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ABSTRACT

Masonry structures represent the architectural and cultural heritage of great historical
importance. They have been used for public and residential buildings for several thousand
years. Many well-preserved old masonry structures still exist, proving that this construction
can overcome loads and environmental impact. These structures have been exposed to lateral
and vertical loads and atmospheric influences throughout their lives. In masonry structures,
undesirable damage, cracks, and voids may occur due to environmental factors or various
natural disasters, such as earthquakes, which may cause the structure to collapse. Different
conventional strengthening techniques are available depending on the purpose required for
stone masonry walls. This study aims to evaluate the structural behavior of double-wythe
travertine stone masonry walls strengthened by carbon fiber reinforced polymer (CFRP). For
this purpose, two masonry stone walls, which are made of saw-cut travertine stones and
constructed with English bond, a pattern formed by laying alternate courses of stretchers and
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headers, were constructed and tested under in-plane monotonic lateral load and constant axial
load. Lateral load-displacement relations and failure mechanisms were discussed. In addition,
triaxial compression tests of stone, mortar, grout, and stone-mortar composite materials were
performed to determine constitutive relationships. Furthermore, three-dimensional (3D)
nonlinear finite element analysis (NLFEA) of stone masonry walls using the Drucker-Prager
(DP) yield criterion was performed for unstrengthened stone masonry walls and strengthened
ones with grout injection and CFRP. The study findings revealed that the proposed numerical
modeling approach can accurately predict the experimental lateral load-displacement
behavior of both strengthened and unstrengthened specimens subjected to in-plane combined
axial loading and shear. Additionally, the model demonstrated its capability to simulate the
experimental load-displacement and cracking patterns effectively.

Keywords: Carbon fiber reinforced polymer, double-wythe stone walls, grout injection,
historical masonry structures, strengthening.

1. INTRODUCTION

Masonry buildings have been widely used for public and residential purposes for several
thousand years in many countries of the world, including Tirkiye. Besides, the masonry
buildings represent a substantial portion of the architectural and cultural heritage that must
be preserved and safely handed down to future generations. Masonry buildings have been
exposed to lateral loads such as earthquakes and environmental effects throughout their
service life. The main structural elements forming masonry structures are masonry walls.
These walls have a heterogeneous layered structure and can be damaged due to weak
connections and gaps between the materials constituting the masonry walls. Although
masonry structures can bear gravitational loads, they do not exhibit adequate performance
when exposed to lateral loads such as earthquakes and therefore need to be strengthened. In
the literature, most of the studies have focused on specifically the strengthening techniques
of masonry walls under in-plane loading [1—4]. Furthermore, many conventional techniques
such as FRP, grout injection, fabric-reinforced cementitious matrix, joint repointing, fiber-
reinforced paint have been currently used for strengthening masonry walls [5—8]. These
techniques effectively increase strength, stiffness, and ductility of the masonry walls.
However, their implementation has some drawbacks, such as being time-consuming,
reducing the available space, and affecting the aesthetics of existing walls [§—10]. In recent
years, the use of composite materials, such as fiber reinforced polymer (FRP) composites, to
strengthen or retrofit damaged existing masonry walls has become increasingly popular, and
these problems can be eliminated using these materials. FRP composites have numerous
benefits, including rapid application, lightweight construction, low installation cost,
resistance to corrosion, and no loss of valuable space. Carbon Fiber Reinforced Polymer
(CFRP), Glass FRP (GFRP), and Aramid FRP (AFRP) are the most common types of FRP
composites. FRP composites exist in different forms, i.e., rods, tendons, fabrics, and
laminates, and all of these forms can be considered suitable for increasing the strength and
ductility of unreinforced masonry (URM) walls [11-13].

On the other hand, grout injection is a well-established and effective technique for
strengthening historical masonry walls, particularly stone masonry walls [14—16]. This
method has been widely used for the repair and strengthening of existing masonry buildings
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without compromising their architectural value. The main idea of the method involves
injecting a grout material, which is a suspension of binder particles in an aqueous medium,
into voids and fractures of the masonry wall under pressure [17-20]. The injection of grout
is known to enhance the load-bearing capacity and mechanical characteristics of masonry
walls by filling internal voids and cracks, thereby improving their monolithic behavior and
structural integrity [17, 21].

Experimental and numerical studies have been conducted to assess the effectiveness of FRP
and grout injection strengthening on masonry walls.

Bompa and Elghazouli [22] conducted experiments and numerical assessments on the shear
behavior of lime mortar clay brick masonry triplets strengthened with FRP, reporting a
significant strength increase ranging from 16.6% to 185.8% compared to non-strengthened
counterparts.

Valluzzi et al. [23] tested three-leaf rubble stone masonry walls under compression loads.
The damaged walls were strengthened with grout injection, bed joint repointing, and traverse-
tying techniques. After the grout injection application, the walls were re-tested, and the
maximum compressive strengths of the walls were determined. In addition, the results were
validated with analytical models.

Vasconcelos et al. [24] aimed to develop reliable insight into the shear and compressive
strength of stone masonry walls by conducting an experimental campaign for the
characterization of stone masonry under shear and compressive loading, specifically
concerning the shear behavior of dry and mortar masonry joints and the uniaxial compressive
behavior of masonry prisms with distinct bed joint materials and joint surfaces. The study
revealed that when designing or numerically modeling stone shear walls, it is critical to
consider both the shear strength of the mortar-stone interface and the compressive strength
of the masonry stone.

Mooty et al. [25] examined the effect of wall type, mortar type, and mortar thickness on the
performance of limestone masonry walls with lime-based mortar under in-plane vertical
loads up to the failure of the specimens. They determined the in-plane compressive failure
load, load-deformation relationship, wall ductility, cracking pattern, and wall integrity at the
failure load.

Oliveira et al. [26] conducted an experimental study on three-leaf masonry walls made of
granite stone constructions from the North of Portugal. They analyzed the mechanical
behavior of walls under compression and strengthened the damaged walls with GFRP and
injection materials. They also investigated the walls' compressive stresses and strains and
evaluated the reinforcing methods and the walls' initial state.

Rezaie et al. [27] conducted extensive cyclic shear compression tests on large rubble stone
masonry walls. In this study, the impact of the axial load ratio and shear span ratio on the in-
plane stiffness, strength, and drift capacity of the walls were investigated. The primary
objectives of the study were to determine the cyclic behavior of rubble stone masonry walls,
expand the existing database, and assess the accuracy of current models in predicting the
stiffness, strength, and drift capacity of these walls based on the newly obtained data.

Estevan et al. [28] tested cylindrical stone masonry specimens using composite materials.
The stone cylinder samples, used to construct the masonry specimens, were wrapped with
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two types of FRP jackets and tested under uniaxial compression. The stress-axial strain
curves of different samples were obtained. It was observed that the compressive strength of
the stone samples reinforced with unidirectional FRP materials almost doubled.

Sandoli et al. [29] constructed squared and rectangular scaled masonry tuff columns, and
some of the columns were strengthened with carbon fiber unidirectional sheets. The axial
compression tests were performed on unconfined and FRP-confined prismatic tuff masonry
columns. The experimental axial stress—strain curves were obtained, and the experimental
results have been compared with predictive axial stress-strain theoretical models.

Rahman and Ueda [30] experimentally investigated the behavior of externally strengthened
clay brick masonry walls using CFRP and polyethylene terephthalate (PET)-FRP. The results
demonstrated that the in-plane shear capacity of the wall significantly increased by using
both types of FRPs.

Milani et al. [31] examined the ultimate load-bearing capacity of masonry brick panels
reinforced with FRP strips. They tested the panels under different loading conditions. Then,
numerical models were proposed based on combined homogenization and limit analysis
techniques. The experimental and numerical results regarding the lateral load-displacement
relationship, failure types, and load capacities were compared.

Godio et al. [10] conducted an experimental test program and investigated the force-
displacement behavior of plastered stone masonry walls made of regular sandstone blocks
under shear-compression loading. The study examined the effect of the axial load ratio and
load history on the walls' stiffness, strength, and drift characteristics. It validated prior
findings on the impact of the axial load ratio, demonstrating that as the axial load ratio
increases, the walls' initial stiffness and force capacity rise while the final drift reduces.

Ghobarah and Galal [32] investigated an effective reinforcement technique against out-of-
plane overloading of masonry walls. For this purpose, five full-scale masonry walls having
different opening types were constructed. The walls were laterally loaded evenly until the
pre-failure state. The damaged walls were strengthened with FRP and tested again. As a
result, it was stated that the lateral load-carrying capacity of the reinforced walls increased
significantly and showed more ductile behavior compared to the unreinforced ones.

There are also studies by Turkish researchers on local stone walls in the literature. Bozyigit
et al. [33] reported on the findings of an investigation on 29 historic stone masonry buildings
located in the cities of Hatay and Osmaniye following the 2023 Turkey earthquake sequence.
Bayraktar et al. [34] examined the performance of the stone masonry buildings affected by
the March 25 and 28, 2004 earthquakes in Askale (Erzurum). Demir and {lki [35] aimed to
shed light on the mechanical characteristics of the materials and multi-leaf masonry stone
walls that were widely utilized in the monumental structures of the Ottoman capital city
Istanbul (Turkey). Bayraktar et al. [36] examined the dynamic response of masonry stone
buildings during the July 2, 2004, Dogubayazit (Agr1) earthquake.

Ding¢-Sengoniil et al. [37] examined the performance of commercial injection material in
masonry walls produced with travertine stones was determined experimentally. The aim of
this article is to compare the previously applied injection application [37] by performing
repair with the FRP technique on masonry walls formed with the same stone and geometry.
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In line with this objective, this paper aims to evaluate the experimental and numerical lateral
load-displacement relations and failure mechanisms of double-wythe stone masonry walls
strengthened with double-side CFRP strips and grout injection. The experimental study was
divided into two steps. In the first step, double-wythe stone masonry walls were tested under
in-plane combined axial and lateral load, and the experiment was stopped once the required
crack widths for grout injection application were reached on the walls. In a subsequent step,
two damaged walls were strengthened using double-sided diagonal strips and grid strips
CFRP with different configurations. In contrast, the others were strengthened with two
different types of grouts (G1 and G2) [37]. All the strengthened walls were re-tested under
the same loading protocols applied in the first step. The lateral load-displacement relations
for strengthened walls were compared with unstrengthened ones. A numerical model at the
macro level for 3D NLFEA was also proposed for both unstrengthened and strengthened
masonry walls. Furthermore, experiments on stone, mortar, grout, and stone-mortar
composite samples were carried out to evaluate the material behavior of various mortar types
under triaxial compression. The characteristics obtained from the triaxial compression tests
were applied to the numerical analysis of travertine stone masonry walls.

2. EXPERIMENTAL PROGRAM
2.1. Construction of Stone Walls

The experimental research was carried out in the Building Materials Laboratory of the Civil
Engineering Faculty at Yildiz Technical University (YTU), Istanbul. For this purpose,
Double-Wythe Stone Masonry Walls having the same geometry and material were
constructed and tested under combined in-plane monotonic lateral load and constant axial
load. Two stone masonry walls were planned to be strengthened with two different CFRP
applications (LP_K and LP T). To investigate the performance of masonry walls
strengthened with grouting and CRFP, stone masonry walls with dimensions of
1010x1005%280 mm (length x height x width) were constructed (Fig. 1). Travertine stones,
which are sedimentary rocks composed of calcium carbonate (CaCOs) with dimensions of
280x135x135 mm (length x height x width), were used to construct the test walls. The mortar
thickness was kept constant at 1 cm for both the bed and head joints. The mechanical
properties of travertine stones are given in Table 1.

Table 1 - Mechanical properties of travertine stones [37]

Compressive strength

Modulus of Poisson’s of 5 cm Flexural
Elasticity (GP ti t th (MP
asticity (GPa) ratio Cube Specimen (MPa) strength (MPa)
Travertine 0.26
Stone 24 (0.5) ©.1) 59.50 (5.0) 9.75 (1.0)

Note: Values in parentheses represent standard deviations.
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Fig. I - Geometry of Double-Wythe Stone Masonry Walls (All dimensions are in
centimeters).

The purpose of this article is to compare the previously applied injection application by
performing repair with the CFRP technique on masonry walls formed with the same stone
and geometry. In accordance with this purpose, the composition recipe of mortar, the type of
stones, and the geometry of stone masonry walls were used in the same way as in the previous
study published by Ding-Sengoniil et al. [37] and [38]. Thus, two double-wythe stone
masonry walls were constructed using this mixed proportion of mortar to compare two
repaired stone masonry walls using grout application. The materials used in the mortar
combination and their mix proportions [37] are shown in Table 2.

Generally, natural materials' physical and mechanical properties, such as travertine stone,
differ significantly. Celik and Ibrahimoglu investigated the compressive strength of travertine
stones obtained from the Denizli, Emirdag-Afyonkarahisar, and Kiitahya regions of Turkey.
Accordingly, the compressive strength of travertine stones varies between 41 MPa and 84
MPa. Additionally, Jamshidi et al. determined the compressive strength and porosity of
different travertine stones to be between 37 MPa and 66 MPa, 0.54% and 6.40%,
respectively.

Ding-Sengoniil et al. [37] used two different types of grouts to determine the performance of
the grout application. The first type of grout (G1) was commercial pre-mixed grout without
cement, generally used to strengthen damaged existing historical buildings. This material,
described as a pozzolanic lime-based injection material by the manufacturer, is frequently
used to strengthen historic masonry structures. The second type of grout (G2) was produced
by incorporating 30% (by weight) limestone powder into commercial grout G1. Since G2
also achieved injectability properties, it was used in the grout production, and the
performance of the two grouts was compared.
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Table 2 - Mix proportions of the mortar [37]

Mix proportions of mortar (by weight)

Lime Limestone  Pozzolanic Water
Sand .
putty powder admixture
Mortar 1 0.7 1 0.45 0.1

2.2. Test Setup and Instrumentation

On the 28th day after the construction, the wall was subjected to increasing lateral load under
a constant, uniformly distributed vertical load. The loading apparatus consisted of 2000 kN

Vertical actuator

Rigid connection
Steel beam
Top rotation fixed

Direct contact 2 cm thick Steel plate

No additional connecting material

Rigid Connection

Direct contact to the side of the wall f
Vertical and horizontal LVDTs v
Back and front of the specimen :

1 cm adhesive layer

2 cm thick Steel plate

!
Deep Steel beam. ! : /
] i \

Base horizontal restraint

Potentiometric Position Transducers I

Top device attached to the middile of the top block

Fig. 2 - (a) Experimental set-up (b) LVDT set-up (front view) (c) LVDT set-up (back view)
(d) Application of FRP
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and 500 kN capacities hydraulic rams for vertical and lateral loading, respectively.
Instrumentation included two load cells and four displacement transducers (Fig. 2). Vertical
pre-compression distributed loading of 1.06 MPa (300 kN vertical load), which was kept
constant during the test, was chosen based on previous experimental studies in the literature
[37, 39-42]. This pre-compression load was first applied to the steel plate with a thickness
of 3.5 cm located on the top of the wall. Lateral loading was then applied at a rate of 0.6+0.1
kN/s. Each wall was constructed on a rigid steel plate fixed to the steel footing in the loading
frame. The measuring equipment (Fig.2) also included linear variable displacement
transducers (LVDT). The modulus of elasticity of masonry (E,,) and Poisson's ratio were
calculated using measurements made with LVDT. The lateral displacements at the top and
bottom rows of the walls were measured by potentiometric position transducers POT1,
POT2, POT3, and POT4, respectively. A data acquisition system simultaneously recorded
all test data. In this study, the modulus of elasticity of stone masonry walls was determined
experimentally. The modulus of elasticity for the unstrengthened wall was found to be 1900
MPa, and for the strengthened wall with grout injection, it was found to be 2250 MPa.

2.3. Strengthening of Masonry-Stone Walls

Two damaged walls were strengthened using double-sided diagonal strips and grid strips of
CFRP. The others were strengthened with grout injection with different types of grouts. The
performance of injection application on travertine stone walls was determined experimentally
by Ding-Sengoniil et al. [37]. The primary purpose of this study is to compare the different
methods by determining the CFRP performance on stone walls produced using the same
materials as in previous study [37]. Therefore, two different methods were carried out
independently of each other. Descriptions of the wall specimens are given in Table 3.

Table 3 - Description of wall specimens.

Unstrengthened walls Strengthened walls
Code Description Code Description
Gl Unstrengthened Wall-1 [37] G1-S The wall strengthened with grout (G1) injection [37]
G2 Unstrengthened Wall-2 [37] G2-S The wall strengthened with grout (G2) injection [37]
LP K Unstrengthened Wall-3 LP K-S eTil v;a(i strengthened with diagonal strips of CFRP on
LP T Unstrengthened Wall-4 LP T-S "Sl"iléz wall strengthened with grid strips of CFRP on each

G1, G2: Grout types; S: Strengthened; LP: Fiber polymer; K: Diagonal strips; T: Grid strips;

Ding-Sengoniil et al. [37] produced two different injection materials to investigate the
performance of injection application in masonry travertine stone walls. In this concept, only
commercial injection material is used in G1 wall, while limestone powder incorporated by
30% of commercial injection material is used in G2 wall. Literature data was used to
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determine the mixing procedure of injection materials. The water/binder ratio was decided
according to fluidity, volume stability, and penetration limit values. According to this, as a
first step in the mixing process, the powdery grout was dry-mixed to avoid agglomeration.
Then, water was added within 30 seconds using the mixer, and the mixture was mixed for 8
minutes. Mechanical high-speed mixer (up to 2,000 rpm), and the stirring rate was kept
constant at 2,000 rpm during the mixing process for 8% minutes. The grouts were prepared
by mixing only with water. No additive materials were used to meet satisfactory fresh grout
properties because the commercial grout already contained a plasticizer.

Compressive and flexural strength of mortar and grouts were determined following EN 1015-
11 [43]. Bending and subsequent compression tests were performed on the 28th, 56th, and
90th days of the hardened grout and mortar samples. The average of typical test results for
the compressive and flexural strength values are given in Table 4. Elastic parameters such
as the modulus of elasticity and Poisson's ratio of materials were determined according to EN
13286-43 [44]. Cylindrical samples with a diameter of 7 cm and a length of 14 cm (¢7/14
cm) were produced to determine the elasticity modulus and Poisson's ratio. Before the test,
the trowel surfaces of the samples were capped and then subjected to a uniaxial compression
test. Strain gauges were placed on the samples, and they were subjected to a compression
load with a 1 mm/min loading rate in a 60-ton capacity compression machine. The load and
displacements occurring during the test were recorded using a data collector, and the stress-
strain curves of the samples were created using these data. A line was drawn from the starting
point of the stress-strain curve to the point corresponding to 30% of the maximum stress, and
the modulus of elasticity was calculated by determining the slope of this secant line [45].

Table 4 - Mechanical properties of grouts and mortar [37]

Gl G2 Mortar
Modulus of Elasticity (MPa) 213 (20) 198 (18) 155 (15)

28th day

Poisson’s ratio 0.24 (0.01) 0.23 (0.01) 0.27(0.01)

Compressive strength (MPa) 2.0(0.2) 1.3 (0.2) 2.5(0.2)

28th day
Flexural strength (MPa) 0.7 (0.1) 0.5(0.1) 0.8 (0.1)
Compressive strength (MPa) 2.0 (0.1) 1.4 (0.1) 3.0(0.2)

56th day
Flexural strength (MPa) 0.7 (0.1) 0.5(0.1) 0.8 (0.2)
Compressive strength (MPa) 2.1(0.2) 1.6 (0.1) 3.2(0.3)

90th day
Flexural strength (MPa) 0.7 (0.1) 0.5(0.1) 0.9 (0.1)

Note: Values in parentheses represent standard deviations.

The uniaxial compressive strength and flexural strength under concentrated load (three-point
flexural strength) of stones was performed according to suggested methods of TS EN 1926
[46], and TS EN 12372 [47] respectively. Uniaxial compressive strength tests of travertine
stones were performed on 5X5%5 cm sized cubic specimens. On the other hand, to determine
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the flexural strength of travertine stones 3X7X 18 cm sized plate shaped samples were used.
In the compressive and three-point flexural strength tests six samples were tested for each
test and average values used in evaluations.

Additionally, several tests were carried out to calculate some analysis parameters (internal
friction angle) for the material. Triaxial compression tests were carried out on stone, mortar,
grout, and stone-mortar composite elements. The triaxial compression test machine in the
YTU Building Materials Laboratory and the samples are shown in Fig. 3. This test is
performed to determine the shear strength parameters of cylindrical specimens subjected to
triaxial compression. The approach involved gradually increasing the confining pressure to
a predefined level and stabilizing it before beginning axial loading. After the specimen
reached peak stress, loading was applied for a set amount of time to obtain a complete stress-
strain curve. The internal friction angle was obtained as 45 degrees in the test results
conducted on composite elements. Similarly, the internal friction angle was determined to be
in the range of 52 to 64 degrees in the test results performed on stone samples, depending on
the porosity.

Fig. 3 - Triaxial pressure system and prepared samples for experiment.

The permeability of grouts is a crucial property during their fresh state, ensuring proper flow.
This property can be evaluated using the sand column test specified in the relevant standard

10
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[48]. According to this standard, a plexiglass tube is filled with silica sand ranging from 2.0
mm to 4.0 mm, which simulates voids larger than 4 mm in diameter [16, 49—53] . Therefore,
a minimum crack width of 4 mm should be achieved for injection application. In this study,
observations were made throughout the wall tests, and the experiment was terminated when
sufficient crack width was reached for injection application. Firstly, injection holes were
drilled in a grid with lateral and vertical distances not exceeding 150-200 mm, and plastic
tubes were introduced into the injection holes. Then, the cracks were cleaned with air and
water injections, respectively. Finally, the grout was injected with a pressure of 1 bar starting
from the bottom of the walls (Fig. 4). The injection points were sealed along the cracks with
a sealing material (putty) to avoid external leakage during the injection. Relatively narrower
cracks were manually filled with grout using an injection syringe. A total of 2.5 liters of
injection material was used for two walls, with an average of 1.25 liters of injection material
applied per wall.

