir:

- BIM-VR entegrasyonunun baslica kullanim amaci, paydaslarla ortak bir dili
paylasabilmek ve iletisimi giliglendirmektir.

- Mimari tasarim asamalarinda; tasarimi gelistirebilmek, detaylara hakim olabilmek ve
restorasyon projelerinde model olusturmak amaciyla kullanildigint sdylemek
miimkiindiir.

- Yapim siirecinde BIM-VR teknolojilerini; proje takibini kolay yapabilmek, tiretimde
hiz1 ve kaliteyi yakalamak, maliyetleri diisirmek, geri doniis ve degisiklikleri azaltmak,
MEP koordinasyonunu saglamak ve is giivenligi, risk ve saha planlamalarinda sagladig1
kolayliklardan yararlanabilmek amactyla kullanilmaktadir.

- Yapim sonrasi siireclerde, tesis yonetimini sistematik sekilde yapabilmek amaciyla
kullanilmaktadir.

- Satis siireglerinde ise satis1 hizlandirmak ve arttirmak, miisteri deneyimini gelistirmek,
yeni bakis agilar1 saglayabilmek ve miisterilerden geri bildirim alabilmek hedefleriyle
kullanildigini s6ylemek miimkiindiir.

Secilen 10 ingaat firmasiin Web sitelerinin taranmasi sonucunda;

Incelenen insaat firmalarinin ana merkezlerinin ABD oldugu goriilmekte, bu sebeple BIM-
VR teknolojilerinin kullanildig1 projelerin yogunlukla ABD’de oldugu ve ABD’nin yani sira
Kanada, ingiltere, Cin ve Japonya gibi iilkelerin de bu teknolojileri aktif olarak kullandig1
goriilmektedir. Bu durumu, ABD, Cin, Japonya ve pek ¢ok Avrupa tilkesinin BIM kullanim1
hakkinda standartlar getirmis olmasiyla aciklamak miimkiindiir. McGraw-Hill’in 2012
senesinde yapmis oldugu arastirmada, 2007 senesinde yapi1 sektoriinde BIM kullaniminin
benimsenme oran1 %28 iken, 2012 senesindeki benimsenme oran1 %71 e ylikselmistir. Yine
McGraw-Hill’in 2010 senesinde yapmis oldugu arastirmada Avrupa ilkelerinde BIM
kullaniminin benimsenme orani %36 olarak belirtilmistir. (Alizadehsalehi, S. ve ark., 2020,
Bernstein, H. M. ve digerleri, 2012 ve McGraw-Hill Construction Report, 2010) Ulkemizde
BIM-VR entegrasyonunun yapi iiretim siireglerinde aktif olarak goriilmemesi ise ulusal bir
standardin olmayisidir. Bu teknolojilerin Tiirk yap1 sektdriinde kullaniminin yayginlasmasini
hizlandirmak igin, tiim ilgili kurumlar araciligiyla ulusal BIM standartlari, kilavuzlari
hazirlanmali, kanun ve yonetmelikler diizenlenmeli ve gerekli tesvikler saglanmalidir (Erdik
ve Gokug, 2020).

Insaat firmalarinin ¢alisma alanlar1 ve BIM-VR teknolojilerini kullandiklari yapn tiirlerinin
egitim, saglik, kamusal, endiistri, ofis ve kiiltiir merkezi gibi daha komplike sistemleri igeren,
MEP kontrollerinin dikkatlice yapilmasi gereken ve toplu kullanima hizmet eden biiyiik
projeler oldugu dikkat cekmektedir.

Incelenen ingaat firmalarmin kullandiklari yazilim ve programlara bakildiginda, BIM
yazilimlarindan en ¢ok Revit, sonrasinda Navisworks yazilimlarini goériilmektedir. VR
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teknolojilerini kullandiklart donanim ve araglara bakildiginda ise, Headsetler, Lazer
Tarayicilar ve Drone larm yogunlukla kullanildigini sdylemek miimkiindiir.

Calisma boyunca incelenen yorumlar, roportajlar, blog yazilar1 ve 6rnek vaka ¢alismalarina
gore BIM- VR entegrasyonunun yapi iiretim siireglerinde kullaniminin giiglii ve zayif yanlari
cikarimlari yapilmisgtir.

Yapilan g¢alismanin sonucu olarak, yapi iiretim siire¢lerinde BIM-VR teknolojilerinin
kullaniminin gii¢lii yanlar sistematik sekilde yorumlanirsa:

BIM-VR entegrasyonunun_proje ekiplerine sagladigi giiclii yanlarin en ¢ok bahsedileni yap1
iiretim siirecinin tim asamalarinda paydaglar arasindaki iletisim, koordinasyon ve is
birligindeki 6nemli artigtir.