Fig. 4 - The grout injection process [37].

Table 5 - Mechanical properties of CFRP.

Properties
Material Modu.lu.s of Tensile Ul'tlmate' Weight per unit arca
elasticity strength tensile strain (2/m?)
E (MPa) f,(MPa) (%) &
CFRP >230000 >4900 2.1 300

The mechanical properties of CFRP composites obtained from the manufacturer are
presented in Table 5. CFRP strips of 0.17 mm thickness were bonded to the walls using the
procedure recommended by the manufacturer. According to this, the wall surfaces were
cleaned with a wire brush. The pores in the wall specimens were sealed with a layer of primer,
followed by the application of epoxy resin at the sections where CFRP was to be attached.
The widths of fiber strips were constant at 50 mm for grid layout and 125 mm for diagonal
layout. The sheet grid strip was then applied with resin until the resin entirely covered it. The

11
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CFRP strips were laid on the wall in specific sections (Fig. 5). The CFRP-applied walls are
shown in Fig. 5. The strengthened walls are stored in the laboratory and tested on the 28th
day after the application of the CFRP.

100.5

28

a)
15 5, 35 s 315 5 115
=
e ——
|
I | | —
" I ———
g B
g |
T [ | |
I W ——
I -
I | ] —
o
101 28

Fig. 5 - Strengthening schemes and application of CFRP (a) LP_K (b) LP T.

In the experiments performed on the unstrengthened walls, cracks propagated obviously
along the diagonal direction towards the wall corners as the lateral load increased. Vertical
and diagonal cracks occurred in the stone masonry units near the right toe of the wall.
Observations were made throughout the wall tests, and the experiment was terminated when
sufficient crack width was reached for injection application. Obtained crack patterns to the
unstrengthened G1 and G2 walls are depicted in Fig. 6 and Fig. 7 respectively.

The stone walls (G1-S, G2-S), which were strengthened with the grout injection, were tested
again with the same loading conditions 28 days after the injection application. Experimental
cracking patterns of the G1-S and G2-S walls are given in Fig. 8 and Fig. 9, respectively. It
is clearly seen that the crack widths and numbers decreased after the grout injection and the
diagonal stair-step cracks were re-formed. It was observed that the crack patterns were
changed, and crack width decreased from 1-8 mm to 1-4 mm after the application of the
grout injections. However, it was observed that the crack pattern changed at some mortar
joints, and the peak lateral load values for all walls increased.

12
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Fig. 7 - Crack patterns of G2 wall (a) front view, (b) back view [37].
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Fig. 11 - Crack patterns of LP_T wall (a) front view, (b) back view.
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Similar to the procedure applied to G1 and G2 walls, LP K and LP_T walls were also
subjected to preliminary damage. Then, the damaged walls (LP_K-S, LP_T-S) strengthened
with the CFRP were re-tested. Obtained crack patterns to the unstrengthened LP_ K and LP_T
walls are depicted in Fig. 10, and Fig. 11, respectively.

After strengthening with CFRP, observed crack patterns of the LP_K-S and LP_T-S walls
are also given in Fig. 12 and Fig. 13. As can be seen in Figs. 12 and 13, the diagonal cracks
were re-formed. Once the crack pattern of the walls was examined, it was noted that no new
cracks occurred in these specimens. However, excessive crushing was observed in the toe
regions for both specimens (Fig. 14). For all walls, the shear force capacity increased.

Loading L‘_’ﬂdi{lg
Direction i > Direction

Loading
Direction

- Loading
Direction

Fig. 13 - Crack patterns of LP_T-S wall (a) front view, (b) back view.

16



B.DORAN, Y.M.HOTHOT, B.DINC SENGONUL, M.KARSLIOGLU, S.ULUKAYA, N.YUZER

Fig. 14 - Observed crushing failure in toe regions of the walls.

Lateral load and displacement values are summarized in Table 6. The strengthened specimens
generally showed mixed failure modes, mainly characterized by shear-cracking behavior and
toe-crushing for all walls.

Table 6 - Summary of test results.

Specimens V(N) &(mm) }g;?tfe];n Specimens ~ V,(kN)  §,(mm) Failure Mode
Gl 203 12.17 DSC, TC G1-S 250 10.19 DSC, TC
G2 208 11.52 DSC G2-S 272 8.86 DSC

LP K 186 12.03 DSC LP_K-S 242 11.69 DSC, TC
LP T 188 12.04 DSC, TC LP_T-S 203 11.90 DSC, TC

&: The point at which the experiment is terminated (POT-1); V: Measured lateral load
corresponding to J;

Su: Ultimate displacement (POT-1); Vu: Measured lateral load corresponding to du; DSC: Diagonal
shear crack; TC: Toe crushing;

Before strengthening, each wall was tested under the in-plane loading to stimulate pre-
damage. Observations were made throughout the wall tests, and the experiment was
terminated when sufficient crack width was reached. In Table 6, the experimental data
obtained before and after strengthening can be assessed in terms of damage level and
displacement capacity. Specifically, when evaluating the results based on damage level, the
analysis can be conducted considering the drift ratio of the masonry walls. For masonry walls,
seismic design codes define drift limits corresponding to different earthquake performance
levels. In this context, the drift limits specified in the Turkish Seismic Code-2018 (TSC-
2018), ASCE 41-13, and Eurocode-8 were reviewed. The experimentally obtained values
were subsequently compared with the drift limits outlined for stone masonry walls in these
codes. A summary of the drift limits provided by the design codes is presented in Table 7.

17
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Table 7 - Performance levels and drift limits.

Performance levels Drift ratio limits for URM Walls (%)
TSC-2018  Eurocode 8 ASCE 41-13 Average

Immediate Occupancy (10) /
Damage Limitation (DL) NA NA 0.10 (1.01) 0.10 (1.01)

Life Safety (LS)/
Significant Damage (SD)

Collapse Prevention (CP) /
Near Collapse (NC)

0.7(7.04)  0.8(8.04)  0.75(7.54) | 0.75(7.54)

NA 1.07 (10.75)  1.00 (10.05) | 1.035(10.40)

Note: Values in parentheses are displacement value corresponding to the drift ratio limits (mm)
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"U 2 4 6 8 10 12 14
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Fig. 15 - Lateral load-displacement relations and drift limits for unstrengthened wall
specimens.

For the unstrengthened walls, experimental lateral load-displacement curves are presented in
Fig. 15. Damage limits determined according to the codes are also marked on these curves.

When evaluating these results, it was observed that the limit values corresponding to the
Immediate Occupancy (I0) performance level align with the elastic behavior region of the
walls and/or the displacement level at which initial cracking occurs. The limit values for the
Life Safety (LS) performance level correspond to regions where significant damage is
observed, including an increase in crack widths. The Collapse Prevention (CP) performance
level limit values represent regions associated with pre-failure behavior, characterized by
intensified cracking and crushing in the toe regions of the walls, ultimately leading to the
onset of a collapse mechanism.

The load—displacement curve for both the strengthened and unstrengthened configurations of
walls G1 and G2 are presented in Fig.16, while those for LP_K and LP_T walls are shown
in Fig.17. A comprehensive summary of the experimental results for all strengthened walls
is provided in Fig.18.
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When Table 6 is examined, it is seen that the walls strengthened with CFRP have higher
displacement capacity than the walls strengthened with injection. For the G1 and G2 walls,
the ultimate displacement is below the limit value of collapse prevention, while the ultimate
displacement is above this value in the LP_K and LP_T walls (Fig.18).

The ultimate displacement value of the LP_T-S wall is only slightly higher than that in the
LP K-S wall. However, despite the small difference in displacement, the lateral load-
carrying capacity of the LP_T-S wall is 19% higher than that of the LP_K-S wall.

3. NUMERICAL ANALYSIS

Several experimental, numerical, and analytical studies have been conducted on the behavior
of masonry shear walls to reach a comprehensive understanding of complex masonry
behavior [2, 3, 7, 54-59] . Proposed theoretical models for implementation to nonlinear finite
element analysis (NLFEA) of stone masonry walls generally require many material
parameters that are difficult to measure easily and reliably. For this reason, several attempts
have been made to express the experimental behavior of the masonry and its constituents
using different modeling techniques such as micro-modeling and macro-modeling. In micro-
modeling, the masonry units, mortar, and unit-mortar interface behavior are considered. The
literature has revealed that micro models are more suitable for modeling small structures, and
many numerical studies showed that the interaction between mortar-stone and failure modes
is essential [3, 7, 57, 60, 61] .

In the macro modeling approach, the masonry is treated as a homogeneous, isotropic
continuum (Fig.19). For this reason, stone masonry units, mortar joints and interfaces are
globally represented by a single element. Macro modeling is more useful for larger structures
when the behavior of the entire structure is investigated.

Composite

T T

Masonry Macro Model

Unit o \ >

M/\_/ ; Interface

Fig. 19 - Macro modeling technique.

3.1. Constitutive Modeling

In this study, 3D NLFEA of test walls were performed by using ABAQUS-2021 software
[62] with the macro-modelling approach to obtain the experimental mechanical behavior and
lateral load-displacement relations (Fig.20). SI units (kN, m) were used in modeling and
analysis procedures. The nonlinear constitutive behavior of masonry stone walls was
represented using Drucker-Prager (DP) constitutive models. Multi-axial stress states define
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the constitutive behavior of the structures, such as masonry walls, reinforced concrete panels,
confined columns, or elements beyond the elastic range. The basic elastoplastic constitutive
models, such as Mohr-Coulomb (MC) and Drucker-Prager (DP), have been widely adopted
in the modeling of materials such as concrete, soil and rock [58, 61, 63—66].

Fig. 20 - Typical geometry for unstrengthened Double-Wythe Stone Masonry Walls.

DP yield criterion is the most practical mathematical form of the von Mises criterion used
for concrete, metal, and stone-type materials and takes into account both hydrostatic pressure
and deviator stress effects at the highest strength (Fig. 21). Because of the smooth surface
representation of the yield criterion, DP criterion (Fig.21) would be the first choice for the
elastoplastic analyses:

fEp)=N6aé+p—2k=0 (1)

where @ and k are material constants; &=1,/3 and pP=y2J,. I, and J; are the first

invariant of the stress tensor and the second invariant of the stress deviator tensor [67] . The
invariants ¢ and /; indicate the hydrostatic component of the current stress state. Because of
the incompressibility of plastic deformations only p can contribute to the yielding for
isotropic materials. In other words, p is the part of the stress that tends to change shape [58].

-O1 o1’

-02 o2' o3'

@ (®)

Fig. 21 - DP yield criterion (a) yield surface in the principal stress space, (b) & plane [67].
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The surfaces of both DP and MC yield criteria are made to coincide along the compression

meridian, as shown in Fig.22, and then the constants « and k are related to the constants ¢
and ¢ [67]:

p=\2 12
o=EMNB=11/3

k/3a

Om
"

c/tan@
Fig. 22 - Compression meridian of DP yield criterion [67].
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Fig. 23 - FE model a) FE mesh and brick element (C3D8) b) Boundary-loading conditions
¢)LP K-S FE Model d)LP T-S FE Model.
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In this study, 3D NLFEA has been used for stone masonry walls. Masonry constituents, e.g.,
stone and mortar, are assumed to be isotropic, and the model is considered with an eight-
node brick element (C3D8) with a DP constitutive model [61, 65, 66] in ABAQUS software
[62]. Also, a lamina material model was used for CFRP elements. The mechanical parameters
of the CFRP used in the analyzes are given in Table 8. Interaction behavior between the
masonry wall and CFRP strips was assumed as hard contact [62] . The finite element (FE)
type, mesh, and boundary-loading conditions are shown in Fig. 23.

The evolution of the yield surface with plastic deformation is described in terms of the
equivalent stress G, which can be chosen as either the uniaxial compression yield stress, the
uniaxial tension yield stress, or the shear (cohesion) yield stress [62]. In this study, hardening
behavior type was selected as compression strength (o).

In macro modeling, it is crucial to accurately characterize the material properties for masonry.
In this paper, the most critical parameters for masonry, namely modulus of elasticity (E,,),
internal friction angle (), Poisson's ratio were determined experimentally as stated in Section
2.2. Since the test walls were being strengthened after the initial loading phase, the
experiments conducted under in-plane loads were terminated much before the masonry walls
reached the collapse mechanism or immediately after initial cracking. Additionally, the
compressive strength of the masonry walls could not be obtained experimentally so the
compressive strength parameter required for numerical analysis was determined using
empirical relations accepted in the literature [68—71].

The failure mechanism and lateral load-displacement behavior of masonry are strongly
affected by the difference in modulus of elasticity between unit and mortar [72, 73]. In this
study, the modulus of elasticity of stone masonry walls was determined experimentally (Fig.
2a). In numerical modeling, the following equation (Eq. 3) was used to determine the
compressive strength of masonry wall (o) [68-71].

E,, = (550 — 750) o. 3)
The other material parameter used in the constitutive model is the flow stress ratio of the flow

stress in triaxial tension to the flow stress in triaxial compression, K (0.778<K<1.00). In this
study, the mechanical parameters of the stone masonry walls are given in Table 8.

Table 8 - Material parameters employed in Finite Element analyses.

Stone Masonry Wall
CFRP
DP Model Before Strengthening Aft@r Qrout
Injection
Em (MPa) 1900 2250 E (MPa) 230000
é(°) 45 45 fi (MPa) 4900
Poisson Ratio 0.28 0.28 Ultl.m ate tensile 2.1
strain (%)

cc (MPa) 3.25 4.00 Weight per unit

2 300
K 0.85 0.85 area (g/m-)
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3.2. Comparison of the Numerical and Experimental Results

The lateral load-displacement curve obtained from nonlinear FEA is compared with the
experimental results before strengthening (Fig. 24a) and after grout injection (Fig. 24b).

It can be seen that the numerical results are compatible with the lateral load - displacement
curve obtained from the tests before strengthening. The slopes of the initial ascending part of
the load-displacement curves and the peak load-displacement levels of the unstrengthened
walls agree well with the numerical results. Furthermore, the ultimate displacement and
lateral load values are in close agreement with the test results (Fig. 24a).

A comparison of the numerical and experimental load-displacement responses of G1-S and
G2-S specimens is given in Fig. 24b. It can be said that the numerical results for the G1-S
and G2-8S specimens show good agreement with the experimental results in terms of the initial
stiffness, ultimate displacement, and peak lateral load. Unfortunately, for both specimens,
there exist major discrepancies between the predicted and experimental results for the post-
elastic part of the curve. Here, it can be stated that there exists no gradually developing
damage defined in the macro modeling technique with DP model.
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Fig. 24 - Comparison of experimental and numerical analysis result for Double-Wythe
Stone Masonry Walls.
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Fig. 25 - The lateral load - displacement curves for LP_K-S and LP_T-S.
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The lateral load - displacement curve obtained from numerical analysis is compared with the
experimental results in Fig.25a for LP_K-S and Fig.25b for LP_T-S. The numerical results
are compatible with the lateral load-displacement curve obtained from the test. The post-peak
behavior of the test wall is close to numerical results.

During the experiments, cracks predominantly occurred along the mortar joints in a stair-step
pattern, and significant crushing was observed in the toe region of the wall (Fig. 26a). The
shear stress distribution of the stone masonry wall is shown in Fig. 26b. When the test and
numerical results are compared in terms of shear stress, it is evident that shear stress
concentrations in the numerical results correspond to areas where crack widths have higher
values.

Comparison of the numerical and experimental crack patterns was evaluated through the
distribution of the maximum principal plastic strains and minimum principal stresses in Figs.
26c and d. It is observed that stress and strain values are concentrated in the toe regions of
the wall.

c) d)

Fig. 26 - Experimental and numerical analysis results for unstrengthened walls
a) Experimental crack pattern, b) Shear stress distribution, c) Minimum principal stress,
d) Maximum principal strain
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For LP K-S specimen, a comparison of the experimental crack pattern and shear stress
distribution obtained from the numerical results is presented in Fig. 27 and also, the tensile
stress in the CFRP elements is given in Fig. 28. It was observed that CFRP application
changed the shear stress distribution on the wall. As a result of the numerical analysis, it
showed that the tensile stress in the CFRP reached to 1611 MPa. The tensile strength of
CFRP is 4900 MPa and the ultimate tensile strain is 2.1%. It should also be mentioned that
there was no debonding of CFRP from the surface of the wall during the test. It can be said
that numerical results are compatible with experimental ones.

- =)
Snex

a) b)

Fig. 27 - Experimental and numerical analysis results for LP_K-S. a) Experimental crack
pattern, b) Shear stress distribution

Fig. 28 - Tensile stress distribution in CFRP of LP_K-S.

Similarly, for LP_T-S specimen, a comparison of the experimental crack pattern and shear
stress distribution obtained from the numerical results is presented in Fig. 29 and also, the
tensile stress in the CFRP elements is given in Fig. 30. It was observed that CFRP application
changed the shear stress distribution on the wall. As a result of the numerical analysis, it
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showed that the tensile stress in the CFRP reached to 2794 MPa. The tensile strength of
CFRP is 4900 MPa and the ultimate tensile strain is 2.1%. It should also be mentioned that
there was no debonding of CFRP from the surface of the wall during the test. It can be said
that numerical results are compatible with experimental ones.

Fig. 29 - Experimental and numerical analysis results for LP_T-S. a) Experimental crack
pattern, b) Shear stress distribution

Fig. 30 - Tensile stress distribution in CFRP of LP_T-S.

4. CONCLUSIONS

This study aims to experimentally explore the structural behavior of double-wythe stone
masonry walls strengthened by CFRP and grout injection under in-plane loading. Moreover,
3D NLFEA of stone masonry walls both unstrengthened and strengthened with grout
injection and CFRP was performed and compared with experimental results. The following
conclusions can be drawn:
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1. Prior to the application of strengthening process, the masonry walls were tested under
vertical and lateral load to induce pre-damage. After reaching the required crack width,
CFRP were applied to the damaged walls, and they were subsequently retested under the
same loading conditions. During the experiments, it was observed that most cracks in the
unreinforced masonry stone walls propagated predominantly along the mortar joints in a
staircase pattern. Notably, in the masonry units near the right toe of the walls, the increase
in horizontal load led to the formation of vertical and diagonal cracks. It was observed
that no new cracks occurred compared to the unstrengthened walls. However, in the toe
regions of the wall, excessive crushing was observed.

2. The walls strengthened with CFRP (LP K-S and LP T-S) exhibited a higher
displacement capacity than those reinforced with grout injection (G1-S and G2-S walls).
While the ultimate displacement for G1-S and G2-S walls remained below the collapse
prevention limit, LP_K-S and LP_T-S walls exceeded this threshold value. The ultimate
displacement of the LP_T-S wall was slightly higher than that of the LP_K-S wall,
however the lateral load-carrying capacity of LP_T-S wall was 19% higher. When the
drift ratios were evaluated, it was observed that the damage levels outlined in the codes
were consistent with the observed damage conditions in the walls.

3. The DP constitutive model was adopted with the macro modeling technique to simulate
the nonlinear behavior of stone walls, both unstrengthened and strengthened with grout
injection and CFRP. The mechanical properties obtained from the triaxial compression
tests of stone, mortar, grout, and stone-mortar composite materials were used in the
numerical analysis of stone masonry walls, and the results were found to be consistent.
The comparisons of numerical results with the experimental ones confirm that the
proposed numerical approach is appropriate for representing the lateral load-displacement
relationship. Also, failure modes and peak lateral loads can reasonably be predicted using
the macro modeling approach. Furthermore, it was observed that the tensile stress
monitored in the CFRP grid was higher than CFRP diagonal layout.

4. The macro-modeling technique can be used quite efficiently for the analysis of masonry
stone walls; however, only basic failure modes and peak lateral loads can be predicted
accurately. The numerical results after the peak load (softening phase) generally differ
from the experimental results. This discrepancy is believed to stem from the lack of a
gradually developing damage mechanism defined in the macro modeling technique using
the DP model. For future work, micro or simplified micro modeling techniques may be
preferred for the numerical analysis of stone masonry walls.
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Tiirkiye’de Isin Durdurulmasi Yaptirnmmin Oliimlii is
Kazalan ile Tliskisi

M. Sadi KARADEMIR"
Biilent EKiCi?

(0V/
Isin durdurulmasi, diinya genelinde is miifettislerinin hayati tehlike tespit etmesi durumunda
siklikla bagvurdugu bir yaptirim tiiriidiir. Bu ¢alismada, Tirkiye’de, 2013-2023 yillar1
arasinda uygulanan isin durdurulmasi yaptirimlar, TC CSGB-Rehberlik ve Teftis
Bagkanligi’nin idari tedbir raporlar1 ve genel degerlendirme raporlari kullanilarak ilk kez
degerlendirilmistir. Tiirkiye’de olimli is kazalarmin (%32,65) ve isin durdurulmasi
yaptiriminin (%85,52) en ¢ok goriildiigii sektor olan insaat sektorii, maden ve metal sektorii
ile kiyaslanmustir. Isin durdurulmasimin Sliimlii is kazalari ile iliskisi Spearman korelasyon
analizi ve Poisson regresyon modeli kullanilarak incelenmistir. 97.104 teftis verisinden,
teftislerin ilk asamasi sonucunda uygulanan toplam 6627 adet isin durdurulmasi yaptirimi
incelenmistir. Korelasyon analizlerinin sonucunda (2013-2023) teftis yapilan dénemde,
ingaat ve maden sektoriinde meydana gelen oOlimli is kazalari ile uygulanan isin
durdurulmasi yaptirimlart arasinda zayif diizeyde pozitif ve istatistiksel olarak anlamsiz bir
iliski tespit edilmistir. Metal sektdriinde gilicli diizeyde negatif ve anlamli bir iliski
bulunmusgtur. Calismada, isin durdurulmasi yaptirnminin 6liimlii kazalara teftisten sonraki
yillarda da etki edebilecegi dikkate alinmigtir. Bir sektdrde yaygin olarak teftis
yapilmasindan sonraki donemler i¢in, sadece maden sektoriinde isin durdurulmasinin
uygulanmasindan 4 y1l sonra 6limlii ig kazalari ile giiclii diizeyde negatif ve anlamli bir iliski
tespit edilmistir. Calismada ayrica, ingaat sektoriindeki 6liimlii is kazalariin tahminine dair
Poisson regresyon modeli pandemi 6ncesi dénem verileri (2013-2018) ve pandemiden
sonraki verilerin de eklendigi tiim dénem (2013-2023) olarak iki ayr1 model halinde
olusturulmustur. Yap1 ruhsat1 ve GSYIH verilerinin de dahil edildigi modele gore, 2013-2018
yillar1 arasindaki dénemde ingaat sektoriiniin GSYIH igindeki miktarindaki bir birimlik
artigin, i kazast sonucunda meydana gelen 6liimleri %0.91 oraninda azaltmasi beklendigi
gozlenmis, modelde ilgili yillar i¢in isin durdurulmasinin etkisi kisitli bulunmus olsa da isin
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durdurulmasinin 6liim sayilarina azaltic1 yonde etki ettigi goriilmistiir. 2013-2023 arasindaki
donemin geneli degerlendirildiginde ise, pandemi donemi sonrast 2021, 2022 ve 2023
yillarindaki verilerin eklenmesiyle Poisson regresyon modeli i¢in istatistiksel olarak anlaml
bir sonuca varilamamistir. Bu durumun sebepleri, sektoriin GSYIH igindeki paymin 2019-
2023 doneminde, 2013-2018 yillar1 arasindaki déneme kiyasla %2,83 oraninda azalmasi,
sektordeki oliim sayilarmin maalesef diismemesi ve ekonomik krizden sektoriin kiigiilme
yasayarak etkilenmesi olabilir.

Anahtar Kelimeler: Isin durdurulmasi, yaptinmlar, is teftisi, oliimlii is kazalari, insaat
sektorii.

ABSTRACT

The Relationship between Suspension of Work Sanction and Fatal Occupational
Accidents in Tiirkiye

Suspension of work is a type of sanction frequently used by labor inspectors worldwide in
cases of life-threatening situations. In this study, the suspension of work sanctions imposed
in Tirkiye between 2013 and 2023 is evaluated for the first time using the administrative
measure reports and general evaluation reports of the Turkish Ministry of Labor and Social
Security, Directorate of Guidance and Inspection. The construction sector, which has the
highest incidence of fatal occupational accidents (32.65%) and suspension of work sanctions
(85.52%) in Tiirkiye, is compared with the mining and metal sectors. The relationship
between suspension of work sanctions and fatal occupational accidents was examined
through Spearman correlation analysis and a Poisson regression model. From a dataset of
97,104 inspections, a total of 6,627 suspensions of work sanctions imposed during the first
stage of inspections were analyzed. The correlation analysis (2013-2023) revealed a weakly
positive and statistically insignificant relationship between fatal occupational accidents in the
construction and mining sectors and the number of suspensions of work sanctions imposed.
Conversely, a strong negative and statistically significant relationship was found in the metal
sector. The study also considers the possibility that suspension of work sanctions may affect
fatal occupational accidents in the years following the inspections. For periods after
widespread inspection in a sector, only in the mining sector was a strong negative and
statistically significant relationship observed between suspension of work sanctions and fatal
occupational accidents, four years after implementation. Additionally, a Poisson regression
model was developed to predict fatal occupational accidents in the construction sector. This
model was created in two versions: one using pre-pandemic data (2013-2018), and another
using data from the entire period (2013-2023), including post-pandemic years. According to
the model incorporating building license and GDP data, a one-unit increase in the
construction sector's contribution to GDP during 2013-2018 is expected to reduce the
number of deaths from occupational accidents by 0.91%. While the effect of suspension of
work was found to be limited during these years, it still showed a decreasing effect on fatal
occupational accidents. However, when the entire period (2013-2023) was evaluated, no
statistically significant results were obtained from the Poisson regression model after
including data from 2021, 2022, and 2023. This outcome may be attributed to several factors:
the sector's share in GDP decreased by 2.83% during the 2019-2023 period compared to
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2013-2018, the number of fatalities in the sector did not decline as expected, and the sector
experienced a contraction due to the economic crisis.

Keywords: Suspension of work, sanctions, labor inspection, fatal occupational accidents,
construction sector.

1. GIiRiS

Gelismekte olan {ilkelerde, ekonomik gelismenin hiz kazanmasiyla birlikte is sagligina ve
giivenligine (ISG’ye) iliskin is kazalar1 siklikla meydana gelebilmektedir. Bu olumsuz
duruma karst devletler ¢esitli yasal diizenlemeleri ve bu yasal diizenlemelerin ihlali
durumunda uygulanan yaptirimlart diizenlemistir. Tiirkiye’de Avrupa Birligi (AB)
direktifleri esas alinarak 30.06.2012 tarihinde is Saglhg1 ve Giivenligi Kanunu y&netmelikleri
ile birlikte kademeli olarak yiiriirliige girmistir. Bu kanuna iliskin isyerlerindeki teftis
faaliyetleri ise, Uluslararast Calisma Orgiitii’niin (UCO) 81 sayil sézlesmesine bagl olarak
faaliyet gosteren, Calisma ve Sosyal Giivenlik Bakanligi’na bagli, Rehberlik ve Teftis
Baskanligi’nda hizmet veren, ISG yoniinden teftis yapma yetkili teknik is miifettislerince
yiiriitiilmektedir. Teftislerde ISG yiikiimliiliiklerinin ihlali durumunda uygulanan yaptirimlar
idari para cezalari ve isin durdurulmasi yaptirimlaridir.

ISG’ye dair yapilan tiim iyilestirme faaliyetlerine ragmen, Tiirkiye’de is kazalar1 sonucu
meydana gelen olim sayilari AB iilkeleri ve diger gelismis iilkelere kiyasla oldukca
yiiksektir. Tiirkiye’de is kazalarina iliskin verileri yayimlayan Sosyal Giivenlik Kurumu
(SGK) verilerine gore 2013-2020 yillart arasinda ortalama 1399 is¢i is kazalari sebebiyle
hayatini kaybetmistir [1]. 2020 yilinda Avrupa Birligi (AB) iilkelerinden Almanya’da 371,
Ispanya’da 392, Fransa’da 541, italya’da ise 776 is¢i [2] is kazalar1 sonucu hayatim
kaybederken, Tiirkiye’de ise 1231 isci maalesef is kazalar1 sebebiyle hayata gozlerini
yummustur [1]. Ulkelerin ISG performansmi 6lgmek icin kullamlan en 6nemli
parametrelerden birisi olan, her 100.000 ig¢i basina diisen is kazalar1 sonucu meydana gelen
6lim oranlar1 incelendiginde de Tiirkiye i¢in gelismis iilkelere kiyasla yiiksek oran gdze
carpmaktadir. 2020 yilinda AB’ye iiye iilkelerinin tamaminda her 100.000 is¢i basina diisen
6lim sayisi, 1,77 oldugu belirtilmistir [3]. 2013 ile 2020 yillar1 arasindaki her 100.000 is¢i
basma diisen 6liim oranlarinin ortalamas1 alindiginda bu oran, Almanya’da 0,91, Italya’da
2,38, Fransa’da 2,71, Rusya Federasyonu’nda 6 olarak hesaplanmig; 2013-2018 yillart
arasinda ayni oran Birlesik Krallik’ta 0,83, ABD’de 5,15; 2016-2020 arasinda Japonya’da
ortalama oran 1,74 olarak elde edilmistir [4]. 2013-2020 yillar1 arasindaki siirecin tamami
degerlendirildiginde, Tiirkiye’de 100.000 is¢i basina diisen Oliim oranmin aritmetik
ortalamasi 7,5 olarak bulunmus olup, 2020°de bu oran her 100.000 iscide 6 olarak
belirtilmistir. Ingaat sektdriinde meydana gelen 6liimlii is kazalar1 incelendiginde ise Tiirkiye
icin tablo daha da karamsar hale gelmektedir. Tiirkiye’de insaat sektdriinde her 100.000 isci
icin meydana gelen 6liim oran1 2018 yilinda 31,4 iken bu oran ABD’de 16, Birlesik Krallik’ta
ise 1,5 olarak hesaplanmistir [4]. Tiirkiye’de son yayimlanan istatistiklere gore ise, 2023
yilinda toplamda 1966 ¢alisan maalesef is kazalar1 sebebiyle hayatini kaybetmis olup bu can
kayiplarmin %28,08°1 (552 kisi) ingaat sektoriinde meydana gelmistir [1]. Rakamlarin
1s1ginda degerlendirildiginde, Tirkiye’de 6zellikle insaat sektoriinde is kazalar1 sonucunda
meydana gelen 6liim sayilarinin, yukarida ismi gecen gelismis iilkelerle kiyaslandiginda
oldukca yiiksek olmasi, is kazalarinin 6nlenmesi hususunda iyilestirme ihtiyacini, kiiltiirel
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degisimi, davranig degisimini saglayacak sekilde ihlallere kars1 yaptirim uygulamayr da
beraberinde getirmektedir.

Yaptirim tiirleri, Ayres ve Braithwaite [5] tarafindan olugturulan yaptirimlar piramidinde en
yaygindan en nadir goriilene olacak sekilde “para cezalari, faaliyetlerin askiya alinmasi (igin
gegici olarak durdurulmasi), lisanslarin iptal edilmesi (ruhsatlarin geri alinmasi), isin kalici
olarak durdurulmasi (is yerinin kapatilmasi), hukuk davalari, ceza davalari” olarak
siralanmigtir.  Vega ve Robert [6], uluslararast ¢aligma orgiitiine {iye iilkelerin is teftisi
yaptirimlarini inceledigi ¢alismada yaptirimlari; parasal yaptirimlar (idari para cezalart), isin
durdurulmasi yaptirnmlart ve is miifettiglerinin ¢aligmasinin engellenmesi durumunda
uygulanan yaptirimlar olmak iizere {i¢ ana kategoriye ayirmistir. Konu ile ilgili Avrupa
Birligi tilkelerindeki teftis sistemlerini degerlendiren bir bagka ¢aligmada ise yaptirimlar, dort
ana baglikta kategorize edilmis olup bunlar; iyilestirme talep etme, isin durdurulmasi, para
cezalar1 ve kovusturma baslatma olarak siralanmistir [7]. Isin durdurulmasi yaptirimi, is
teftislerinde genel olarak hayati (ciddi ve yakin) tehlikeleri igeren ISG ihlallerinin tespiti
halinde uygulanmaktadir. isin durdurulmasi yaptirimi, diinya genelinde ii¢ farkli sekilde
uygulanmakta olup bunlar, “isin gegici olarak durdurulmasi, kurumlarin kapatilmasi ve
calisma ruhsatlarinin (lisanslarin) iptali” seklinde gergeklesmektedir [6].

Literatiirde teftislerin ve teftisler neticesinde uygulanan yatirimlari ISG’ye ve is kazalarma
olan etkisi degerlendirilmistir. Bu baglamda teftislerin ve yaptirimlarin ¢aligma hayatina
dogrudan etki ettigi ve is kazalar1 ile yaralanmalari-6liimleri engellemede ya da
azaltilmasinda katkida bulundugunu belirten ¢aligmalar mevcuttur. Teftis goren is yerleri ile
teftis gdrmeyen is yerleri kiyaslandiginda teftis goren is yerlerinin daha az is kazasina
ugradig1 ve is kazalarindan dogan ISG maliyetlerinin azaldigi belirtilmistir [7]. OSHA
yaptirimlarinin i kazalari ile iliskisini analiz etmek amaciyla, 1979 ve 1985 yillar arasindaki
teftisler degerlendirilmis, teftis sonucu verilen cezalarin takip eden yillarda denetlenen
yerlerdeki ig kazalarinda %22°lik bir diislise neden oldugu ve yapilan ¢aligmanin sonucunda
anlaml spesifik caydirict bir etki gortildiigii belirtilmistir [8]. ABD’de OSHA tarafindan
uygulanan teftiglerin etkisi hakkinda yapilan bir ¢aligmada 1972-2006 yillart arasinda 29
eyalette 549.398 teftis incelenmis, imalat sektorii iizerinde yapilan degerlendirmede, birinci
teftisten ikinci teftise olan siiregte toplam ihlallerin %28 - %48 oraninda diistigi ve
sonrasinda sayilarin yavas bir hizda diistiigii belirtilmistir [9]. Yunan Is Teftis Kurulu’nun
verileri esas almarak yaptirimlarin is kazalari ve GSYIH iizerine etkilerinin arastirildig
¢alismanin sonucunda ise, ig kazalar1 ve yaptirimlar arasinda pozitif yonli bir korelasyon
iliskisi oldugunu ortaya konulmustur [10]. Yaptirimlar, tedbirlere uyulmasi, kanunlarin,
standartlarin efektif sekilde uygulamaya konulmasi bakimindan kritik bir role sahiptir.
Yapilan bir ¢alismada, idari yaptinnmlarm/ idari cezalarin uygulanmasinin sagladig:
caydiricihigin ISG’ye uyum saglamada yeterli oldugu, en uygun cezalandirma politikasmin
ise parasal ve parasal olmayan yaptirimlarin bilesimi seklinde uygulanmasi gerektigi
belirtilmistir [11]. Yapilan maliyet etkin incelemelerle de [11] proaktif teftisin ISG
uygulamalarinin tegviki ve gelistirmelerinde hayati bir rol oynadigi, yaptirimlarin proaktif
bakis agisiyla uygulanmasi gerektigi belirtilmistir. Literatiirde, teftislerin ve yaptirimlarin is
kazalar1 tlizerinde etkili olmadigini ileri siiren ¢aligmalar da mevcuttur. 1976-1978 yillari
arasinda OSHA teftislerinin is kazalari sonucu olusan 6liim ve yaralanma oranlarina etkisinin
aragtirildigr bir ¢alismada, teftislerin firmalar {izerindeki yaralanma oranlar1 tizerinde bir
etkisinin bulunmadigt ileri siiriilmiistiir [12].
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Tiirkiye’de insaat sektoriinde meydana gelen is kazalari {izerine, son yillarda igverenlerin,
proje yoneticilerinin ve ISG profesyonellerinin ISG 6nlemlerini almas1 ve gdzetim-denetim
yikimliiliginii yerine getirerek sektdrdeki is kazalarmin sayisinin azaltilmasi amaciyla
akademik yayinlar giderek artmaktadir. Bu dogrultuda yiiksekte yapilan c¢aligmalarda
gbzetimi ve denetimi kolaylastiran ve teknolojik entegrasyon ile ISG 6nlemlerine katkida
bulunmasini hedefleyen yapay zeka ve genisletilmis gergeklik entegrasyonu modeli gibi ileri
teknolojik onerilerde bulunulmus [13], daha &nce ISG konularinda genellikle kimya
sektoriinde gorillen Boolean matematiginden yararlanilan hata agaci analizleri, insaat
sektoriindeki is kazasi analizlerinde de uygulanmistir [14]. Insaat sektérii uygulamalarmin
spesifik ozelliklerine gore, ISG ¢alismalar1 detaylandirildigi akademik galigmalar da
literatiire kazandirilmigtir [15]. Tiim bu yeni arastirmalarin, ¢alismalarin ve dnerilerin ortak
hedefi sektordeki ISG kiiltiiriine katkida bulunmak, yasa koyuculara ve idari gorevlilere
rehberlik etmek, ISG &nlemlerinin alinmasi igin sektériin yiiklenicileri, proje ydneticileri,
saha miihendisleri, insaat iscileri gibi prodiiktif faaliyetlerine dogrudan etki eden
paydaslarina yol gdstermek ve nihayetinde Tirkiye’de ingaat sektoriinde oldukga yiiksek
olan 6liim sayilarinin azaltilmasina yardimci olmaktir.

Faure ve Tilindyte [11] iflasin yaygin olarak goriildiigii ekonomilerde, ISG yaptirimi olarak
parasal olmayan yaptirimlart 6ncelemektedir. Tirkiye gibi ekonomik hareketligin fazla
oldugu, bu sebeple firmalarm iflas durumu, devir vb. islemlerine sikga rastlanmasi ile idari
para cezalarina iliskin aflarm siklikla gerceklesebildigi bir ortamda, yaygin olarak uygulanan
idari para cezalar1 yaptinmimin caydiricilik noktasinda etkisiz kalabilmesi nedeniyle, bu
calismada yaptirimlardan isin durdurulmas: yaptirnmmin degerlendirmesi tercih edilmistir.
6331 sayili ISG Kanununda [16] isin durdurulmasi yaptirimi dzetle, hayati tehlike olan bir
hususun tespiti durumunda uygulanmas: gerektigi belirtilmistir. Buna ilaveten insaat
sektoriiniin yer aldig1 bazi sektorlerde risk degerlendirmesinin yapilmamis olmasi ve tiretim
zorlamasi yapilmasi durumunda da durdurma uygulanmaktadir [16]. Tiirkiye’de isin
durdurulmas: yaptirrmi, miilga 1475 sayili Is Kanunu’na [17] gore, isyerinin kapatilmasi
seklinde uygulanmakta iken, 2012 yilindan itibaren bu ibare igin durdurulmasi sekline
donmiistiir.

Is miifettislerinin ISG’ye dair tedbir aldirma yetkisi; 13.12.1950 tarihinde 5690 say1l1 Kanun
ile Tiirkiye’nin taraf oldugu Uluslararas1 Calisma Orgiitii’niin 81 sayili sézlesmesinin 13.
Maddesinde yer almaktadir. Isin durdurulmasina dair, ilgili maddenin b bendinde “Is¢ilerin
saglik ve emniyeti bakimindan yakin bir tehlike mevcut oldugu takdirde, derhal tatbik
olunmak iizere tedbirler alinmasi” hiikmii gegmektedir [18]. Ulusal mevzuatta ise is
miifettislerinin gérev, yetki ve sorumluluklarina iliskin hiikiimler, 4857 sayil I3 Kanunun 91.
ve 92. maddesinde [19], 6331 say1l1 Is Saghg1 ve Giivenligi Kanunu’nun 24. maddesinde [16]
ve Is Teftisi Hakkinda Y&netmeligin 6. maddesinde [20] belirtilmistir.

ISG’ye iliskin teftisler, programli teftis ve inceleme teftisleri olmak iizere ikiye
ayrilmaktadir. Yillik olarak sektorlere gore teftis konularinin ve kapsaminin belirlendigi
programli teftislerde risk esasli olarak diizenlenmektedir. Inceleme teftisleri ise, programli
teftis konular1 diginda, ihbar, sikayet, is kazasi, meslek hastalig1 ve diger incelenmek iizere
gelen konulardan teftis faaliyeti ile ilgili olan hususlari igeren teftis tiiriidiir [21]. Programli
teftisler igin programli teftis raporlari, inceleme teftigleri i¢in ise inceleme raporlart
yazilmaktadir. Isin durdurulmasi yaptirimlari, her iki teftis tiirii icin de uygulanabilmektedir.
Isin durdurulmasi yaptimma dair, isin durdurulmasi, durdurmanm devamm ve isin
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durdurulmasimin kaldirilmasina iliskin kararlar is miifettislerince idari tedbir raporlarinda
belirtilmektedir. Yapilan calismalarda is teftisi raporlarinin iSG arastirmalarina dair 6nemli
veriler sundugunu [7] ifade edilmis olup bu caligmada idari tedbir raporu sayilari
degerlendirmeye tabi tutulmustur. Arastirma konumuza dair Tatsaki vd. nin [10] Yunan ISG
miifettislerinin yaptirim verileri ile ilgili yaptig1 ¢alismada, gelecek caligmalar igin yaptirim
tirlerinin ayr1 ayr1 incelenmesinin yaptirimlar iizerinde yapilacak olan c¢alismalar
gelistireceginden bahsetmesi, spesifik olarak isin durdurulmasi yaptiriminin izerinde
¢alismamizin nedenleri arasindadir.

Bu c¢alismanin amaci, is kazalarmi onlemek amaciyla uygulanan isin durdurulmasi
yaptiriminin yillar igerisinde 6limlii is kazalarina olan etkisini, 6liimlii kazalarin en fazla
goriildiigii insaat sektorii 15181inda degerlendirmek, sektdrii maden ve metal sektorleri ile
karsilastirmak, Tiirkiye'nin Ulusal iSG Politika Belgesi ve Eylem Plami-III 2014 -2018’te
[22] bu ¢aligmada 6zellikle yer verilen ingaat, maden ve metal sektorlerinde is kazalarinin
azaltilmasimin hedefine ulasilip ulagilamamasi sorusuna 6liimlii ig kazalar1 yoniinden cevap
aramaktir. ISG Kanunun uygulanmaya baslandigi yildan, 2023 yilma kadar olan siirecte
Tirkiye’de yasal yiikiimliliklere uyumun, isin durdurulmasi yaptirnmi ydniinden
degerlendirilmesi; idari tedbir raporlarindan ve genel degerlendirme raporlarindan elde
edilen verilerin dikkate alinmasiyla, ingaat sektoriinde isin durdurulmasi idari yaptiriminin
olimlii is kazalarma olan etkisini ilk kez istatistiksel olarak ortaya konulmasi bu ¢aligmanin
temel yenilikleri arasindadir. Calisma, kanunun uygulanmasinin ve isin durdurulmasi
yaptirnminin ingaat sektdriinde genel caydiriciliga olan etkisi hakkinda yorum yapma
imkanini vermektedir.