BIM ve VR teknolojisiyle daha tasarim agsamasindayken, cakisma ve MEP kontrollerinin
yapilabilmesi, yapim siireci Oncesinde sistem segiminden kaynaklanan hatalarin
Onlenmesine, yapim asamasinda degisikliklere sebep olacak ¢akigmalarin, gerekli
hacimlerdeki eksiklikleri veya hatalarinin dnceden tespiti agisindan énem arz etmektedir.
Uretim asamasinda, ¢akisma ve MEP kontrollerinin sahada 3 boyutlu sekilde kontrollerinin
yapilmastyla geri doniisler azalmakta, sistem kontrolleri yapilabilmektedir. Ayrica
restorasyon projelerinde rolove aliminda kolaylik ve kesinlik gibi faydalart da
bulunmaktadir.

BIM ve VR teknolojilerinin tiretimde 6ncelikle saha ve risk planlamalarinin yapilmasinda
sagladig1 kolayliklar, is giivenligi ve acil durum eylem planlamalarinin yapimiyla birlikte
saha ekibinin is glivenligi egitimlerinin simiilasyonlarla desteklenmesi gibi giivenlik ve saha
yonetimi asamalarinda epey kolaylik saglamaktadir. Uretim sonrasi siiregte BIM-VR
entegrasyonu, tesis yonetiminde dokiimantasyon ve tadilat-tamirat planlarinin yapilmasinda
kolaylik saglamaktadir.

BIM-VR entegrasyonunun_firma performansina sagladigi giiclii yanlarimin ilki tasarim
siireclerinde tiim paydaslarin ortak bir dili paylasarak, tek bir model iizerinde ¢alismasi proje
siireclerine hiz kazandirmasi, bdylece daha tasarim asamasinda zamandan tasarruf
edilmesidir. Projenin maliyetinin net sekilde ¢ikarilabilmesiyle proje biitcesi net ve kesin
olarak elde edilmektedir.

Ayrica 1/1 dlgekte ve 3 boyutlu sekilde goriintiilenebilir detaylarla tiretimde geri doniisler ve
yeniden yapim azalmaktadir. Bu sayede geriye doniisler, tamirat ve yeniden yapim
asamalarindaki maliyet ve zaman kayb1 6nlenecektir.

BIM-VR entegrasyonunun_miisterilere sagladig1 giiclii yanlar1 ise, projenin daha tasarim
asamasi sirasinda kullanicinin (miisteri) katilabilecegi ve herhangi bir degisiklik isteginin
aninda 3 boyutlu karsiligin1 gorebilecegi ¢ok katilimci tasarim toplantilari organize
edilebilmesiyle, tasarim siireci miisteri memnuniyetiyle sonuclanabilmektedir. Miisteriler
tasarim siireglerinde aktif olarak rol alabilmektedirler.

Bunun yaninda, yapim siireclerini canli olarak gozlemleyerek, yapim siireci hakkinda daha
ilgili ve bilgili olabilirler.

Satis asamalarinda ise, daha projenin tasarim asamasinda 3 boyutlu sekilde, derinlik ve varlik
hissiyle proje deneyimlenebilmekte, etkin gorsellestirme yontemleri sayesinde satislarda ve
miisteri memnuniyetinde artis s6z konusu olmaktadir.
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Yapr iiretim siireglerinde BIM-VR teknolojilerinin kullaniminin zayif yanlari sistematik
sekilde yorumlanirsa:

BIM-VR entegrasyonunun proje ekiplerince goriilen zayif yanlarmmin ilki BIM-VR
teknolojilerini yap1 iiretim siireclerine entegre edebilmek i¢in detayli bir model olusturma
zorunlulugu bulunmasidir. Ancak bu detayli modelin olusturulmasiyla gercekgi gorsellere,
MEP detaylarinin ayrintilarina erisilebilmektedir. Yapi iiretim siireclerinde, gergeklesecek
her asamay1 denetimli, kontrollii ve sistematik olarak ele alabilmek adina, beklenen detayda
bir goriintii i¢in sisteme ayrintili bir model girisinin yapilmasi gerekmektedir. Tasarim
stireglerindeki geleneksel yonteme kiyasla, BIM-VR entegrasyonuyla yapi {iretim
siireclerinin tasarim agamasinda daha uzun siireli ¢alismalar gergeklesebilmektedir. Bunun
sebebi detayli model olusturma, proje paydaslariyla yapilan toplantilar, analizler ve cakisma
kontrol testleri seklinde 6rneklenebilir. Tasarim asamasinda yapilan bu ¢alismalar yapim
stirecinde karsimiza gikacak problemlerin onceden tespitiyle yapim asamasinda zaman ve
maliyet tasarrufu seklinde geri donmektedir.

Teknolojiye alisma siirecinin uzun olmasi ve beraberinde bir siire¢ gerektirmesi, proje
ekiplerinin egitimlerle desteklenmesini ve denetimlerin siklastirilmasini
gerektirebilmektedir.

Dosya aktarimlarindan kaynaklanan hatalar, fizyolojik problemler gibi kullanici kaynakli
bazi aksamalar da BIM-VR teknolojisinin zayif yonleri olarak degerlendirilmistir. Bu
sistemleri kullandikga, yasanilacak aksakliklarin iistesinden kolayca gelinecektir.

BIM-VR entegrasyonunun firma performansinca zayif yan1t BIM-VR teknolojilerinin yatirrm
maliyetinin bir miktar yiliksek olusudur. BIM ve VR teknolojilerin ilk yatirim maliyetlerinin
bir miktar yiiksek olmasi dogrudur ancak bu teknolojilerin kullanimiyla sahadaki geri
dontislerin ve yeniden yapimin azalmasi saglanacak bdylece maliyet ve zaman tasarrufu
yapilabilecektir.

BIM-VR’m diger bir zayiflik olarak goriilen yonii, teknolojiye adapte insan kaynagini
kargilamaktir. Bunun yaninda yeni bir ekip kurulmayacaksa, giincel c¢alisanlara verilmesi
gereken egitimlerin maliyet ve siiresi de BIM-VR entegrasyonuna gegiste zayif yan olarak
degerlendirilmistir. Zayif yan olarak degerlendirilen galisanlarin teknolojiye adapte olusu,
BIM-VR teknolojisine gegis siirecinin bir pargasidir. lerleyen siirelerde kazanilan zaman
ve tasarruflarla birlikte bu zayif yanlarin faydaya doniisecegi siiphesizdir.

BIM-VR entegrasyonunun_miisterilerce zayif yani ise, BIM-VR teknolojisine duyulan
isteksizlik ve on yargi seklinde yorumlanabilir. VR kullanmanin bas dondiiriicii ve mide
bulandirici oldugunu diisiinen misteriler, deneyimleri sonrasinda bu zayif yanin aslinda bir
on yarg1 oldugunu fark edeceklerdir. Bu durum yapilan firma ¢alismasinda goriilmiistiir.

Calisma boyunca incelenen yorumlar, roportajlar, blog yazilari ve 6rnek vaka ¢aligmalarina
gore BIM- VR entegrasyonunun yapi tiretim siireglerinde kullaniminin potansiyel firsat ve
olasi tehditleri ¢ikarimlart yapilmistir. BIM-VR teknolojilerinin yap1 iiretim siirecine
entegrasyonunun potansiyel firsatlarmi yorumlamak gerekirse:

- Oncelikle kaynaklarin kullaniminda saglanabilecek tasarruflar en biiyiik firsat olarak
dikkat ¢ekmektedir. BIM-VR entegrasyonu ile yap1 iiretim siirecinin tiim asamalari
planli ve kontrollii sekilde ilerleyecek, geri doniisler ve tadilatlar azaltilacaktir. Bu
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sayede su, malzeme, enerji gibi tiikenebilen kaynaklar korunacak ve bu kaynaklarin
israfi dnlenmis olacaktir.

- Diger bir firsat ise, potansiyel is¢ilik kalitesindeki artis olabilir. Saha c¢alisanlarinin
elinde tiim detaylariyla bir proje olusu ve gerektiginde bu detaylar1 3 boyutlu ve 1/1
Olcekte goriintiileyebilmek daha estetik, diizgiin bitisli ve hatasiz isgilige yardimci
olacaktir.

- Frsatlardan bir digeri ise, teknolojiye adapte insan kaynagi olarak kendini yetistirmek
ve bireysel istihdamimi saglamaktir. Kiiresel anlamda, ingaat sektoriinlin bir pargasi
haline gelen bu teknolojilere adapte olacak sekilde kendini yetistirerek firmalarin
dikkatini ¢ekmek, aranan bir uzman haline gelmek ve boylece bireysel istihdami
artirmak dnemli bir firsattir.