Calismada insaat, maden ve metal sektorleri i¢in yapilan korelasyon analizleri ile isin
durdurulmasinin uygulandig: yillarda ve sonraki siirecte yaptirimin, 6liimlii is kazalar ile
iliskisi arastirilmistir. Ayrica, Ingaat sektdriinde meydana gelen &liimlii is kazalarmin
tahminine dair yeni bir Poisson regresyon modeli olusturulmus, ISG Kanunun yiiriirliige
girdigi 2013 yilindan pandemi Oncesine kadar olan 6 yillik siiregte (2018 dahil) isin
durdurulmasi yaptiriminin ve yapi ruhsati sayilarinin degisken olarak dahil edildigi modelde,
GSYIH igindeki sektdriin paymin (ABD Dolarr), éliimlii is kazalari iizerine etkisi ortaya
konulmustur. Calismaya ilaveten pandemi déneminden sonraki 2021, 2022 ve 2023 yillarina
ait olan veriler de eklenerek ilgili model yeniden test edilmistir.

2. MATERYAL VE METOT
2.1. isin Durdurulmasi Yaptirimina fliskin Verilerin Temini

Tiirkiye’de ISG ve is kazalarmna dair yapilan daha nceki akademik ¢aligmalarin genelinde
SGK tarafindan yayimlanan i kazasi verileri esas alinmis olmakta birlikte, ingaat sektoriinde
ISG ve is kazalarina iliskin yapilan ¢aligmalarda, daha dnce mahkemelere sunulan bilirkisi
dosyalar1 [23] [24] ve is miifettisleri tarafindan hazirlanan is kazasi raporlar1 [25] [26] da
degerlendirmeye alinmugtir. Tiirkce literatiirde, Kuzey Kibris Tiirk Cumhuriyeti’nde insaat
sektoriinde meydana gelen 6liimlil is kazalarinin analizinde Kibris’in sosyal giivenlik kurumu
olan Sosyal Sigortalar Dairesi’nin miifettiglerinin hazirladig1 raporlardan yararlanilan bir
calisma da mevcuttur [27]. Bu caligmada ise ilk kez idari tedbir raporlarindan elde edilen
durdurma sayilar1 degerlendirmeye alinmistir. 2013-2018 yillar1 arasinda Tiirkiye’de, ISG
yoniinden toplam 69.497 teftis gergeklestirilmistir. Bu teftislerden 31.401 adedi program dist
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teftis, 38.096 adet teftis ise sektorel bazda hazirlanan programli teftislerdir. Tiirkiye’de
gerceklesen tiim teftiglerin ilk asamasi sonucunda toplam 6377 adet isin durdurulmasi
yaptirimi uygulanmistir. 2021, 2022 ve 2023 yillarinda ise toplamda 27.607 adet programli
teftis gerceklestirilmis olup bu yillarda toplamda 406 isyerinde isin durdurulmasi yaptirimi
uygulanmigtir [28-42].

Bu c¢alismada ise insaat, maden ve metal igyerlerinde uygulanan toplam 6617 adet isin
durdurulmas yaptirimi hesaplara dahil edilmistir. Isyerlerinde isin durdurulmas1 yaptirima
iliskin usul ve esaslar Isyerlerinde Isin Durdurulmasma Dair Yonetmelik kapsaminda
belirtilmis olup 6zetle, miifettisler isin durdurulmasina dair hayati tehlike tespit ettiklerinde,
durumu belirten idari tedbir raporunu bagli bulundugu kuruma iletir, kurumda toplanan heyet
tarafindan igyerinin bir b6liimiinde veya tamaminda isin durdurulmasi karari verilir [43]. Bu
calismada 2013-2018 yillar1 arasindaki igin durdurulmasi yaptirimlarma iligkin kararlar is
miifettislerince hazirlanip heyetlere iletilen idari tedbir raporlarindan temin edilmistir. 2021,
2022 ve 2023 wyillar1 arasindaki igin durdurulmasi verileri ise genel degerlendirme
raporlarindan derlenerek bu ¢alismaya eklenmistir [28-42].

Tablo 1 - Tiirkiye de tiim sektorlerde uygulanan igin durdurulmas: yaptirimi ile ingaat,
maden ve metal sektorlerinde uygulanan isin durdurulmast yaptirimlary [28-42]

Yillar Tiim Sektorler Insaat Sektorii  Maden Sektorii  Metal Sektorii
2013 257 155 54 11
2014 2.100 1858 203 14
2015 2.235 1985 189 22
2016 820 717 68 15
2017 726 632 69
2018 239 179 44 8
2019* - - - -
2020%* - - - -
2021 221 161 53 2
2022 92 52 30 1
2023 93 62 25 0
Toplam 6783 5801 735 81

*2019 ve 2020 yillarina dair teftis ve isin durdurulmasi verilerine ulasilamamasi sebebiyle ilgili yillara
ait veriler tabloda yer almamakta olup istatistiksel analizlerde de bu iki yila ait veriler ¢ikarilmistir.
2019 yilinda program dis1 teftislere agirlik verilmesi ve program disi teftislere dair verilerin
yayimlanmamasi; 2020 yilinda ise tiim diinyay: etkisi altina alan Covid 19 pandemisinin {ilkemizde de
goriilmesi iizerine, teknik is miifettiglerinin genel olarak program disi teftislerde ve yaygin olarak da
kisa galisma bagvurularinin incelenmesinde gorevlendirilmeleri nedeniyle 2020 y1li igin iSG teftislerine
yonelik genel degerlendirme raporlart yayimlanmamis olup bahse konu yillarda uygulanan isin
durdurulmasi sayilarina ulagilamamustir.
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Yapilan istatistiksel ¢alismada, 2013-2018 yillar1 arasinda is teftisine dair teftis sayilari,
ortalama isin durdurulmasi siireleri, sektorel bazda isin durdurulmasina iliskin veriler
Tiirkiye’de ISG’ye dair teftis yapmaya yetkili kurum olan Caligma ve Sosyal Giivenlik
Bakanligina bagli Rehberlik ve Teftis Bagkanlifina yapmis oldugumuz yazili basvuru
neticesinde elde edilerek degerlendirmeye tabi tutulmustur. 2021, 2022 ve 2023 yillarina dair
veriler ise Rehberlik ve Teftis Bagkanligi tarafindan yayimlanan genel degerlendirme
raporlarindan derlenerek elde edilmistir [28-42]. Isin durdurulmasi yaptirima iligkin yillik
veriler bir biitiin halinde ilk kez bu ¢alismada yayimlanmaktadir. 2013 ile 2023 yillar
arasinda Tiirkiye’de tiim sektorlerde uygulanan toplam isin durdurulmasi yaptirimi verileri
ile ingaat, maden ve metal sektdriinde uygulanan igin durdurulmasi yaptirimi sayilart Tablo
1’de gdsterilmistir. Isin durdurulmasi verilerinin degerlendirmesinde ii¢ sektdr icin teftis
goren igyerlerinde ilk kez uygulanan durdurma verileri esas alinmigtir. 2019 ve 2020 yillarina
dair teftis ve isin durdurulmasi verilerine ulasilamamasi sebebiyle ilgili yillar, yapilan
analizlerin diginda tutulmustur. 2019 yilinda program dis1 teftislere agirlik verilmesi ve
program disi teftislere dair verilerin yayimlanmamast; 2020 yilinda ise tiim diinyay1 etkisi
altina alan Covid 19 pandemisinin iilkemizde de goriilmesi bu kesintiye neden olan baslica
hususlar olarak sayilabilir. Ozellikle pandemi siireci tiim sektdrler igin bir kilometre tagi
islevi gormis, ilgili siirecin uzun siirmesi, istatistik veriler iizerinde konjonktiirel
dalgalanmalara sebep olmus, siire¢ sektorlerdeki ekonomik duruma ve buna bagl olarak da
ISG uygulamalarina bazen dogrudan bazense dolayli olarak etki etmistir.

2.2. Is Kazalan ve Oliimlii is Kazalarina iliskin Verilerin Temini

Tiirkiye’de is kazalarma dair resmi istatistik verileri, SGK’nin yayimlamis oldugu
istatistiksel yilliklarda yer almaktadir. Bu baglamda, Tablo 2’de gosterilen Tiirkiye’de is
kazalar1 sonucunda meydana gelen 6liim sayilar1 ve 6liimlii is kazalarina iliskin ingaat, maden
ve metal isleri i¢in temin edilen veriler, SGK’nin yayimlamis oldugu yilliklardan temin
edilmistir. Oliim sayilarinin sektérel olarak tespit edilmesinde SGK tarafindan yayrmlanan
ekonomik faaliyet siniflandirmasina (Nace Kodlar1) [44] gore, ingaat sektorii icin “41-Bina
Insaat;, 42-Bina Disi Yapilarin Insaati, 43-Ozel Insaat Faaliyetleri” verileri; maden
isyerlerine iligkin “05-K6miir Linyit Cikarilmasi, 07-Metal Cevheri Madenciligi, 08-Diger
Madencilik ve Tas Ocakgiligi, 09-Madenciligi Destekleyen Hizmet Faaliyetleri,” verileri;
metal sektdrii igin “24-Ana Metal Uretimi, 25-Makine ve Techizat Harig, Fabrikasyon Metal
Uriinlerin Imalat;, 28-Baska Yerde Smiflandirilmamis Makine ve Ekipman Imalati, 29-
Motorlu Kara Tasit1, Treyler (Romork) ve Yar1 Treyler (Yar: Romork) imalati,” verileri esas
alinmistir. Nace kodlarmin tercihinde daha o6nce programli teftis kapsamina alinan
isyerlerinin Nace kodlarma gére segilmistir. Is Saghg1 ve Giivenligine iligkin Isyeri Tehlike
Siniflar1 Tebligi’ne [45] gore insaat sektoriiniin ve maden sektoriiniin genel olarak c¢ok
tehlikeli smifta yer aldifi, metal sektoriiniin ise, c¢ok tehlikeli ve tehlikeli olarak
siniflandirildigr goriilmektedir. Tiirkiye’de 6331 sayili ISG Kanunu’nun uygulanmasiyla
birlikte, ISG profesyonellerinin isyerlerinde gérevlendirilme zorunlulugu ile isverenlere is
kazalarimi bildirme yiikiimliiliigiiniin getirilmesi, toplam is kazalar1 sayilarinda 6nemli bir
artis olusturmus, bildirilen kaza sayilar1 giderek yiikselmistir. Bu durum iligki analizi ve
modellemede istatistiksel olarak yaniltic1 bir sonuca gétiirebileceginden, toplam is kazalarina
iligkin sayilar bu ¢aligmaya dahil edilmemistir.
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Tablo 2 - Tiirkiye de tiim sektorlerde is kazast sonucu meydana gelen 6liim sayilar ile
insaat, maden ve metal sektorlerinde is kazasi sonucu meydana gelen 6liim sayilari [1]

Yillar Tiim sektorler Insaat sektorii  Maden sektorii Metal sektorii
2013 1360 521 84 87
2014 1626 501 381 72
2015 1252 473 79 76
2016 1405 496 83 68
2017 1633 587 86 90
2018 1541 591 56 111
2019 1147 368 48 63
2020 1231 347 66 66
2021 1382 386 75 99
2022 1517 422 105 107
2023 1966 552 86 146

2.3. Yap1 Ruhsati Sayilar1 ve Gayri Safi Yurt ici Hasila Verileri
2.3.1. Gayri Safi Yurt I¢i Hasila Verileri

Uluslararas1 ekonomik gostergeler arasinda yer alan gayri safi yurt ici hasila (GSYIH), bir
iilkede belirli bir donemde (genel olarak bir yil), ulusal sinirlarin dahilinde mal ve hizmet
tretiminin para karsiligindaki toplam degerini ifade etmektedir [46]. Bu makalede
Tiirkiye’nin GSYIH verileri, TUIK ve Diinya Bankasi tarafindan belirtilen veriler esas

Tablo 3 - Tiirkiye nin GSYIH Verileri, insaat sektoriiniin GSYIH icerisindeki pay: ve
parasal olarak karsiligi (milyar $) [47], [48]

Yillar  Tiirkiye’nin Toplam Ingaat sektoriinin Insaat sektoriiniin GSYIH
GSYIH verileri GSYIH igerisindeki icerisindeki payinin parasal
(milyar $) pay1 (%) kargilig1 (milyar $)
2013 957,8 8 76,6
2014 939,0 8,1 76,1
2015 864,3 8,1 70,0
2016 869,7 8,5 73,9
2017 859,0 8,5 73,0
2018 778.,4 7,1 55,3
2019 761,0 54 41,1
2020 720,34 52 37,5
2021 819,87 5,1 41,8
2022 907,12 4,9 444
2023 1118,25 5,5 61,5

43



Tiirkiye 'de Isin Durdurulmasi Yaptiruminin Oliimli Is Kazalart ile Iliskisi

alinarak ABD dolar1 cinsinden hesaplarda dikkate alinmustir. Tiirkiye’de 2013-2023 yillari
arasinda GSYIH verileri, insaat sektoriiniin GSYIH i¢indeki orani ve parasal miktar1 Tablo
3’te yer almaktadir.

2.3.2. Yap1 Ruhsat Verilen Bina Sayilar

Insaat sektoriindeki hareketlenmelere dair degerlendirme yapilabilmesi igin Tiirkiye’deki en
6nemli verilerden birisi yap1 ruhsati istatistikleridir. Bu istatistiklerde yap1 ruhsati verilen
bina sayisi, daire sayisi ve ingaat yiizolglimlerine iligkin verilere erismek miimkiindiir. Yap1
ruhsati istatistiklerinde, yapi ruhsati verilen bina sayilarinda meydana gelen degisim,
sektoriin yil igerisinde yeni faaliyete gecen santiyeleri hakkinda bilgiler igermekte, bu durum
sektoriin ekonomik faaliyetlerindeki hareketlige dair ¢ikarim yapmaya imkan vermektedir.
Ingaat sektdriinde belediyeler tarafindan verilen yapi ruhsati sayilarina dair istatistiksel veri,
Tiirkiye Istatistik Kurumu tarafindan yayinlamaktadir. Tiirkiye Istatistik Kurumu tarafindan
diizenlenen verilere gore, Tiirkiye’de, 2013-2023 yillar1 arasinda yapi1 ruhsatt verilen bina
sayilarinda meydana gelen degisim Tablo 4’te gosterilmektedir.

Tablo 4 - Tiirkiye 'de insaat sektoriinde 2013-2023 yillart arasinda yapt ruhsati verilen bina

sayilart [49]
Yillar Yap1 Ruhsati Verilen Bina Sayilar
2013 121754
2014 139541
2015 125741
2016 134099
2017 161921
2018 104509
2019 55717
2020 96169
2021 138535
2022 127880
2023 139711

2.4. Korelasyon Analizi

Yapilan istatistiksel degerlendirmede Tirkiye’de kanunun yaptirrm ydniinden
uygulanmasinin olimli is kazalart ile iligkisi, isin durdurulmasi yaptirimi {izerinden
degerlendirilmistir. i1k olarak 2013-2023 yillar1 arasindaki dénem igin 6liimlii is kazalari ile
ayni donemde uygulanan igin durdurulmasi yaptirimlart degerlendirilmistir. 2019 ve 2020
yillarina ait verilere ulasilamadig i¢in bu yillar istatistiki degerlendirmelerden ¢ikarilmistir.
Teftislerin ve yaptirimlarin is kazalarina etkisi tizerine Gray ve Scholz [8] tarafindan yapilan
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bir degerlendirmede, teftislerin ig kazalar1 izerinde etkisinin, teftisten sonraki {i¢ yila kadar
olan siirecte goriilebilecegi belirtildiginden, ¢alismada ayrica, ISG kanununun ilk kez
uygulanmasimin lizerinden gecen, pandemi doneminden etkilenmeyen ilk 6 yillik siire
zarfinda yasanin ve yaptirimlarin etkisinin uygulandigt yilda direkt olarak goriilemeyecegi
ihtimali de dikkate alinmustir. Bu sebeple, isin durdurulmasi yaptiriminin, uygulandiktan
sonraki yillarda etki edebilecegi diisiiniilerek, 2013-2018 yillar1 arasinda uygulanan isin
durdurulmasi yaptirimlarinin, 2014-2019, 2015-2020, 2016-2021 ve 2017-2022 gibi sonraki
donemlerde is kazasi sonucu meydana gelen 6liim sayilar ile iligkisinin tespiti i¢in de
korelasyon analizlerinden faydalanilmistir.

Korelasyon analizlerinde temel amag, iki farkli degisken arasindaki iliskinin tespiti ve
iliskinin yoniinlin belirtilmesidir. Degiskenler arasinda korelasyon katsayisinin tespiti,
iliskinin derecesi ve yOniinii belirleme imkani verir [50]. Spearman korelasyon analizi,
parametrik olmayan bir analiz tiiri olup, varsayimlara dayanmadan iliskiyi ortaya koyma
avantajini arastirmacilara saglamaktadir. Spearman korelasyon analizinde normal dagilim
sartinin aranmamasi, uygulama kolayligi, kiiciik 6rneklere ve asir1 deger bulunabilen serilere
ve kesikli verilere uygulanabilmesi avantajlart [51] anlaml iligkileri tespit edebilmenin
oldukga gii¢ oldugu Tiirkiye’deki ISG verileri i¢in bu korelasyon analizini tercih etmemizin
sebepleri arasindadir. Spearman korelasyon analizi, Tiirkiye’deki farkli bilimsel ¢aligmalarda
da is saghgi ve giivenligi alaninda iliski analizleri i¢in kullanilmistir [52], [53]. Bu
calismada, tim sektdrlerde degerlendirilen verilerin tamami i¢in parametrik varsayimlarin
saglanamamasi nedeniyle, 2013-2018 yillar1 arasinda ve sonraki donemlerdeki (2014-2019,
2015-2020, 2016-2021 ve 2017-2022) degisiklik gosteren verilerin iliskilerinin tespiti igin
Spearman sira korelasyon analizi tercih edilmistir. Spearman siralama korelasyon katsayisi
asagida belirtilen formiille hesaplanmaktadir.

6y.d?

P 1=y 190] (M

p=r,: Spearman sira korelasyon katsayist, d; : Siralama numaralar1 arasindaki fark (Xi-Y;)
n:Degisken sayis1
Hesaplanan sira korelasyon katsayisi asagidaki gibi yorumlanmaktadir.

rs=1 -Tam pozitif iliski; 0<rs<1 pozitif iligki; rs=0 iliski yoktur; -1<r,<0 negatif iligki; rs=-1
tam negatif iligki

Korelasyon katsayisinin Dancey and Reidy (2007) [54] ‘e gore [£0.9| >r> [£0.7| olmasi
durumu, iki degisken arasinda giiglii bir iligki oldugu, |£0.6] >r2> |+£0.4| olmasi durumu, iki
degisken arasinda ortalama bir iliski oldugu seklinde yorumlanmaktadir. Spearman siralama
korelasyon katsayilarinin anlamliligr ise bulunan katsaymin istatistiksel olarak sifirdan
anlamli bir farki olup olmadig1 durumu test edilerek bulunmakta olup teste iligkin ¢ift tarafli
Ho. rs=0; H; : r;#0 hipotezleri olusturulur, belirlenen hata payina gore, r tablolarindan kritik
deger bulunarak veya hesaplanarak Hy hipotezi kabul veya reddedilir [50]. Ho hipotezinin
reddedilmesi, korelasyon analizinin anlamli oldugunu gostermektedir. Korelasyon
analizlerinin uygulanmasinda Statistical Package for the Social Sciences (SPSS) paket
programinin 27. sirlimiinden yararlanilmustir.
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2.5. Poisson Regresyon Modeli

Tirkiye’de insaat sektoriinde Oliimle sonuglanan is kazalarmin fazlaligi, insaat sektorii
iizerinde odaklanmay1 gerektirmektedir. insaat sektdriinde, 6liimlii is kazasina etki eden
degiskenler farkliliklar gostermektedir. Poisson dagilimi, sayim verileri ile kiyaslama
yapilabilmesi i¢in yaygin olarak kullanilmakta olup verilerin normal dagilmadigi, bir {iriin
birimindeki kusurlari, yazilimdaki hatalari, gevre kirletici sayilari, trafik kazasi sayilari ve is
kazasi sayilari gibi hata verilerini tespit etmek igin kullanilmaktadir [55] . Literatiirde, ISG’ye
dair 6liimciil yaralanmalarin ve 6liimlerin incelenmesinde ve analizinde Poisson regresyon
modeli kullanilmigtir [56]. Tiirkiye’de ingaat sektoriinde is kazalarina dair Bilir ve Giircanl
tarafindan yapilan bir ¢alismada, Poisson dagilimindan yararlanilmig, insaatlarda meydana
gelen is kazalar1 igin Poisson dagilimini kullanmanin istatistiki hesaplar ve olasiliklarin
tespit edilebilmesi igin objektif bir yontem sundugu belirtilmistir [24]. Dogrusal olmayan bir
regresyon modeli olan Poisson regresyon modeli, Poisson dagilimindan tiiretilmis olup
model, dagilim parametresi y; ‘nin ortak degiskenlere bagli olmasina izin verilerek
olusturulur [57]. Bu calismada ele alinan ig kazasi sonucu meydana gelen 6liim sayisi ve isin
durdurulmasi yaptirim sayilari verileri, belirli stirecte elde edilen sayim verileri oldugundan
dolay1 bu caligmada insaat sektorii igin, Poisson regresyon analizi uygulanmasi uygun
gOriilmistiir. Poisson regresyon analizinde, bagimli degiskenin dagilimmin Poisson
dagilimma uygun olmasi gerekmektedir. Poisson regresyon modeli asagidaki denklemde
belirtilmistir.

e i i
!

fQilxi) = ¥i=0,123, ... 2.1

Vi

Model logaritmik dogrusal versiyonunda ortalama parametre p; > 0 saglanacak sekilde
parametrelenir:

u; = exp(x; ) (2.2)

u;: Dagilimin parametresi

Belirtilen denklemler (2.1) (2.2) Poisson regresyon modelini belirtmektedir [57].

“Poisson ortalamasi olan p’niin logaritmasinin bagimsiz degiskenlerin bir dogrusal
fonksiyonu oldugu varsayilmaktadir.” [58] . Ilgili fonksiyon asagidaki belirtilmistir:

log(p;) = by + by X1 + -+ + by Xy (2.3)

Bu calismada, Poisson regresyon analizi igin SPSS paket programinin 27. Siiriimiinden
yararlanilmigtir. Poisson regresyon modelinde, bagimsiz degiskenin katsayilarinin istel
degerlerine (exp B) gore degerlendirmeler yapilmakta olup sonuglar, bulgular ve tartisma
boliimiinde verilmistir.

46



M. Sadi KARADEMIR, Biilent EKICI

3. BULGULAR

Isin durdurulmasi yaptiriminin uygulanmasinda kanunda gecen hayati tehlike kavramu, is
kazalarindan kaynaklanabilecek oliim tehlikesi ile dogrudan iligkili olup bu dogrultuda,
isyerlerinde meydana gelen 6limlii is kazalari sayilari, isin durdurulmasi yaptiriminin
degerlendirilmesinde énemlilik arz etmektedir. Isin durdurulmasi yaptirim, bir isyerinde is
kazasi gerceklesmeden once uygulanan proaktif bir tedbirdir. Bu sebeple Tiirkiye’de teftis
icin segilen igyerlerinde uygulanan durdurma sayilar ile is kazasi sonucu meydana gelen
6lim sayilar1 arasindaki iligkinin irdelenmesi gerekmektedir. Bu ¢alisma kapsaminda insaat
sektoriiniin maden ve metal sektorii ile karsilastirilmasi i¢in is kazast sonucu meydana gelen
Olim sayilart dikkate alinmis, isin durdurulmasi yaptirimi ile olan iligkileri Spearman
korelasyon analizi vasitasiyla agiklanmigstir. 2013-2018 yillar1 arasindaki teftis verilerinden
elde edilen idari tedbir raporu sayilart ve 2021, 2022 ve 2023 yillarina dair genel
degerlendirme raporlarindan elde edilen durdurmaya iliskin veriler analize dahil edilmistir.
Korelasyon analizlerinde anlamlilik testleri i¢in iki kuyruklu anlamlilik tercih edilmistir.
Pandemi Oncesi donemde ingaat, maden ve metal sektorleri igin teftisin ve yaptirimin
uygulandig1 yillardan sonraki siireclerde oliimlii is kazalart ile iligkilerini tespit edebilmek
icin de Spearman korelasyon analizleri uygulanmustir.

Can kayiplariin en ¢ok goriildiigii insaat sektorii i¢in ayrica Poisson regresyon modeli
olusturulmustur. Poisson regresyonu ilkin pandemi ve ekonomik kriz gibi konjonktiirel
dalgalanmalardan etkilenilmemesi adina, 2013-2018 yillar1 arasindaki verilerle
olusturulmustur. Olusturulan modelde, ingaat sektdriinde meydana gelen 6lim sayilari
bagimli degisken; insaat sektoriinde uygulanan isin durdurulmasi yaptirimi sayilari, yapi
ruhsati sayilar1 ve GSYIH igindeki sektériin pay1 (milyar $) bagimsiz degisken olarak modele
dahil edilmistir. Modelde, sadece isin durdurulmasi yaptirnmmin degil ayni zamanda
ekonomik geligim ile ingaat faaliyetlerindeki artislarin da 6liimlii is kazalar izerindeki etkisi
ve bu etkinin yonii de olusturulan modelden ¢ikarilarak degerlendirmeye tabi tutulmustur.
Calismada ayrica ayn1 degiskenlerle kurulan modelde, pandemi sonras1 veriler (2021, 2022,
2023) eklenerek 2013-2023 arasindaki donemin tiimii analiz edilmistir. Caligmada isin
durdurulmasi yaptirimina dair bulgularin degerlendirilmesine asagida maddeler halinde yer
verilmistir.

3.1. Insaat Sektériinde Is Kazalar1 Sonucu Meydana Gelen Oliim Sayilan ile Sektorde
Uygulanan Isin Durdurulmasi Yaptirimlari1 Arasindaki Iliski

3.1.1. Korelasyon Analizi

Insaat sektorii proje tabanli bir sektdr olup sektoriin dogasi geregi ISG diizenlemelerinin
uygulanmasinda farkli zorluklar1 igerisinde barindirmaktadir. Ingaat sektoriinde her yeni
projenin farkli 6zellikte olmasi, proje tiiriine gore ¢aligma metodunun, ¢alisan iscilerin,
kullanilan malzemelerin ve ¢alisma tekniklerinin farklilik gostermesi, gecici mahiyette olan
isyerinin dinamik bir yapida olmasi sebebiyle siirekli degisiklik gostermesi, alt igveren
kullanimindan kaynaklanan riskler, iscilerin kisa siirelerle c¢aligmasi, planlamada ve
uygulamada yasanan zaman baskis1 sektdriin yapis1 sebebiyle ISG agisindan karsilastig
zorluklar olarak sayilabilir [59]. Ingaat sektorii yiiksekten diisme, malzeme diismesi riskleri,
elektrikten kaynaklanan riskler, is ekipmanlarinin kullanimindan kaynaklanan riskler,
yangin, parlama ve patlama gibi temel riskleri barindirmaktadir [60]. Maden ve metal
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sektorlerine kiyasla ingaat sektdriinde is kazalari sonucunda meydana gelen 6liimlerin baglica
sebebini yiiksekten diisme riski olusturmaktadir. Insaat sektdrii icin yapilan analizde 2013-
2023 arasindaki donemde yapi iglerinde is kazalar1 sonucunda meydana gelen 6liim sayilari
ile insaat isyerlerinde isin durdurulmasi verileri dikkate alinmistir. Insaat sektdriinde is
kazalar1 sonucu meydana gelen Oliim sayilari ile ingaat sektoriinde uygulanan isin
durdurulmasi yaptirimlarinin sayilart Sekil 1°de gosterilmistir.
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587 591
521 501 496 552
< 473 286 422
155 179 161
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2013 2014 2015 2016 2017 2018 2021 2022 2023
B Yapi Islerinde Olumli Is Kazalar H Yapi Islerinde Durdurma Kararlari

o

Sekil 1 - Insaat sektoriinde is kazalar: sonucu meydana gelen éliim sayilart ile insaat
sektoriinde uygulanan isin durdurulmast yaptirim sayilari.

Tiirkiye’de 06.09.2014 tarihinde Istanbul ili Sisli ilcesinde bir insaatta meydana gelen is
kazasi sonucu 10 ¢aliganin hayatini kaybetmesi [61] basta olmak {izere, insaat sektoriinde
oliim sayilarindaki yiiksek oran sebebiyle, 2014 ve 2015 yillarinda ingaat sektoriinde teftis
sayilarinin artmasina neden olmus, bu durum da 2014 ve 2015 yillarinda sektdrde isin
durdurulmasi yaptirnminin yiiksek seviyede goriilmesiyle sonuglanmistir (Sekil 1). 2016
yilindan sonraki siirecte ise, isin durdurulmasi yaptirimlarinin uygulanmasinda diisiis egilimi
gbzlenmistir. Insaat sektdriinde is kazalar1 sonucunda meydana gelen 6liim sayilari ile
sektdrde uygulanan igin durdurulmasi yaptirimlart iligkisini tespit edebilmek amaciyla
yapilan analizde Spearman Korelasyon Analizi kullanilmistir. Tablo 5°te bulgulara yer
verilmistir.

Insaat sektdriinde is kazasi sonucu meydana gelen 6liim sayilan ile insaat isyerlerinde isin
durdurulmasi yaptirimlar1 arasindaki iliskiyi tespit edebilmek admna yapilan analiz
(Spearman) sonucunda, ingaat igyerlerinde igin durdurulmas: yaptirimlari ile insaat
sektoriinde is kazasi sebebiyle meydana gelen 6liim sayilar arasinda zayif diizeyde pozitif
(Spearman 1, = 0,017) iliski tespit edilmis olup korelasyon p<0,05 diizeyinde anlamsiz bir
iligski (p>0,05) bulunmustur. Zayif diizeyli iliskinin yoniiniin pozitif yonde olmasi da isin
durdurulmasi yaptirimi ile 6liimlii is kazalar1 arasinda onleyici yaklasimda istenilmeyen bir
sonuctur. Sektorde isin durdurulmasinin artig gosterdigi durumlarda, 6liimlii is kazalarinin
azalig gostermesi beklenmektedir.
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Tablo 5 - Insaat sektériinde isin durdurmasi yaptirimi ile insaat islerinde is kazalar sonucu
meydana gelen 6liim sayilari arasindaki iligki

Yapi isy_erlerinde Insaat Isyerlerinde Isin
Oliimlii Is Kazalar1 Durdurulmasi Kararlart

Yapi Isyerlerinde Oliimlii is Spearmanr,  1.000 0.017
Kazalari P ) 0.966
Insaat Isyerlerinde Isin Spearmanrs 0,017 1.000
Durdurulmasi Kararlari P 0.966

Insaat sektoriiniin %95 giiven araliginda anlaml sonug vermemesi dikkate degerdir. 2013 ile
2023 yillart arasinda tim sektorlerde uygulanan isin durdurulmasi yaptirimlarinin ortalama
olarak %385,52’si insaat sektoriinde uygulansa da, isyeri sayisinin fazla olusu, insaat
isyerlerinin proje bazli olmasi ve isyerlerinin gegici mahiyette olmasi, sektérde 1SG
kiiltiiriiniin heniiz olusmamasi, sektoriin pandemi donemi ve sonrasindaki ekonomik kriz
siirecinden yaptirim uygulamaktan daha fazla etkilenmesi gibi tahmin edilen dig nedenlerden
dolaytr 2013-2023 yillar1 arasinda ingaat sektoriinde uygulanan isin durdurulmasi
yaptirimlarinin sektordeki 6liimlii is kazalarina istenilen yonde ve seviyede etki edemedigini
ortaya koymaktadir. Sekil 1°de gosterildigi gibi, 2014-2015 yillarinda isin durdurulmasi
kararlarindaki artis da istatistiksel iliski sonucuna etki etmistir.

3.1.1.1. Yapu Islerinde Pandemiden Onceki Isin Durdurulmasi Yaptirimlarinin Pandemiden
Sonraki Donemlerde Sektérde Meydana Gelen Oliimlii Is Kazalari ile iliskisinin

Arastirilmasi

Yapi islerinde pandemi 6ncesi donemde (2013-2018) isin durdurulmasi yaptirmminin gelecek
donemlerde sektorde meydana gelen 6liimlii is kazalart ile iliskisinin arastirtlmast i¢in, 2013-
2018 yillar1 arasinda yapi islerinde uygulanan durdurma sayilariin sonraki dénemlerde
(2014-2019,2015-2020,2016-2021 ve 2017-2022) meydana gelen 6liimlii is kazalarina etkisi
de aragtirilmustir. Yapilan korelasyon analizleri sonucunda, insaat sektorii ig¢in yaptirimlarin
sonraki donemdeki etkisine dair anlamli bir iliski tespit edilmemistir. Insaat sektorii icin
tetkiklerin istatistiksel olarak anlamli sonuglar igermemesi sebebiyle, makalede detayli
verilere yer verilmemistir.

3.1.2. Insaat Sektoriinde Poisson Regresyon Analizi Kullanarak Is Kazalari Sonucu
Meydana Gelen Oliim Sayilarinin Modellenmesi

Tirkiye’de ingaat sektoriinde, olimlii is kazalari lizerinde sektoriin ekonomik gelisiminin
etkisini de gorebilmek icin sektdriin GSYIH igindeki parasal orani ve yapi ruhsati sayilar1 da
calismadaki hesaplara dahil edilmistir. Konuya iliskin daha 6nce yapilan ¢alismalarda is
kazalari ile ekonomik gelisim iligkili bulunmustur. Vedd ve Yassinski [62] ulusal gelir ile is
kazalar1 arasinda anlamli bir iliski bulmustur. Barth vd. [63] ekonomik gelisimin 6liimlii ve
oliimlii olmayan is kazalarini azalttigini belirtmistir. Fernandez-Muniz vd. [64] is kazalar1 ile
ekonomik dongii arasinda giiclii bir iliski bulundugunu belirtmistir. Song vd. [65] ekonomik
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dongiiniin i glivenliginin bir gostergesi oldugunu belirtmistir. Wang vd. [66] GDP’deki
artisin I1SG sartlarimi da iyilestirdigini ifade etmistir. Tiirkiye’de ekonomik gelisimle dliimlii
is kazalar1 arasindaki iliskiyi tespit etmek amaciyla Colak ve Palaz [67] tarafindan yapilan
calismada ise, ekonomik gelisim ile 6liimlii is kazalar1 arasinda uzun donemli bir iliski oldugu
belirtilmistir.

Calismanin bu boliimiinde insaat sektorii {izerine odaklanilmis, sektérde is kazalarina etki
edebilecek degiskenler, yapilan modellemede dikkate alinmistir. Poisson regresyon
modelinin uygulanmasinda ilkin pandemi 6ncesi doneme ait 2013-2018 yillart arasindaki
modelleme gerceklestirilmis, ardindan pandemiden sonraki yillarin verileri de dikkate
alinarak, 2013-2023 yillar1 arasindaki degiskenlerin yer aldigi modellemeye gecilmistir.
Poisson regresyon modelinde, is kazalari sonucu meydana gelen 6liim sayilari bagiml
degisken olarak belirlenmis olup, ayni siirecte sektdrde uygulanan isin durdurulmasi
yaptirimlari, yapi ruhsati sayilart ve GSYIH igerisindeki insaat sektdriiniin pay1 (milyar $)
bagimsiz degiskenler olarak belirlenmistir. Calismanin ele aldigi yillar icerisinde igin
durdurulmasi yaptirimlart ile is kazalari sonucu meydana gelen 6liim sayilar1 arasindaki
degisim Sekil 1°de gosterilmisti. GSYIH igerisindeki insaat sektdriiniin pay1 (milyar $) ve
ruhsat sayilarindaki degisim ise asagida Sekil 2’de yer almaktadir.
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Sekil 2 - 2013-2023 Yillar: Arasinda GSYIH I¢indeki Insaat sektoriiniin payr (milyar $) ile
Yapt Ruhsati Sayilar (Bin) Arasindaki Degisim

3.1.2.1. Pandemi Oncesindeki Donem (2013-2018) I¢cin Olusturulan Poisson Regresyon
Modeli

2013-2018 yillar1 arasinda sektdriin GSYIH icerisindeki milyar $ miktar;, GSYIH verilerine
paralel olarak diisiis egilimi gostermistir. Yap1 ruhsat sayilar ise ilgili siire zarfinda dalgal
bir seyir izlemis olup 2017 yilinda en iist seviyede ¢ikan yapi ruhsati sayilar1 2018 yilinda
keskin bir diisiis gostermistir (Sekil 2). Yapilan modelde oncelikle insaat sektoriinde
meydana gelen 6liim sayilarinin Tek Orneklemli Kolmogorov-Smirnov testindeki anlamlilik
degeri p>0,05 oldugundan, can kaybi sayilarin Poisson dagilimina uygun oldugu goriilmiis,
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akabinde Poisson regresyon modeli olusturulmustur. SPSS paket programinin 27. versiyonu
yapilan hesaplarda kullanilmaktadir. Genellestirilmis dogrusal model i¢in uyum iyiligi
tablosunda degerlerin, serbestlik derecesine orani (value/df) degeri 1,356 olarak
bulunmustur. Bu degerin 1°den biiyiik olmas1 6rneklem sayisinin yiiksek oldugu ¢calismalarda
asir1 yayilim olarak yorumlanmakla birlikte, ¢aligmamizda 2013 ile 2018 yillar1 arasindaki
orneklem sayisimin diisiik olmasi (n=6) ve 1,356 degerinin ciddi bir ihlal saglamamasi
sebebiyle bu durum kurulan model igin bir sorun teskil etmemektedir.

Kurulan modelin anlamliligini test eden omnibiis testi tablosundan anlamlilik degeri p<0,001
bulunmustur. Bulunan anlamlilik degeri p<0.05 oldugundan kurulan model anlamlidir. Bu
durum, kurulan modelde en az bir bagimsiz degiskenin (GSYIH, ruhsat sayilari, durdurma
sayilar1), bagimli degisken (is kazasi sonucu meydana gelen 6liim sayilari) lizerinde anlamli
bir etkisi oldugunu gostermektedir. Modelde bulunan bagimsiz degiskenlerin bagimli
degisken iizerindeki etkisi Tablo 6’da gosterilmistir.

Tablo 6 - Bagimsiz Degiskenlerin Bagimli Degisken Uzerine Etkisi

Wald Ki-Kare df p
Kesigim 1429,149 1 0,000
Yapi islerinde Durdurma Kararlari 7,500 1 0,006
Yap1 Ruhsatlar 6,847 1 0,009
GSYIH Ingaat Sektoriiniin Pay1 8,363 | 0,004

(Milyar $)

Modelimizde bagimli degisken olan yapi islerinde is kazalar1 sonucu meydana gelen 6liim
sayilar lizerinde, sektorde uygulanan durdurma kararlar1 (p=0,006< 0,05), yap1 ruhsati
sayilart (p=0,009<0,05), GSYIH insaat sektdriiniin pay1r (Milyar $) (p=0,004< 0,05)
oldugundan tiim bagimsiz degiskenlerin bagimli degisken {izerinde anlamli bir etkisi oldugu
tespit edilmistir.

Tablo 7 - Poisson Regresyon Modeline Gore Parametre Tahminleri

Katsayilarin
Wald Ki- Ustel Degeri
B Standart Hata Kare df p Exp(B)

Kesisim 6,544 0,1731 1429,149 1 0,000 694,890
Yapi Islerinde
Durdurma -7,139x ™5 2,6069* e 5 7,500 1 0,006 0,9999286091
Kararlar
Yap1 Ruhsatlari 3,324% e~ 1,2703% e~ 6,847 1 ,009 1,000003324
GSYIH Ingaat
Sektoriiniin Pay1 -0,009 0,0032 8,363 1 ,004 0,9908901634
(Milyar $)
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Yapilan analiz sonucunda ¢ikan Poisson regresyon modeli asagida verilmistir:
Log (u;) = 6,544 - 7,139%e~>* X, +3,324*¢~5* X, - 0,009* X
;: i. Tarihte Yap1 Islerinde Is Kazas1 Sonucu Meydana Gelmesi Beklenen Oliim Sayist
X,: Yapi Islerinde Uygulanan Durdurma Yaptirimi Sayilari
X,: Yap1 Ruhsatlart
X3: GSYIH igerisinde Insaat Sektoriiniin Pay1 (Milyar $)

Poisson regresyon modeli, logaritmik bagintilar iceren bir model olmasi sebebiyle,
programdan ¢ikan katsayilar dogrudan degerlendirilmeye alinmamakta olup bu katsayilarin
programa gore hesaplanan iistel fonksiyonuna gore degerlendirmeler yapilmaktadir. Tablo
7’de bagimsiz degiskenlerin iistel fonksiyonlar1 belirtilmis olup; igin durdurulmasi yaptirimi
i¢in Exp (8;) = 0,9999286091, yap1 ruhsati sayilar1 igin Exp (8, ) = 1,000003324; GSYIH
icerisinde ingaat sektoriinlin payi(milyar $) igin ise Exp (85 ) =0,9908901634 bulunmustur.

Yapilan modelleme sonucunda, 2013-2018 yillar1 arasindaki siirecte, yapi iglerinde durdurma
sayilar1, yap: ruhsati sayilar1 ve GSYIH igerisinde insaat sektdriiniin pay1 olarak belirlenen
bagimsiz degiskenlerden, yap islerinde ig kazasi sonucu meydana gelen 6liim sayilarini en
yiiksek oranda etki eden degiskenin GSYIH igerisinde insaat sektdriiniin payr (Exp (f5 )
=0,9908901634) oldugu tespit edilmistir. Kurulan Poisson regresyon modeline gore, %95
giiven arahiginda, ingaat sektdriiniin GSYIH igindeki miktarinda (milyar dolar) bir birimlik
artigin, yapi islerinde is kazasi sonucunda meydana gelen 6liimleri %0.91 oraninda azaltmasi
beklenmektedir. Cikan bu sonug, p=0,004<0.05 oldugundan istatistiksel olarak anlamlidir.