BIM ve VR teknolojilerinin yapi iiretim siirecinde kullaniminin olas1 tehditleri ise:

- BIM ve VR teknolojilerine adaptasyon i¢in personellere egitim verme veya aldirma
sartidir. Is verenler bu durumu zaman ve maliyet kaybi olarak diisiindiiklerinden,
teknolojiye adapte insan kaynagi arayisina girebilmektedirler. Bu durum da dijitallesme
sonras1 diisilk bir miktar olsa da mevcut calisanlarda istihdam kaybini giindeme
getirebilmektedir. Ancak kendini bu teknolojilere adapte eden bireyler, kendi bireysel
istihdamini artirabilmektedirler.

- Tehditlerden bir digeri ise; miisteri ve projenin paydaslarmin da dahil oldugu tasarim
toplantilarinda ¢ok katilimer yaklagimla her bireyin fikrini beyan etmesi ile tasarim
stirecinin bir miktar uzamasi1 ihtimalidir. Fakat bu durum, optimal tasarimin
saglandiginda iiretim siirecinde geri doniisleri azaltacak, zaman ve maliyet tasarrufu
seklinde geri donecektir.

- Son potansiyel tehditse, teknolojinin sadece ofiste kalmasi, sahada bu teknolojilerin
kullanilmamas1 veya saha ekiplerince yeterli donanim eksikliginden geleneksel
yontemlere devamlilik seklinde olabilir. Bu durumda teknolojik yatirimin saha bazinda
da yapilmas: ve saha calisanlarinin teknolojiye adaptasyon icin egitimi sart hale
gelmistir.

6. SONUCLAR

Yapr iliretim siireci, kiiresel baglamda en ¢ok enerji tiiketen ve yapilan hatalarla birlikte enerji,
zaman, maliyet ve malzeme kaybinin en yogun oldugu siiregtir. Yapi iiretim siireclerinde
geleneksel yontemlerin kullanimi sonucu karsimiza ¢ikan sorunlari; tasarim asamalarinda
miisteriye toplant1 esnasinda bir model verememek, tesisat, elektrik, statik gibi tiim projelerin
farkl1 platformlarda ¢izilmesi ve bu projelerin biitiinliik saglayamamasi, proje maliyetine net
sekilde erisememe, kiiltiirel miras yapilarinda; yanlis rolove alimi, yapim asamalarinda;
yanlis imalatlarla geri doniisler yapilmasi, tesisat projelerinde cakismalar yasanmasi,
calisanlarca istenen detayin tekrar tekrar ¢izilmesi gerekliligi, imalat kontrollerin insan
gbziline ve eline bagli olmasi, is giivenligine dikkat edilmemesi veya egitim eksikligi, saha
lojistiginin ve organizasyonun diisiiniilmemesi ve yapim sonrasi siirelerde; tamirat ve tadilat
esnasinda yapim asamasinda dikkat edilen noktalarin kaybi, tadilat siireci planlamasinin
yapilmasinda zorluklar gibi problemlerle karsilagilmaktadir. Bahsedilen problemler sektorde
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karsilagilan problemlerin ¢ok kii¢iik bir yiizdesini olugturmaktadir (Proverbs ve dig., 2000 ve
Jaffar ve dig., 2011). Yapilan her geri doniis ve tekrar yapim enerji, zaman, malzeme ve
maliyet kaybina sebep olmaktadir. Geleneksel yontemlerle uzayip giden yapir iiretim
siirecleri, daha sistematik ve daha organize bir yapi iiretim siireci ihtiyacini ve talebini
dogurmustur. Tiim bunlarin yaninda akademik alanda, mimarlik ve insaat miithendisligi
Ogrencilerinin yap1 {iretim siireglerine iliskin egitimlerinde, geleneksel egitim yontemleri
devam etmekte, sektor kiiresel baglamda degismeye devam ederken &grencilere gelisen
teknoloji ve yazilimlardan uzak bir egitim siireci iglemektedir.