Modelde yer alan diger degiskenlerin katsayilarimin tistel fonksiyonlarinin 1’e oldukg¢a yakin
olmasi, 2013-2018 yillar1 arasinda isin durdurulmasi yaptirim sayilariin ve yapi ruhsati
sayilarimin 6liimlii is kazalarina olan etkisinin oldukga kisitli oldugunu agiklamaktadir. Yine
de, bu degiskenlerin is kazasi sonrasinda meydana gelen 6liim sayilarim1 hangi yo6nden
etkiledigi, 2013-2018 periyodundaki ISG uygulamalarmin gidisati hakkinda yorum yapma
imkanin1 saglamaktadir. Modellemeye gore, isin durdurulmasinin etkisi kisith bulunsa da (%
0,0071) 2013-2018 arasindaki siiregte, 6liimlii sonuglanan is kazalar1 yoniinde bir birimlik
durdurmanin, 6liim sayilarma azaltici bir yonde etki ettigi tespit edilmistir. Proaktif teftis
modelinin temel alindig bir iilkede, teftisler vasitasiyla ISG konular kapsaminda alinan
tedbirlerin 6liimlii is kazalarina azaltici yonde etki etmesi beklenmektedir. Kurulan modele
gore, sektorde uygulanan durdurma sayilarinin arttirilmasi, is kazasi sonucu meydana gelen
o6liim sayilarini azaltic1 yonde etki edebilecegi sdylenebilir. Bir bagka bagimsiz degisken olan
yapi ruhsati sayisinda da, isin durdurulmas: yaptirim sayilarina benzer olarak, is kazalar
sonucu meydana gelen Oliim sayilar iizerinde olduk¢a kisith bir etki (% 0,00033)
gorililmiistiir. Bu oran, isin durdurulmasi yaptirimlar1 oranindan da diisiiktiir. Yine de,
Tirkiye’de insaat sektoriiniin dinamik yapisina dair yorum yapma imkani veren, 2013-2018
yillar1 arasinda yapi1 ruhsati sayilarindaki bir birimlik artigin kaza sonucu meydana gelen
6liim sayilarimi arttirma yoniinde etki ettigi tespit edilmistir.

3.1.2.2 Pandemi Sonrasindaki Donemin Verileri Dahil Edildiginde (2013-2023) Poisson
Regresyon Modelindeki Degisim

Calismanin bu bdliimiinde, pandemi sonrasindaki 2021, 2022 ve 2023 yillariin yayimlanan
verilerinden elde edilen isin durdurulmasi sayilar1 da hesaplara dahil edilmis, aym sekilde
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2021, 2022 ve 2023 yilina ait gayrisafi yurt i¢i hasila i¢indeki insaat sektoriiniin pay1 ve yap1
ruhsati sayilar1 da modeldeki veri setine eklenmistir. 2019 ve 2020 yillart igin igin
durdurulmasi verilerine erisilemediginden bu yillara dair verilere modelde yer verilmemistir.
Giincellenen verilerle kurulan Poisson regresyon modelinde asir1 yayilim goriilmesi izerine,
ayn1 degiskenler i¢in negatif binom regresyonu da uygulanmistir. Uygulanan negatif binom
regresyonunun sonucunda da istatistiksel olarak anlamli bir sonuca varilamamistir. Bu
sebeple makalede ilgili tablolara yer verilmemistir.

Pandemi sonrasindaki yillarin eklendiginde modelin istatistiksel olarak anlamsiz ¢ikmasinin
lizerinde dikkatle durmak gerekmektedir. Oncelikle pandemi ve ekonomik krizin 2013-2018
yillar1 arasindaki siiregteki etkisi oldukca az da olsa siiregelen olumlu gidisati sona erdirdigi
sdylenebilir. Ingaat sektorii gerek pandeminin getirdigi zorlu sartlardan, gerekse pandemiden
sonra da etkisi devam eden ekonomik krizden dogrudan etkilendigini gostermektedir. Keza,
2020 yilinda en alt seviyeyi goren dolar bazindaki Tiirkiye’nin toplam GSYIH, Tablo 3’te
yer verilen Diinya Bankas1 verilerine gore, 2021’den itibaren hizla yiikselise gecmis, 2021°de
Tirkiye’ nin GSYIH 819,87 milyar dolara, 2022’de 907,12 milyar dolara, 2023’te ise 1.12
trilyon dolara ulasmistir [47]. Bu hizl1 yiikselis, ingaat sektoriinde goriilememis olup sektoriin
GSYIH igindeki payr 2013-2018 yillar1 arasindaki doneme kiyasla %2.83 oraninda
azalmstir. Bu durumun imalat sektorii gibi bazi sektorlerde yasanmamasi, insaat sektoriiniin
pandemi donemi ve sonraki donemde girdigi krizden heniiz tam anlamiyla ¢ikamadigini
gostermektedir. Istatistiksel olarak anlamli verileri elde edememenin arka planinda,
sektordeki 6lim sayilarinin maalesef diismemesi ve ekonomik krizden sektoriin daralarak
etkilenmesi de olabilir.

3.2. Maden Sektoriinde ig Kazalar1 Sonucu Meydana Gelen Oliim Sayilari ile
Sektorde Uygulanan Isin Durdurulmasi Yaptirimlar: Arasindaki Iliski

Tiirkiye’de tarihsel siirecte ISG yasal diizenlemelerinin ilk kez uygulandig1 sektdr olan
maden sektorii, yangin, parlama, patlama, zehirlenme riskleri basta olmak iizere, is
ekipmanlarindan kaynaklanan riskler, elektrikten kaynaklanan riskler, malzeme diismesi,
goglik gibi riskleri igerisinde barimdirmaktadir. Maden sektorii, insaat sektorii ile birlikte
6liimlii is kazalarinin siklikla meydana geldigi sektordiir. Tiirkiye’de yer alti maden islerinde
grizulii ocaklarin fazlaligi, modern iiretim teknikleri yerine ilkel ¢aligma metotlarinin tercih
edilmesi, igverenlerce arama ve kurtarma istasyonlarinin olusturulamamasi, havalandirma ile
ilgili gereklilikler ve patlama riskine kars1 alinacak Onlemlere gerekli Ozenin
gosterilememesi, ayni saha igerisinde farkli isyerlerinin bulunmasi sebebiyle firmalarin
birbirleriyle ISG kosullarina etki etmesi sektdrde ISG’ye dair tespit edilen sorunlardir [68].
Maden sektoriinde 2013-2023 yillar1 arasindaki siiregte, is kazalar1 sonucunda meydana gelen
6lim sayilar1 ile maden igyerlerinde isin durdurulmasi verileri yapilan analizde dikkate
almmistir. 2019 ve 2020 verilerinin elde edilememesi nedeniyle ilgili yillar analizden
cikarilmugtir. Istatistiksel analizde Spearman Korelasyon Analizi kullanilmistir. Tablo 8’de
bulgulara yer verilmistir.

Maden sektoriinde is kazast sonucu meydana gelen 6liim sayilari ile maden isyerlerinde isin
durdurulmasi yaptirimlart arasindaki iligkiyi tespit edebilmek admna yapilan analiz
(Spearman) sonucunda, maden isyerlerinde isin durdurulmasi yaptirimlari ile maden
sektoriinde i kazasi sebebiyle meydana gelen 6liim sayilar arasinda zayif diizeyde pozitif
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(Spearman r; =0.134) iligki tespit edilmis olup iliski istatistiksel olarak anlamsiz (p>0,05)
bulunmustur. Insaat sektoriinde benzer sekilde, maden sektoriinde de iliskinin yoniiniin
pozitif degil negatif yonde olmasi beklenmektedir. Maden sektdriinde anlamsiz bir iligki
bulunmasinin sebeplerinden biri, 2013-2018 yillar1 arasindaki siire zarfinda, 13.05.2014
tarihinde Manisa ili Soma ilgesinde meydana gelen 301 ¢alisanin is kazast sonucu 61diigi is
kazasinin etkili oldugu diistiniilmektedir [69]. Kazanin 6liim sayilarina etkisi ile 2014 yilinda
sektorde uygulanan durdurma sayilari Sekil 3’te gosterilmektedir.

Tablo 8 - Maden sektoriinde isin durdurmast yaptirimi ile maden islerinde is kazalar
sonucu meydana gelen éliim sayilari arasindaki iligki

Maden Isyerlerinde ~ Maden Isyerlerinde Isin
Olimlii Is Kazalar1  Durdurulmasi Kararlar

Maden Igyerlerinde Oliimlii is Spearman rs 1.000 0.134
Kazalar1 P ) 0.731
Maden Igyerlerinde Isin Spearman rs 0.134 1.000
Durdurulmasi Kararlari p 0.731
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Sekil 3 - Maden sektoriinde is kazalart sonucu meydana gelen 6liim sayilari ile maden
sektoriinde uygulanan isin durdurulmast yaptirim sayilari.

Kazanin sonrasindaki siiregte, maden sektoril i¢in bir dizi yeni yasal diizenleme uygulamaya
konulmustur. Bu sebeple kazanin gergeklestigi 2014 yili ile 2015 yillarinda sektorde yer alan
isyerlerinde isin durdurulmasi faaliyetlerinde artis gozlemlenmistir. Maden isyerlerinin
onemli bir kismu teftis edilerek sektdrde isin durdurulmasi yaptirimlarinin arttirilmasi, 2016
yilinda ve sonraki siirecte, 2014 ve 2015’te durdurulan isyerlerinin ISG tedbirlerini almasiyla
isin durdurulmasi yaptirimlarinin sayilart 2015 yilina kiyasla 6nemli o6lgiide azalis
gOstermistir.
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3.2.1. Maden Sektioriinde Pandemiden Onceki Isin Durdurulmasi Yaptirimlarinin
Pandemiden Sonraki Dinemlerde Sektirde Meydana Gelen Oliimlii Is Kazalar ile
1liskisinin Arastirilmast

Maden sektoriinde pandemi oncesi donemdeki (2013-2018) isin durdurulmasi yaptiriminin
pandemi sonrasi donemlerde sektérde meydana gelen o6liimlii is kazalari ile iliskisinin
arastirilmasi icin, 2013-2018 yillar1 arasinda madenlerde uygulanan durdurma sayilarinin
sonraki donemlerde (2014-2019, 2015-2020, 2016-2021 ve 2017-2022) meydana gelen
olimli is kazalarmna etkisi de arastirilmigtir. Yapilan korelasyon analizleri sonucunda, ii¢
sektor arasinda yaptirimlarin sonraki doneme etki etmesine dair en anlamli iliski maden
sektoriinde tespit edilmistir. Yapilan analiz neticesinde Tablo 9’de gdsterilen sonuglara
ulastlmis olup maden sektoriinde isin durdurulmasi yaptirimlart (2013-2018) ile maden
sektoriinde is kazasi sebebiyle meydana gelen 6liim sayilar1 (2017-2022) arasinda giiglii
diizeyde negatif (Spearman r; =-0.886) ve anlamli (p=0.019<0,05) bir iliski bulunmustur.
Maden sektoriinde isin durdurulmasi yaptirimlart arttiginda, maden sektoriinde meydana
gelen oliimlii is kazasi sayilar1 giiclii bir iliski ile ve %95 giiven araliginda anlamli bir sekilde
azalmaktadir. Iki degiskenin birbirleri iizerinden agikladiklari varyans ise %78,49 olarak
hesaplanmistir. Maden igyerlerinde %95 giiven araliginda 2013-2018 yillarinda sektérde
uygulanan igin durdurulmasi yaptirimlarinin %78,49°u, 2017-2022 yillar1 arasinda maden
sektoriinde is kazasi sonucu meydana gelen 6liim sayilarina etki etmis olabilir.

Maden sektoriinde tespit edilen korelasyon iliskisinden iki farkli ¢ikarima ulasilabilir. ilk
olarak yaptirimlarin sonraki yillarda is kazalarina etki etme ihtimali, sektorel olarak
farkliliklar gdsterebilmektedir. Calismamizda maden sektoriinde isin  durdurulmasi
yaptirmminin 6liimlii is kazalaria yaptirnmdan sonraki yillarda etki edebildigi goriiliirken,
ayni etki insaat sektoriinde ve metal sektoriinde goriilmemistir. Maden sektorii 6zelinde,
Soma ve Ermenek kazalar1 sonrasi sektérde uygulanan isin durdurulmasi yaptirimlariin
etkisi, sektorde 4 yil sonra goriilmeye baslamistir. Bu hususta, kuskusuz kazadan sonra
yapilan teftiglerin sayisinin, diger idari yaptirimlarin ve mevzuatta yapilan diizenlemelerin bu
hususa etki edebilecegi gézden kagirilmamalidir.

Tablo 9 - Maden sektoriinde 2013-2018 déneminde uygulanan igin durdurmasi yaptiriminin
kazadan sonraki yillarda maden islerinde is kazalari sonucu meydana gelen éliim sayilari
arasindaki iligki

Maden Isyerlerinde =~ Maden Isyerlerinde

Oliimlii Is Kazalar1 Isin Durdurulmast
(2017-2022) Kararlari
Maden Isyerlerinde Oliimlii is Spearman r; 1.000 -0.886
Kazalar1 (2017-2022) P . 0.019
Maden Igyerlerinde Isin Spearman r -0.886 1.000
Durdurulmasi Kararlari p 0.019
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3.3. Metal Sektoriinde Is Kazalar1 Sonucu Meydana Gelen Qliim Sayilan ile Sektorde
Uygulanan Isin Durdurulmasi Yaptirimlar: Arasindaki Iliski

Imalat faaliyeti yiiriiten sektorler arasinda is kazalarinmn sikhikla gériildiigii bir sektor olan
metal sektorii, bagta is ekipmanlarmin kullanimindan kaynaklanan riskler ile elektrikten
kaynaklanan risklerin, yangin, parlama ve patlama risklerinin goriildiigii bir sektordiir.
Sektorde olimli is kazalarmin disinda uzuv kayipli is kazalar1 da siklikla meydana
gelmektedir. 2013-2023 yillar1 arasindaki donemde, ayni yil igerisinde, sektdrel bazda is
kazasi sonucu meydana gelen 6liim sayilar ile, sektorde uygulanan isin durdurulmasi
yaptirimlari arasinda, en belirgin iligki metal sektoriinde tespit edilmistir. Metal sektoriinde
uygulanan isin durdurulmasi yaptirimlari ile metal sektoriinde is kazasi sonucu meydana
gelen 6liim sayilari Sekil 4°te, iki degisken arasindaki iliski ise Tablo 10°da belirtilmistir.
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Sekil 4 - Metal sektoriinde ig kazalart sonucu meydana gelen 6liim sayilart ile metal
sektoriinde uygulanan isin durdurulmast yaptirim sayilari.

Metal sektorii, insaat ve maden sektorlerine kiyasla, sektoriin caligma ydntemi geregi
teftislerde hayati tehlike ilk etapta daha az tespit edilmistir. Sektdrde durdurma sayilari
arttikga, is kazalar1 sonucu meydana gelen 6liim sayilari azalig gostermektedir.

Tablo 10 - Metal sektiriinde uygulanan isin durdurulmasi yaptirimlary ile metal sektoriinde
is kazasi sonucu meydana gelen oliim sayilar: arasindaki iliski

_ Metal Sektoriinde Metal Igyerlerinde
Oliimlii Is Kazast Sayisi  Durdurma Kararlari
Metal Sektoriinde Spearman r 1.000 -0.879
Oliimlii Is Kazas1 Sayisi P ) 0.002
Metal Igyerlerinde Spearman r -0.879 1.000
Durdurma Kararlar1 p 0.002
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Metal sektoriinde is kazasi sonucu meydana gelen 6liim sayilari ile metal isyerlerinde isin
durdurulmas1 yaptirimlar1 arasindaki iliskiyi tespit edebilmek adina yapilan analiz
(Spearman) sonucunda, 2013-2023 yillar1 arasindaki stlirecte metal isyerlerinde isin
durdurulmasi yaptirimlart ile metal sektoriinde is kazasi sebebiyle meydana gelen 6lim
sayilari arasinda gii¢lii diizeyde negatif (Spearman r, = -0.879) ve anlamli bir iligki (p<0,05)
bulunmustur. Metal igyerlerinde isin durdurulmasi yaptirimlar arttiginda metal sektoriinde
meydana gelen Olimli is kazasi sayilart giiclii bir iliski ile ve anlamli bir sekilde
azalmaktadir. Tki degiskenin birbirleri iizerinden agikladiklar1 varyans ise %77,26 olarak
hesaplanmistir. Metal isyerlerinde isin durdurulmasi yaptirnmlarmin %77,26’s1, metal
sektoriinde is kazas1 sonucu meydana gelen 6liim sayilarindan kaynaklaniyor olabilir.

Metal sektoriinde iligkinin anlamli bulunmasinin sebeplerinden birisi de metal isyerlerinin
sabit bir igyeri olmasi ve igyerlerinde alinan ISG tedbirlerinin kalic1 olmasi olabilir. Ek olarak
metal islerinin genel olarak 6liime sebebiyet veren tehlikelerden ziyade uzuv kopmasi ve
yaralanmalara iligkin tehlikeleri daha ¢ok igermesi de durdurma sayilarinin az olmasinin
sebepleri arasinda sayilabilir. iliskinin ydniiniin negatif olusu isin durdurulmasi yaptirimimin
arttiginda 6limlii ig kazalar1 sayilarinin azalis gosterebilecegini belirtmesi, yapilan teftislerin
de olimli is kazalarma etki edebilmesi agisindan olumlu bir seyirde oldugunu
gostermektedir. Teftiglerde ilerleyen donemde durdurma sayilarmin artmasi, sektdrde
meydana gelen 6liim sayilarina azaltict yonde etki edebilir.

3.3.1. Metal Sektioriinde Pandemiden Onceki Isin Durdurulmast Yaptirnmlarinin
Pandemiden Sonraki Dénemlerde Sektorde Meydana Gelen Oliimlii Is Kazalar:
ile Iliskisinin Arastiridmasi

Metal sektdriinde pandemi Oncesindeki isin durdurulmasi yaptiriminin pandemi sonrasi
donemlerde sektorde meydana gelen oliimlii is kazalari ile iliskisinin aragtirtlmasi i¢in, 2013-
2018 yillar1 arasinda metal igyerlerinde uygulanan durdurma sayilarinin sonraki dénemlerde
(2014-2019, 2015-2020, 2016-2021 ve 2017-2022) meydana gelen 6liimlii is kazalarina
etkisi de arastirilmistir. Yapilan korelasyon analizleri sonucunda, metal sektorii igin
yaptirimlarin sonraki donemdeki etkisine dair negatif yonlii, anlamli bir iliski tespit
edilmemistir. Metal sektorii i¢in sonraki donemdeki tetkiklerin istatistiksel olarak anlamli
sonuglar icermemesi sebebiyle, makalede detayli verilere yer verilmemistir.

4. TARTISMA

Tiirkiye’de 2013-2023 yillar1 arasinda, is kazasi sonrasinda meydana gelen oOliimlerin
%32,65’1 insaat sektoriinde gergeklesmis, ayni yillarda uygulanan isin durdurulmasi
yaptirimlarinin %85,52°si insaat sektoriinde uygulanmistir. Tiirkiye’de isin durdurulmasina
dair temel amag cezalandirma olmayip, hayati bir tehlikenin isyerindeki varliginin ig kazasi
gerceklesmeden tespit edilmesi ve isverence oOnlemlerin ivedilikle alinmasidir. Isin
durdurulmasinin igyerlerinde uygulanmasinin yaptirim sebebiyle caydiriciligin olugmasinda
onemli katkilar1 vardir. Tiirkiye’de idari para cezalari {izerine yapilan bir calismada, dliimli
is kazalarinin sebeplerinden birinin, yasal diizenlemelerin tam olarak uygulanamamasi ve
diizenlemelerin caydiric1 yaptirimlarla desteklenememis olmasi ileri siiriilmiigtiir [70].
Yapmis oldugumuz analizler neticesinde pandemi oncesi donem igin olusturulan Poisson
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regresyon modelinde insaat sektdriinde isin durdurulmasi yaptirimimin 6liimli is kazalar
iizerinde kisitlh bir etkisinin bulunmasi, bu hususu desteklemekte, dolayisiyla isin
durdurulmasi yaptiriminin sayisinin ve etkinliginin arttirilmasinin caydiriciligi olumlu yonde
etkileyecegi degerlendirilmektedir. Pandemi sonrasindaki yillara ait verilerin dahil
edilmesiyle insaat sektdriinde 2013-2023 yillar1 arasindaki istatistiki iliski analizlerinde ve
poisson regresyon modeli istatistiksel olarak anlamli sonuglar elde edilememesi, sektoriin
pandemiden sonraki siiregte isin durdurulmasi gibi idari yaptirnmlardan ziyade, ekonomik
kosullarin kétiilesmesinden daha fazla etkilendigini diisiindiirmektedir. Saha gézlemlerimize
gore, ISG Kkiiltiiriiniin diisiik seviyede oldugu insaat sektoriinde, pandemi ve ekonomik
sikintilarla yiizlesen firmalar, genellikle ilk tedbirlerden biri olarak ISG’ye ayrilan biitceyi
kismaya veya kisitlamaya gitmektedirler. Bu durum, ekonomik krizin devam ettigi siirecte,
ayni zamanda 1SG’ye dair kazalarin da artmasina sebebiyet verebilmektedir. 2013-2023
yillar1 arasindaki yillik en yiiksek is kazasi sebebiyle meydana gelen 6liim sayisinin Kanunun
ilk uygulandigi yillarda degil de 2023 yilinda meydana gelmesi, Tiirkiye’de insaat sektoriinde
yasal ISG tedbirlerine uyulmas: hususundaki gidisatin olumsuz seyrettigini gdstermektedir.

Parasal olmayan bu yaptirim tiirii, igyerleri i¢cin ekonomik etkileri de beraberinde getirmesi
bu hususta dikkate degerdir. Tiirkiye’de insaat sektoriinde genellikle isletme maliyetlerine
ayrilan biitce idari para cezasi miktarlariyla kiyaslandiginda daha yiiksektir. Tirkiye’de,
2015 ile 2019 tarihleri arasinda durdurulan igyerlerinde, isin ortalama olarak 43,8 giin
durduruldugu goz oniine alinirsa, isin durdurulmasi yaptiriminin isyerlerinin ekonomisine
dolayli da olsa garpici bir sekilde etki edebilecegi goriilebilir.

Cin hakkinda yapilan bir ¢alismada 2002-2015 yillar1 arasinda GSYIH verilerindeki artisin
ISG sartlarmi iyilestirdigi belirtilmis [66] olup; Tiirkiye’de insaat sektorii 6zelinde pandemi
oncesi donem i¢in GSYIH ile ISG verileri arasinda benzer bir uyum séz konusudur. Colak
ve Palaz tarafindan 1980-2012 yillar1 arasinda Tiirkiye’de ekonomik gelismenin 6liimlii is
kazalan iliskisi iizerine yapilan calismada kisi basina diisen GSYIH ile 6liimlii is kazalart
arasinda kisa vadede pozitif bir iliskinin var oldugu, uzun vadede ekonomik yapinin
degismesi ve ekonominin geligsmesi ile bu durumun negatif bir yone dondiigii belirtilmistir
[67]. Calismamizda ingaat sektorii i¢in olusturulan ilk Poisson regresyon modeline goére
Colak ve Palaz’mn ¢alismasindan sonraki siiregte (2013-2018), olimlii is kazalarinin
ekonomik gelisimle negatif yonli bir iligkisinin bulundugu tarafimizca tespit edilmis,
pandemiden sonraki siirecte ise, 6liimlii is kazalarmin ekonomik gelisimle negatif yonlii
iligkisi ortadan kalkmustir.

Calisma konumuza iliskin Yunanistan’in is teftisi verileri ile yapilan bir ¢aligmada ise, is
kazalar1 ile yaptirimlar arasinda pozitif yonli bir korelasyon iligkisi bulunmasi [10], 2013-
2018 donemini kapsayan ilk regresyon modelimizin sonucunun tersine bir durum gibi
goziikse de, Tatsaki vd.’nin yaptig1 caligmada, gerek yaptirimlarin tiim yaptirim tiirlerini
karsilayacak seviyede toplaminin degerlendirmeye alinmasi, gerekse, oliimli is kazalari
yerine toplam is kazalar1 sayilarini degerlendirmeye almasi sonuglarin farkli bulunmasini
dogrudan etkilemistir. Pandemi Oncesi donem igin yapmis oldugumuz Poisson
regresyonunda insaat sektdriinii merkeze alinmasi, kaza verileri ve GSYIH verilerinin
sektorle iligskin kisimlarina yer verilmesi, yaptirim tiirlerinden sadece isin durdurulmasininin
dikkate alinmasi ve ayrica yapt ruhsati sayilarmin da hesaplamalara dahil edilmesi
calismamizda sektor 6zelinde daha spesifik bir yorum yapmamizi saglamistir. Tiirkiye’de
ingaat sektoriinde 2012-2019 arasindaki siiregte yapilan bir bagka ¢aligmada ise, olimlii is
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kazalarinin meslek gruplari, ¢calisma ortami, kaza tiirii vb. degiskenler ile arasinda iligki
analizleri yapilmis ve giiclii diizeyde anlamli iliskiler tespit edilmemistir [52]. Ilgili
calismada yaptirimlar veya yaptirim tiirleri degiskenler arasinda yer almamakta olup isin
durdurulmas: yaptirnminin  olimlii is kazalari ile iliskisi ilk kez bu c¢alismada
degerlendirilmistir. Pandemi donemi sonrasindaki verilerin korelasyon analizlerine ve
regresyon analizlerine dahil edilmesi ise, sektdriin kriz zamanlarindaki ISG davramisina dair
yorum yapmamiza imkan tanimistir.

ISG konusunda yapilan teftisler vasitasiyla yasal siireclere uyum, ikna yoluyla dnleyici tedbir
aldirma ile de saglanabilmektedir. Tiirkiye’de son yillarda teftise ara verme uygulamasi ile
miifettislerce isyerlerinde ISG’ye dair tespit edilen noksan hususlarin giderilmesi igin
isyerlerine belirli bir siire verilebilmektedir. Yasanin getirdigi yeniliklere uyum ve iSG
tedbirlerinin alinmasi noktasinda bu metot kanunun uygulamaya baslandigi yillarda
igverenlerce olumlu karsilansa da, oOzellikle 6limli is kazalarinin ¢ok oldugu insaat
sektdriinde bu ydéntem, ISG bilincinden ve kiiltiiriinden yoksun olan bazi ingaat isverenlerinin
yasal siirece uyumunu olumsuz etkileyebilmektedir. Literatirde de ISG sartlarmin
iyilestirilmesinde slire verme uygulamasi gibi, dnleyici tedbirler aldirma ile yaptirimlarin
arasinda tamamlayici-dengeleyici bir mahiyetin bulunup bulunmadigi hususu tartigsmalidir
[6]. Hrymak, [7] da bu sorunsalin iistinde durmus, her ne kadar net bir metot iizerinde
uzlagiya varilmasa da yaptirimlarin genel olarak tiim ikna yollarinin bitince uygulandigim
belirtmistir. Tiirkiye’de insaat sektdriinde meydana gelen 6liimli is kazalarinin sayisinin
halen oldukga yiiksek oldugu goz oniine alindiginda, insaat sektdriinde teftise ara verme
yontemiyle tedbir aldirma yerine, teftislerin dogrudan idari para cezasi ve igin durdurulmasi
yaptirimi uygulanmasi ile sonuglandirilmasi ingaat sektoriinde genel caydiricilig saglamaya
yardimer olacaktir.

Insaat sektdriinde yaptirimlarin pandemi &ncesi dénemde sektére etkisinin kisitl olmast,
pandemi sonras1 donemde ise yaptirimlarin sektore istatistiki olarak anlamli bir sekilde etki
edememesinin nedenlerinden biri de, santiye sayisinin fazlalig1 olabilir. Tiirkiye’de 2013-
2018 yillar1 arasinda insaat sektoriindeki ortalama ruhsat sayis1 131.260 iken, ayn1 yillarda
maden sektoriinde verilen (isletme ve calisma dahil) ruhsat sayist 19.364’tir. Insaat
sektoriindeki ruhsat sayisi, maden sektoriindeki ruhsat sayisindan yaklasik 6.8 kat fazladir.
Isyeri say1sinin bu fazlahig1 da ingaat sektorii isyerlerinin tamamu diisiiniildiigiinde, sektordeki
isyerlerinin olduk¢a az bir kisminin teftis edilebilmesine sebep olmaktadir. Insaat sektoriiniin
metal sektoriiyle karsilastirildiginda isyerinin yapisi da 6nemlilik arz etmektedir. Santiyeler
gibi gecici mahiyette olmayan, kalict bir igyerinde ¢alisma gerceklestiren metal sektoriinde,
temel ISG 6nlemlerinin bir kez alindiginda, is akis1, ¢alisma yontemi, makine ekipman tiirleri
degismedigi miiddetce, bu tedbirlerin kaliciligini saglamak daha siirdiiriilebilir hale
gelmektedir. Insaat isyerlerinde ise, nlem alinsa dahi, bir sonraki asamada yapilacak birim
is nedeniyle, alinan ISG 6nleminin degistirilmesi gerekebilir.

5. SONUCLAR VE DEGERLENDIRMELER

Calismanin sonucunda, bulgularda yer verilen, insaat sektdriinde pandemi 6ncesi donem igin
olusturulan ilk Poisson regresyonu modeline gore, isin durdurulmasi yaptiriminin is kazasi
sonucu meydana gelebilecek 6liim sayilarina diisiik bir oranda etki etmesi, pandemiye kadar
olan siiregte ingaat sektoriinde isin durdurulmasi yaptirimiin sektore kisitlt bir etkisinin
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bulundugunu ortaya koymaktadir. 2013-2018 yillarin1 kapsayan bu siiregte, Poisson
regresyonunda isin durdurulmasinin 6liimlii is kazalar1 lizerine azaltic1 bir yonde etki etmesi
ise kanun koyucularin ve uygulayicilarin isin durdurulmasi yaptiriminin gayesi i¢in olumlu
yonde bir etkidir. Bu etki, insaat sektdriinde gegen siire zarfinda araya pandemi ve ekonomik
krizin girmesi ile bozulmus, pandemi sonrasindaki veriler de dikkate alindiginda (2013-2023)
sektorde gerek Spearman korelasyon analizlerinde, gerekse Poisson regresyon modelinde
istastiksel olarak anlamlr iliskiler tespit edilememistir.

Pandemi oncesi donem igin olusturulan modelde, is kazasi sonucu meydana gelen Sliim
sayilarina en fazla etkinin sektdriin GSYIH igindeki pay: degiskeninde goriilmesi, ingaat
sektoriinde Oliimlii kazalarin idari yaptirimlara kiyasla, sektoriin ulusal ve uluslararasi
ekonomik gelisiminden daha fazla etkilendigini gostermektedir. Pandemiden sonraki siiregte,
sektoriin GSYIH icindeki yiizdesinin kiigiilmesi ile istatistiksel olarak anlaml1 sonuglar elde
edilememektedir. Pandemiden sonraki donemde sektoriin ekonomik gelisiminin hizindaki
azalis, firmalarda ISG tedbirlerini almay erteleyici bir etki yaratabilmektedir.

Ulusal ISG Politika Belgesi ve Eylem Plani-II1 2014 -2018’te [22] bu calismada yer verilen
insaat, maden ve metal sektorlerinde is kazalarinin azaltilmasi hedefine ulasmasi hususunda
sektorel farkliliklar goriilmiistiir. Calismanin sonucunda, 2013-2023 yillarinda Slimlii is
kazalar1 sayilarindaki yiikseklik dolayisiyla, ingaat sektorii igin ilgili hedefe heniiz
ulagilamadig1 s6ylenebilir. Maden sektoriinde ise, 2013-2018 yillar1 arasinda uygulanan
durdurmalarin sektorde, 4 sene sonra gerceklesen kazalarla istatistiksel olarak anlamli bir
iliskisinin bulunmasi, maden sektdrii igin yaptirimlarin 4 sene sonra sektore etki edebildigini
gdstermistir. ilgili siire zarfinda maden sektdriinde 6zellikle yeralti maden islerinin énemli
bir kisminda isin durdurulmasi, sektérde mevzuat agisindan yeniliklerin getirilmesi bu
hususta etkilidir. Metal sektdriinde teftis yapilan senede anlamli bir iligki bulunmasi, sektoriin
insaat ve maden sektoriine kiyasla ISG yaptirimlarina daha erken bir reaksiyon gdstermesi
seklinde yorumlanabilir. Keza insaat sektdriiniin gecici mahiyette bir isyeri olmasina karsilik
metal sektoriiniin, kalic1 isyerlerinde hizmet vermesi sebebiyle ISG énlemlerinin alinmasinin
uzun siire etkisinin olumlu olacagindan metal isverenleri ISG onlemleri almaya insaat
igverenlerine kiyasla daha erken ikna olabilmektedir.

Isin durdurulmasi yaptirimu, oliimlii is kazalarmin azaltilmasina etki etmesi beklenen
hususlardan sadece biridir. Santiyelerde bir yaptirimmin uygulanmasi, ingaat sirketlerinin
proje yonetiminde ISG ile ilgili tedbirleri temel ydnetim prensiplerine dahil etmeden, ISG
uygulamalarinin kontroliinii ve siirekliligini saglamadan, sektoriin genelinde o6limli
kazalarin azalmasini tek basina garanti edemez. Ingaat isverenlerinin teftis edilmeye ve isin
durdurulmas1 gibi yaptirimlarin maruz kalmadan da ISG kosullarmi saglamasi
gerekmektedir. Isverenler, isyerlerindeki proje yonetiminde alman Kararlarin iSG
yiikiimliiliklerine dair entegrasyonunu saglamalidir.

Gerek diinya genelinde gerekse Tiirkiye’de ISG ile ilgili yasal yeniliklerin uygulanmasi
cesitli zorluklar1 barindirmaktadir. Bu konuda, Loosemore ve Andonakis [71] tarafindan
yapilan ISG’ye iliskin reformlarin uygulanmasinda karsilasilan engellerin konu edildigi
makalenin sonucunda ISG uygulamalarmnin maliyeti, konusulan dil, egitimsel engeller ve
degisimden kaynaklanan korkunun temel engeller oldugu ileri siiriilmiistiir. Tiirkiye’de insaat
sektoriinde meydana gelen 6liimlii is kazalarinin degerlendirildigi Olcay vd. [52] tarafindan
yapilan calismada da tiim yasal diizenlemelere ragmen Tiirkiye’de insaat sektoriinde ISG
kiiltiiriiniin oldukc¢a disiik bir seviyede oldugu ifade edilmistir. Yapmis oldugumuz
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caligmada da ingaat sektdriinde yasal ISG reformlarnin heniiz yeterince uygulamaya
yansimadig1, uygulanan idari yaptirimlarin sektoriin tamaminda genel caydiriciligi heniiz tam
olarak olusturamadig1, ISG kiiltiiriiniin gelismis iilkelere kiyasla diisiik bir seviyede oldugu,
pandemi ve ekonomik krizin insaat sektoriindeki ISG &nlemlerine olumsuz yonde etki
edebilecegi sonucuna varilmstir.

Bu ¢aligmanin yazarlari, Tiirkiye’de ingaat sektoriindeki can kayiplarinin azaltilabilmesi igin,
sektorde oliimlii is kazalart sayisinda keskin ve siireklilik arz eden bir diisiis saglanana kadar
ozellikle ingaat sektorii denetimlerinde, yaptirimlarin ek siire verilmeksizin uygulanmasini,
miifettis sayisinin, teftislerin ve isin durdurulmasi yaptirim sayilarinin arttirilmasini, sektorel
farkliliklar dikkate alinarak yeni bir eylem plan1 ve politika belgesinin olusturulmasini, iISG
uygulamalarinda bagar1 gdsteren igverenlerin tesvik edilmesini, ISG yiikiimliiliiklerini ihlal
ederek isin durdurulmasi yaptirimi uygulanan isyerlerinin genel farkindalik ve caydiriciliga
katkida bulunmasi i¢in kamuoyuna belirli siirelerle agiklanmasimi (teshir edilmesini)
Onermektedir.
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Budyko Egrisinin Uzun Vadeli Havza Planlama
Calhismalarinda Su Biit¢esi Hesabi icin Kullanilmasi

Yonca CAVUS!

(0V/
Budyko egrisi Hidrolojide su biitgesi hesabinda kullanilan bir yontemdir. Egri, buharlagma
orant ile kuruluk indeksi arasindaki dogrusal olmayan bir iliskiden olusur ve
evapotranspirasyonun su ve enerji kaynakli smirlarimi tanimlar. Kuruluk indeksinin uzun
donemde buharlagma oraninda bir degisimi tetiklemesi havzanin Budyko egrisine uyumunda
degisim beklenir. Bu c¢alismada, aylik yagis-akis iliskisi kullanilmak suretiyle Budyko
egrisine dayanan bir su biitcesi yaklasimi Onerilmistir. Ger¢ek evapotranspirasyon, uzun
donemde havza su depolamasinda bir degisim olmayacagi kabuli altinda akim ve yagis
arasindaki fark olarak alinmis, potansiyel evapotranspirasyon ise Thornthwaite yontemi ile
hesaplanmigtir. Uygulama i¢in Kiiciik Menderes nehir havzasi secilmis; havzanin memba ve
mansabinda bulunan iki meteoroloji ve iki akim gozlem istasyonunun aylik toplam yagis,
aylik ortalama sicaklik ve aylik ortalama debi verileri kullanilmistir. Tiirkiye’den bir akarsu
havzasinin Budyko ¢er¢evesine uyumu ilk kez bu ¢aligma kapsaminda incelenmis; sonuglar,
Kiigiik Menderes havzasinin genel olarak Budyko egrisine uydugunu gostermistir. Kiiciik
Menderes nehir havzasi drneginden hareketle Budyko egrisinin su kaynaklarinin planlanmast
ve yonetiminde su biitgesi hesabi igin kullanilabilir pratik bir yontem oldugunu
gostermektedir.

Anahtar Kelimeler: Budyko egrisi, gercek evapotranspirasyon, Kiiciik Menderes havzasi,
potansiyel evapotranspirasyon, su biitcesi, Thornthwaite yontemi.

ABSTRACT

Using the Budyko Curve for Water Budget Calculation in Long-term Basin Planning
Studies

The Budyko curve is a method used in water budget calculation in hydrology. The curve
consists of a nonlinear relationship between the evaporation rate and the aridity index and it
defines the water and energy-based limits of evapotranspiration. A change in the evaporation
rate of the aridity index is expected to trigger a change in the compliance of the basin to the
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Budyko curve in the long term. In this study, a water budget approach based on the Budyko
curve is proposed by conisdering the monthly rainfall-runoff relation. Actual
evapotranspiration is taken as the difference between streamflow and precipitation under the
assumption that there will be no change in the basin water storage in the long term, and
potential evapotranspiration is calculated by the Thornthwaite method. The Kiigiik Menderes
river basin was selected for the application. The monthly total precipitation, monthly average
temperature and monthly average streamflow data of two meteorology and two streamflow
gauging stations located in the upstream and downstream of the basin were used. The
compliance of a river basin from Tiirkiye to the Budyko framework was examined for the
first time within the scope of this study. The results show that the Kiiciik Menderes basin
generally complies with the Budyko curve. Based on the Kiigiik Menderes river basin case
study, it has been understood that the Budyko curve is a practical method in calculating water
budget for water resources planning and management.

Keywords: Actual evapotranspiration, Budyko curve, Kii¢iikk Menderes basin, potential
evapotranspiration, water budget, Thornthwaite method.

1. GIRIS

Insanlarin su kaynaklarina erisebilmesi suyun yeterli miktar ve kalitede olmasini gerektirir.
Suya erisimin siirdiiriilebilirligi, suyun sonsuz bir dogal kaynak olmadigi, tersine tilkenir bir
kaynak oldugu gerceginin anlagilmasi ile miimkiindiir. Bu nedenle, su kaynaklarimnin
planlanmast ve yonetimi faaliyetleri bir¢ok paydasi bulunan bir organizasyonu
gerektirmektedir. Suyun beseri, sosyal, hukuksal ve ekonomik etkileri de goz Oniine
alindiginda bunun kolay bir organizasyon olmadigi goriilmektedir. Bu organizasyon ancak
uzun erimli su politikalar1 ve yatirim planlar ile saglanabilir. Bunun i¢in su kaynaklarini
planlama ve politika gelistirme c¢abalarina katki saglamak iizere su biitgesi hesabinin
yapilmas1 6nemli ve gereklidir. Su biitcesi, bir bolgedeki su kaynaklarinin su ihtiyaglari ile
karsilagtirilmasi ve arz-talep arasindaki simdiki ve gelecekteki dengenin kurulmasi esasina
dayanir. Bu biitce havzanin yagis-akis iliskisine baglidir. Yani havzanin, tizerine diisen
yagisin ne kadarimi ne sekilde (ne kadar kayip ile) havza g¢ikisina ulastirdigma dair bir
problemdir. Bu, iklim ve havza karakteristiklerine bagli dogrusal olmayan ve zaman-mekan
bakimindan karmasik bir siiregtir.

Siirecinin karmasik olmasi su biitgesi hesabi i¢in zor yontemlerin kullanilmasini gerektirmez.
Tersine yontemin basit olmasi1 6zellikle uygulama bakimindan gerekli ve 6nemlidir. Bu
amagla kullanilabilecek nitelikte basit bir yontem sunan Budyko [1], uzun déonem ortalama
havza su biit¢esini havza iklimi ile iliskilendirmis, uzun dénem gercek evapotranspirasyonun
ve akimin havza {zerine diisen yagis ve potansiyel evapotranspirasyondan elde
edilebilecegini gostermistir. Bunu yaparken havza depolama sisteminde uzun dénemde bir
degisim olmayacagini varsaymis, boylece kendi adiyla bilinen Budyko egrisini gelistirmistir.
Budyko egrisi, herhangi bir parametre kullanmadan sadece kolayca bulunabilen yagis ve
ampirik olarak hesaplanabilen potansiyel evapotranspirasyon verilerini kullanarak diinyadaki
herhangi bir nehir havzasi i¢in ortalama akimi tahmin edebilir.