Insaat sektorii her daim yeniliklere acik ve teknolojiye adapte olabilen bir sektor olmustur.
Geligen teknoloji yapi liretim siireglerinde yansimasini bulmug, BIM ve VR teknolojileri yap1
iretim siireclerinde tercih edilen teknolojiler haline gelmistir. Yeni nesil VR araglarmin
cogunun BIM yazilimlan ile galismasi iki teknolojiyi birbirine kenetlemis ve sektorde
giderek yayginlagmasina yardimer olmustur. Yapi tiretim siireglerine bu iki teknolojinin
entegrasyonunun dahil edilmesiyle stire¢ daha optimize, daha kontrollii ve daha sistematik
sekilde ilerlemektedir. Yapi iiretim siireclerinin tasarim, kiiltiirel miras, yapim ve yapim
sonrast agamalarda kullanimmin tasarim asamasinda; gorsellestirmedeki gercekeilik ve
derinlik hissi, tiim proje paydaslarinin tek model {izerinde ¢aligabilmesi, tasarim kusurlarinin
onceden tespiti, analizler ve ¢akisma testlerini 3 boyutlu olarak deneyimleyebilmek ve
miisterilerle iligkilerin ve is birliginin gelistirilebilmesi gibi kolayliklar dikkat ¢ekmektedir.
Kiiltiirel miras yapilarinda; yapinin r6lovelerinin alinmasinda kesinlik, restorasyon sonunda
sanal ortam miizesi, egitim ve oyun amagli uygulamalara imkan verebilmektedir. Yapi tiretim
siireglerinde BIM-VR kullanimiyla ise; ¢alisanlar arasi iletisim ve koordinasyonun artisiyla,
proje takibinin ve imalat kontrollerinin kolayca yapilabilmesi, saha organizasyonunun
saglanmasi ve is giivenligi planlamalarinda sagladig1 kolaylik ve kesinlikle, proje yonetimine
ciddi avantajlar kazandirmaktir. Son olarak yapim sonrasi siiregte tesis yonetiminde; on
goriilen veya 6n goriilemeyen tadilatlar i¢in planlamalarin yapilabilmesi, yap1 hakkindaki
dokiimantasyon kolaylig1 gibi birgok dikkat ¢ekici yararlar1 bulunmaktadir. Projenin tasarim
asamasindan yikimina kadarki siirecte BIM ve VR teknolojilerinin entegre kullanimi, yapinin
yasam dongiisii boyunca sistematik, kontrollii ve gergeke¢i bir yonetim saglamaktadir.
Yapmin yasam dongiisii boyunca BIM-VR teknolojilerini biitiinlesik sekilde kullanmakla
verimlilik, tasarruf ve kaynaklarin korunumu gibi ana faydalar1 saglayacaktir.

Yapilan aragtirmalar diinyanin BIM (Yap1 Bilgi Modelleme) ve VR (Sanal Gergeklik)
araglarma son 5-10 yilda entegre oldugunu ve BIM-VR entegrasyonunun yapi iiretim
stireglerinde yerini almaya basladigi gostermektedir. Bu ilerleme hizla kendine yeni
donanimlar ekleyerek devam etmektedir. Yapilan literatlir taramasinda BIM-VR
entegrasyonuyla ilgili ¢alismalarin bilyiikk ¢ogunun yabanci kaynaklardan olusmasi, 6rnek
vaka caligmalarindaki orneklerin yabanci iilkelerde olusu ve yapilan firma arastirmasinda
erisilen firmalarin hepsinin yabanci olmasi, ne yazik ki Tiirkiye’nin BIM-VR teknolojisine
hala tam anlamiyla adapte olamadigin1 gostermektedir. incelenen ¢aligmalarda BIM ve VR
teknolojilerine farkindaligin olustugu, fakat bu teknolojilere gegiste bir tereddiitli
davranildigi goriilmiistiir. Bu noktada uygulama ve proje siireglerinin yiiriitiilmesinde
referans alinacak standart ve kilavuzlarin eksikligi dikkat ¢ekmektedir. Gelismis iilkelerde
bu teknolojilerin kullanimi kamu ihalelerinde zorunlu ve ozel sektorde sozlesmelere
eklenmektedir. Ulkemizde ise, bu teknolojilerin kullanimi kamu ihalelerinde bir secenek
seklinde yer almaktadir (Atabay ve Oztiirk, 2019 ve Bahgeci ve Polat, 2020).
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Bu ¢alisma sonucunda BIM-VR teknolojilerini kullanmanin faydalarindan ve potansiyel
firsatlarindan yararlanmak i¢in sektorel bazda; Tirkiye’nin bu teknolojiye yatirim yapmasi,
ingaat sektoriinii canlandirmasi ve potansiyel insan kaynagi bu teknolojilere ydnelik
egitimlerle desteklenmelidir. Firma sahiplerine, mimarlara, miihendislere hatta tiim sektor
calisanlarinin BIM-VR entegrasyonu tanimalar1 ve kullanmalarina yonelik fuar, etkinlik,
tanitimlar diizenlenmeli, bu teknolojilerin kullanimiyla ilgili ¢alistay, konferans ve atdlyeler
diizenlenmelidir. Devletin yapi liretim siireglerine iligkin teknolojik gelismeleri desteklemesi,
katkida bulunmasi ve kullananlara ayricaliklar tanimasi BIM-VR entegrasyonunu yapi
iretim siireclerinde sik¢a gormemize yardimer olacaktir. Bu konuda diinyada ve iilkemizde
yapilan yayinlar, tiim sektor paydaslariyla paylasilmali ve akademiden sektdre devamli bilgi
akist saglanmalidir.

Bu eksiklerin sadece sektorde degil, akademik alanda da oldugu yapilan literatiir taramasinda
goriilmiistiir. Yapilan literatiir taramasinda Tiirkiye’de yapilan yaymlarda, BIM ve VR
teknolojileri hakkinda ayrintili bilgi verilse de 6rnek vaka caligmalar1 ve farkli yontemlerle
incelenmesi bakimindan eksiktir. Kiiresel baglamda da tasarim ve insa edilebilirlik
incelemesi, siralama ve is planlamasi gibi ingaat odakli bir baglamda BIM-VR
entegrasyonunun yararlari ve kullanim durumuyla ilgili arastirmalarin sinirli oldugu ve bir
bilgi boslugu oldugu ortadadir (Johansson ve Roupe, 2024 ve Akbay, 2021). Akademisyenler
ve hayatina akademide devam edecek 6grencilerin bu teknolojilerle ilgili ¢aligmalarinda
farkli yontemler ve vaka caligmalarinin kullaniminin desteklenmesi gerekmektedir. Ayrica
akademik alanda, mimarlik ve miithendislik meslekleri gibi yapi iiretim siireglerinde baglica
aktorlerinin; gelisen teknolojiye adapte olarak egitim almasi, BIM ve VR teknolojilerini
iniversite egitimleri siirecinde kullanmalar1 desteklenmelidir. Bu konu 6zelinde, yap1 bilgisi
derslerinde VR kullanimu ile ilgili yapilan tez ¢aligmas1 Z kusag1 bireylerinin yeniliklere ve
teknolojiye ac¢ik oldugunu ve derslerin algilanmasi, kavranmasi ve yapisal 6gelerin hayal
edilmesine katkilarinin oldugunu gostermistir (Ozdogan, 2021). Ayrica sektdrde bu
sistemler ile yap1 iiretim siireclerinde bulunan proje aktorlerinin egitime dahil edilmesi
saglanmalidir. Bu sayede sektdr ve akademik is birligi saglanarak, giincel yapi iiretim
stireglerine hakim bireyler yetistirmek miimkiin olabilecektir.

Konuyla ilgili gelecekte yapilacak caligsmalara oneriler olarak, yonteme katkida bulunmak
amaciyla sektorde BIM-VR entegrasyonuna gecis yapan insaat firmalartyla miilakatlar
yapilabilir. Bu miilakatlarda BIM-VR entegrasyonuna gecis sonrasinda yapi iiretim
siireglerinde tespit edebildikleri faydalar ve zararlar sorularak ¢alisma desteklenebilir. Bunun
yaninda yapi iretim siireglerinde BIM-VR entegrasyonunun kullanildig1 gercek projelerde
vaka caligmalari {izerinden tasarim, yapim, yapim sonrasit veya kiiltiirel miras projelerinde
kullanimlarinin amaglari, fayda ve zararlari tespit edilebilir.

Ozetle, en biiyiik kaynak tiiketimi yapan ingaat sektorii teknolojiye uyarlanmali, sektérle ilgili
yenilikler takip edilmeli, yap1 liretim siire¢lerinde BIM-VR entegrasyonu saglanmali, BIM-
VR entegrasyonuyla ilgili potansiyel firsatlar gercek faydalara doniistiiriilmelidir. Sektorel
bazda yenilik¢iligin yaninda akademide de BIM-VR entegrasyonuyla ilgili daha ¢ok analiz,
vaka caligmasi bazinda yaymlar iiretilmelidir. Ancak sektor ve akademi birlesip yenilikgi
olmak sartiyla insaat sektoriiniin icinde tasidigi potansiyellere erisim saglanabilir. Bu
baglamdaki ¢aligmalarin devamliligryla BIM-VR teknolojilerinin iilkemiz insaat sektoriinde
yeni geleneksel sistem olarak kendine yer bulacagi siiphesizdir.
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