Budyko egrisi, Bat1 diinyasina tanitildigindan beri [2] diinya ¢apinda ¢ok sayida ampirik,
teorik ve siire¢ temelli ¢aligmalarin konusu olmus; literatiirde farkli sekillerde yorumlanmis
ve ¢esitli amaglarla kullanilmistir. Yang vd. [3], Budyko hipotezini gergek ve potansiyel
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evapotranspirasyon arasindaki iliskiyi igeren Bouchet hipotezine [4] baglamistir. Gerrits vd.
[5] uydu veri kaynaklarindan elde edilen depolama ve yagis verisi ile ilgili Olgiilebilir
parametreleri birlestirerek terleme ve tutmayi basit bir sekilde modellemis ve Budyko egrisini
analitik olarak tiiretmistir. Budyko egrisinin kullaniminin genis bir yelpazeye sahip oldugunu
gostermesi bakimindan termodinamikte kullanilan maksimum entropi iiretim ilkesine gore
yorumlandigindan da burada bahsedilebilir [6]. Budyko egrisi uzun dénem su biit¢esi igin
makul sonuclar vermis [5, 7, 8] ayrica iklim degisikliginin etkilerinin belirlenmesi [9] ve
taskin frekans analizi [10] gibi ¢esitli pratik uygulamalarda 6nemli tahmin yetenegi
sergilemistir. Budyko egrisi dncelikle, havzanin enerji ve su mevcudiyeti arasindaki iliskiyi
ortaya koymaktadir. Su-enerji iligkisi tabanli basit kavramsal modellerin Budyko egrisi ile
elde edilen sonuglart tirettigi gosterilmistir [2]. Boylelikle, Budyko egrisinin kullanilabilirligi
ortaya konmustur.

Havza alani kiigiildiik¢e detayli mekansal analiz yapma imkani ortaya ¢ikmaktadir. Benzer
sekilde zaman aralig kiictildiikce detayli zamansal analiz yapilabilmektedir. Kiiciik havza
alanlar1 ve kisa zaman araliklarinda calisildiginda yagis-akis iligkisini etkileyen faktorler
detayli bir gekilde siirece dahil edilebilmektedir. Havzanin iklimi, toprak ve bitki Ortiisii,
topografya oOzellikleri ile ilgili faktorlerin biiyiik havzalarda ve yil gibi uzun zaman
araliklarinda kullanilmasi pratik olmaktan ¢ikmaktadir. Bunun yerine bu faktorlerin etkisini
toplu bir sekilde hesaba katan, tercihen boyutsuz olan indeksler kullanilmaktadir. Budyko
egrisindeki kuruluk indeksi (E,/P) bu tiirden bir 6rnektir ve havza iklimini temsil etmektedir
[11]. Havzanin, belli déonemlerde (yillarda) Budyko egrisinin genel egiliminden uzaga
diismesi genel olarak iklimdeki degiskenlik ile iligkilidir. Ancak gevresel ve antropojenik
faktorlerin (insan miidahalesinin) de siireci etkiledigi bilinen bir gercektir [12]. Yine de bu
durum, iklimi uzun vadeli su biit¢esinde birincil kontrol mekanizmasi olmaktan ¢ikarmaz.
Ciinkii, havzadaki arazi kullanimi ve bitki ortiisti iklime bagli olarak degigmekte, bu degisim
dogrudan ya da dolayli olarak hidrolojik ¢evrimi etkilemekte, hidrolojik ¢cevrimdeki degisim
de havza yagis-akis iliskisini belirlemektedir. Budyko egrisi tiim bu degisimleri toplu bir
sekilde gosterebilmektedir [13, 14]. Yani, kisa zaman araliklarinda ve kiigiilk mekansal
Ol¢eklerde akis ve buharlagma siireglerindeki bu detayli etkilesim, uzun zaman araliklarinda
ve biiyiikk mekansal 6lgeklerde Budyko egrisi ile basit hale getirilmistir [15].

Budyko egrisini kullanan ve Tiirkiye’yi uygulama alani olarak segen ¢aligmalar kapsaminda
Nistor vd. [16], 21. yiizyilda Tiirkiye’de iklim degisimi altinda su mevcudiyetinin degisimini
incelemistir. Unnisa vd. [17] gecmis yillarda tiim Akdeniz havzasinda iklim degisimi
kaynakl1 su biitgesini incelemis ve Avrupanin giineyi ile Tiirkiye ve Balkanlarin batisinda
son yillarda gercek evapotranspirasyonu etkileyen ve su sikintisini daha da 6nemli hale
getiren degisimlere dikkat ¢ekmistir. Cevahir [18] ve Cevahir vd. [19] Budyko egrisi
yaklasimu ile Kizilirmak havzasinin su dengesi bakimindan hassasiyetini ortaya koymus,
havzada 1sinma ve kuruma kaynakli su kaynaklarini yonetme zorluklar1 yasanabilecegini
vurgulamustir. Tirkiye ile ilgili olmakla birlikte bu ¢alismalar yurtdisinda yapilmustir.

Sayica az olmakla birlikte Budyko egrisi ile ilgili Tiirkiye’de gergeklestirilen g¢alismalar da
vardir [20-25]. Budyko egrisinin dogrudan kullaniminin s6z konusu olmadigi bu ¢aligmalarin
ortak noktasi, Budyko hipotezi ¢ergevesinde su biitgcesi denklemini kullanan Dinamik Su
Dengesi (dynwbm) adli kavramsal modelin Tiirkiye havzalari izerinde kullanilmig olmasidir.
Bunlardan Okkan vd. [20] ve Ersoy [21], bahsedilen hidrolojik modeli yapay sinir aglari ve
destek vektdr regresyonu makine Ogrenmesi teknikleri ile harmanlayarak model
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kalibrasyonunu otomatik hale getirmistir. Yeni hali ile Gediz havzasinda yapilan uygulama
sonuglarina gore ortalama ve yiiksek akimlarin belirlenmesinde model 6nceki versiyonuna
gore performans artis1 gostermistir. Diger bir harmanlama ¢alismasinda Ersoy vd. [22], bu
kez yapay sinir agimin (YSA) Dinamik Su Dengesi modeliyle birlestirilmesiyle elde edilen
hibrit yagis-akis modelinde yeralti suyu depolama parametreleri ortadan kaldirilmis;
dogrudan akis ve derine sizma (perkolasyon) ¢iktilart YSA kismina girdi olarak sunulmustur.
Bu sekli ile kavramsal modelin yapay sinir aglarinin gilicli yanlart kullandigi ve
dezavantajlarint g6z ardi ettigi, bu sayede tahmin performansini arttirdig1 yapilan
uygulamalardan goriilmiigtiir. Bu ¢alisma serisinde ayrica Dinamik Su Biitcesi yagis-akis
modeline dogrusal davranis gosteren yeraltt suyu depolama elemani yerine destek vektor
makinesi eklenerek bes parametreli hibrit bir model olusturulmus; hibrit model, kavramsal
modele kiyasla kalibrasyon ve validasyon asamalarinda daha diigiik hata vermistir [23].
Yagis-akis modellerinin potansiyel evapotranspirasyon tahmininde kullanilan yontemlere
olan hassasiyetinin belirlenmesi amaciyla Dinamik Su Biitcesi modelini kullanarak yaptiklari
calismada Okkan vd. [24], sekiz kiiresel 6l¢ekli iklim degisim modelini 11 farkli PET modeli
ile birlikte kullanarak Gediz Havzasinda incelemistir. Bulgular, PET modeli se¢iminin, hafif
ve orta meteorolojik kuraklik sikligina %5°i bulmayan bir belirsizlik kattigini, siddetli
meteorolojik kuraklik sikliginda ortaya ¢ikardigi belirsizligin ise ancak %25 kadar oldugunu
gostermistir. Bunlarin yani sira, Dinamik Su Biitgesi yagis-akis modeli, Gediz havzasinda
yer alan Caglayan Baraji’nimn iklim degisikligi etkileri altinda hazne isletme optimizasyonda
kullanilmustir [25]. Budyko ¢ercevesini esas alan havza modelinin uygulanmasindan ibaret
olan bu calismalarda uygulama yapilan havzanin oncelikle Budyko cergevesine uyup
uymadigl incelenmemistir. Goriildiigii tizere, Tirkiye akarsu havzalarinin Budyko
cergevesine uyumu konusunda bir aragtirma boslugu mevcuttur. Bu arastirma boslugunun
Kiicilk Menderes havzasi iizerinde yapilan uygulama ile bu calismada giderilmesi
amaglanmistir.

Tiirkiye, olas1 bir kuraklik durumunda 6zellikle tarimsal alanlarin dogrudan etkilenecegi bir
iklim kusaginda bulunmaktadir. Bulundugu iklim kusagi nedeniyle yagistaki yil igi
mevsimsel degiskenlik, siddetli ve uzun siireli kuraklik ile birlestiginde su potansiyelinin ve
mevcut su biriktirme haznelerinin kapasitelerinin yeterli olmamasi riski her daim vardir.
Kuraklik nedeniyle ortaya ¢ikan kapasite eksikligi, izleyen sulama mevsiminde su eksikligi
sorununu beraberinde getirmektedir. Bu yiizden, su biitgesi hesab1 yapilirken su dengesinin
hidrolojik kosullar bakimindan tipik (ortalama) bir yil i¢in saglanmasi yeterli degildir. Bu
dengenin 6zellikle kurak yil veya kuru donemlerdeki talebi de karsilamasi gereklidir. Bu
hesap yapilirken, kullanilabilen tiim su kaynaklariin miktar1 potansiyel su kaynagi olarak
degerlendirilmeli ve her tiirlii su ihtiyaci géz oniinde bulundurulmalidir. Su biit¢esinin 6n
goriilebilmesi kurakliga kars1 alinacak 6nlemlerin yerindeligini ve etkinligini artiracaktir. Bu
acidan bakildiginda uygulanabilir basitlikte ancak etkin yontemler kullanilarak uzun erimli
su planlama ve yonetimi ¢aligmalarinin yapilmasi ayri bir dnem kazanmaktadir. Buna gore,
bu ¢alismanin temel amaci basitligi ve uygulanabilirligi hesaba katilarak Budyko egrisinin
su biitgesi hesabinda kullanilabilirliginin arastirilmasi ve bu kapsamda Kiigiik Menderes
akarsu havzasmin Budyko egrisine uyumunun incelenmesidir. Bu genel amacin altinda
kalmak iizere asagidaki arastirma sorularma cevap verecek sekilde 6zel incelemeler de
yapilacaktir:
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1) Kiiglik Menderes havzas1 Budyko egrisine uyuyor mu?
2) Havzanin memba ve mansabinin Budyko davranisi benzer mi?

3) Havza Budyko egrisinden sapma gosteriyor mu? Herhangi bir sapma varsa nedenleri
nelerdir?

2. YONTEM
2.1. Standart Budyko Egrisi

Budyko egrisi, atmosferik su kaynagi (yagig) ve su talebi (potansiyel evapotranspiration)
arasindaki orana bagli olarak yillik ve daha uzun siireli su biitcesi hesabinda yaygin olarak
kullanilan bir fonksiyondur (Sekil 1). Herhangi bir parametre icermeyen bu fonksiyonun
matematik ifadesi

Y= \/qbtanh(%)(l — exp(—¢)) (1)

seklindedir. Burada

w=2 2
¢ =2 (3)

olup sirastyla birim yagis basina diisen gergek evapotranspirasyon (E/P) buharlagma oranini,
birim yagis basina diisen potansiyel evapotranspirasyon (E,/P) de kuruluk indeksini temsil
etmektedir. Budyko egrisinde, yagis (P) mevcut suyun, potansiyel evapotranspirasyon (E;)
ise mevcut enerjinin bir dl¢iisiidiir. Havzanin konumuna gore degisen enerjinin miktarma
bagl olarak hesaplanan kuruluk indeksi Budyko egrisi i¢in temel nicelik biiyiikliiktir.
Fonksiyon uglarda enerji ve su kisitina bagl asimptotlara sahiptir. Budyko egrisinin dnciilii
olan Schreiber [26] ve O1’Dekop [27] fonksiyonlari sirasiyla

W =1 —exp(—¢) @)
¥ = ¢ tanh(1/¢) )

seklindedir. Budyko egrisi aslinda bu iki egrinin geometrik ortalamasidir.

Eski Sovyetler Birligi ve Avrupa’dan binin iizerindeki akarsu havzasi i¢in yapilan ¢alismalar,
akarsu havzalarmin %90’mdan fazlasinin Budyko egrisine uydugunu gostermis [28], bu
performanst Budyko egrisine 6nem kazandirmistir. Budyko egrisi basit bir arz-talep dengesi
cercevesinde kuruluk indeksinin bir fonksiyonu olarak ger¢cek evapotranspirasyonu
hesaplamak i¢in kullanilir. Diinyanin bazi bolgelerinde, gergek evapotranspirasyon toplam
yagisa yaklasabilir. Bu, ancak toplam yagis1 buharlagma ve terleme ile kaybetmeye yetecek
miktarda enerjinin mevecut olmasi halinde miimkiindiir. Su ve enerjinin mevcudiyeti her
birindeki kisitlara bagli olarak Budyko egrisini sekillendirir. Yeterli miktarda enerjinin
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mevcut olmamast halinde gergek evapotranspirasyon, Budyko egrisinin enerji-kisith kolunun
altinda kalir. Bu bolgeler genellikle nemli bolgelerdir. Buna gore, ikliminin kuruluguna bagh
olarak bolgenin mevcut su ve mevcut enerjisi Budyko egrisinde birer sinirlayici faktor olarak
etkisini gosterir.

8
Su kisiti
1 4
0.8 - S
By Budyko Egrisi
S N
X
0.6 - o
G
0.4 -
0.2 -
0 T T T T T T T
0 05 1 15 ¢ 2 25 3 35 4

Sekil 1 - Budyko egrisi ve kisitlart

Atmosferdeki su biit¢esi ¢ok sayida bilesenden olusur ve bu nedenle karmasik bir yapiya
sahiptir. Ancak bu karmasiklik biiyiik mekansal ve uzun zamansal 6l¢eklerde 6nemli dlgiide
basitlesir. Su biitgesi, en basit haliyle

AS /At=P—E—-Q (6)

seklinde yazilabilir. Daha 6nce tanimlanan degiskenlerin diginda burada, Q havza ¢ikigindan
komsu havzaya ya da su alic1 ortama (deniz, gol) yiizeysel akis seklinde ulasan akimdir.
Denklemdeki A S/A t ise havza su depolama sisteminde zaman i¢inde meydana gelen artma
veya azalmadir. Miidahaleli olmayan veya ihmal edilebilir miidahale durumunda havza su
depolamasinda meydana gelecek artma ve azalma, yillart bulan uzun dénemlerde birbirini
dengeler. Bundan hareketle, Denklem (6), A S = 0 alindiginda

P=E+Q )

seklini almaktadir. Bu basitlestirme ile Budyko egrisi kullanim alani bulmustur.

Budyko egrisi igin gerekli olan potansiyel evapotranspirasyon hesabinda kullanilan ¢ok
sayida ampirik denklem vardir. Bu denklemler sicaklik ya da radyasyon temelli
formiilasyonlara sahiptir. Sicaklik temelli olanlardan yaygin sekilde kullanilanlarinin en
onemlileri Thornthwaite [29], Blaney ve Criddle [30] ve Hargreaves ve Samani [31] dir.
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Bunlardan Thornthwaite [29] tarafindan onerilen ve kendi adiyla anilan yontem, girdi olarak
uygulama alanini temsil eden meteoroloji istasyonunun sadece aylik ortalama sicakligina
ihtiya¢ duymaktadir. Bu verinin kolaylikla temin edilebilmesinden dolayr Thornthwaite
yontemi 6zellikle yaygin kullanim alani bulmus, bu ¢aligmada da bu yontemin kullanilmasi
bu nedenle uygun goriilmiistiir. Thorntwaite yonteminin iglem adimlari basit ve yaygim bir
sekilde bilindiginden burada ayrica verilmemistir.

Veri imkanlarina bagl olarak Blaney ve Criddle [30] veya Hargreaves ve Samani [31] gibi
aylik yontemlerin de evapotranspirasyon hesabinda kullanim potansiyelleri vardir. Ancak bu
calismada Penman-Monteith yontemi [32] gibi giinliik zaman araliginda ¢alisgan ve ¢ok
sayida girdi verisi gerektiren radyasyon temelli yontemlerin kullanilmasi, Budyko egrisinin
uzun déneme uygulanabilir olmasi nedeniyle gerekli goriilmemistir.

2.2. Parametrik Budyko Egrisi (Fu Egrisi)

Budyko egrisinin en 6nemli 6zelligi parametrik olmayan yapisidir. Budyko egrisi havzadan
havzaya kalibrasyona ihtiya¢ duymayan, formiilasyonunda (Denklem 1) herhangi bir
parametre igermeyen bir yapiya sahiptir. Bu nedenle genel gegerliligi vardir ve veri olarak
sadece yagisi kullanmasi nedeniyle kolaylikla uygulanabilir bir yontemdir. Bu haliyle
Budyko egrisini bu ¢alismada “Standart Budyko Egrisi” olarak adlandirilmistir. Budyko
egrisine alternatif olusturmak iizere Fu [33] bir denklem gelistirmistir. Fu egrisi olarak
bilinen bu denklem kalibre edilmesi gereken bir parametreye sahiptir. Bu aslinda standart
Budyko egrisinin parametrik bir seklidir. Fu egrisi

W=Z=1+¢—(1+¢)/ (8)

ile verilmistir ve standart Budyko egrisine en iyi @ = 2.6 alindiginda yaklasir [34]. Denklem,
standart Budyko egrisinden farkli olarak herhangi bir fiziksel anlami olmayan boyutsuz ®
serbest parametresini igermektedir. Her ne kadar dogrudan bir fiziksel anlam yiiklenemese
de denklem parametresinin havza karakteristikleri ile iliskili oldugu sdylenebilir.

2.3. Yontemin Uygulanmasi

Sekil 2’de sematize edildigi lizere bu ¢alisma havza girdi (P) ve g¢iktilarinin (E ve Q)
dengesine dayanan Budyko egrisi kavramini kullanmaktadir. Oncelikle havza cikisindaki
AGI’nin havzay1 temsil eden MGI’lerin verilerinden yararlanarak potansiyel ve gercek
evapotranspirasyon degerleri aylik olarak hesaplanmaktadir. Aylik degerlerin yillik toplam
degerlere tagnmasi ile AGI’nin temsil ettigi havzanin Budyko egrisi elde edilmektedir. Bu
yontem Kiigiik Menderes nehir havzasi iizerinde uygulanmis ve havza Budyko ve Fu egrileri
elde edilmistir. Budyko egrisinden sapma olmas1 durumunda y1llik degerlere en iyi uyan Fu
egrisi belirlenmis, egrinin w parametresi yillik degerler ile egri arasindaki hata minimum
olacak sekilde elde edilmistir. Kullanilan hata kriteri, ortalama karesel hatanin karekokii
(KOKH) olup
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KOKH = /% (P — #)? )

ile verilmektedir. Burada, ¥ her bir yilin kuruluk indeksine (¢) karsi Denklem 8’den
hesaplanan Fu egrisi lizerindeki buharlasma oranidir. ¥ siireklilik denkleminden (Denklem
7) hesaplanan gozlenmis buharlagsma oramidir. n de gozlem periyodundaki yil sayisini
gostermektedir. Uygulamadan elde edilen sonuclar degerlendirilerek caligmanin akist
tamamlanmustir.

3. UYGULAMA ALANI VE VERI
3.1. Kiiciik Menderes Nehir Havzasi

Kiigiik Menderes Nehir Havzasi, Tiirkiye’nin batisinda Ege bolgesinde yer almaktadir (Sekil
3). Havzaya adimi veren Kiigiik Menderes 140 km uzunlugundadir. Havza drenaj alan1 3255.2
km?’dir. Nehir havzasi tipik Akdeniz iklim karakteristiklerini sergilemektedir. Havzanin
uzun doénem ortalama yillik yagis1 622 mm, havzanin ¢ikisinda 1960-2011 yillar1 arasinda
olgiilen yillik ortalama akim ise 9.2 m*/s (89.13 mm)’dir. Havzanin %41’i tarimsal alanlarla
kaplidir ve bu alanin %52’si sulanabilmektedir. Havzanin geri kalan kismu sulak alanlar ve
rezervlerle birlikte kentsel bdlgelerden olusmaktadir.

A Meteorolgji istasyonlan

@  Akim gézlem istasyonlar

—— Akarsu agi

:I Havza gizgisi

Sekil 3 - Kiiciik Menderes nehir havzasi sinirlart ve kullanilan meteoroloji ve akim gozlem
istasyonlarmin havzadaki konumlari. Havza haritasi iizerindeki siyah ¢izgi, meteoroloji
istasyonlarmin etki alanlarini belirleyen Thiessen ¢okgeni ¢izgisidir.

3.2. Kullamilan Veri

Memba ve mansabini temsil edecek ve yeterli veri uzunluguna sahip iki MGI ve iki AGI
secilmistir (Tablo 1). Memba i¢in DO6A012 kodlu Biilbiiller AGI ve 17822 kodlu Odemis
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MGI segilmistir. Havzanin mansabindaki akim, E06A001 kodlu Selguk AGI ile temsil
edilmis; yagis icin 17854 kodlu Selguk MGI yaninda Odemis MGI de alinmis; her bir
MGI nin etki alan1 Thiessen ¢okgeni ile belirlenmistir. MGI’ler nispeten uzun kayitlara
sahiptir (59 ve 55 yil). Yagigsiz aylarin oran1 Odemis ve Selguk meteoroloji istasyonlarinda
sirastyla %12.2 ve %17.7°dir. MGI’lerin ortalama sicakliklari arasinda belirgin bir fark
yoktur. Yagig, mansap istasyonunda memba istasyonuna goére daha yiiksektir. Membay1
temsil etmek iizere segilen Biilbiiller AGI’sinin nispeten kisa olan veri uzunlugunun yaninda
mansaptaki Selguk AGI’si yeterli gézlem uzunluguna sahiptir. Segilen AGI’lerin neredeyse
dogal akim kosullarina sahip olmasma &zellikle dikkat edilmistir. Bu nedenle membada
yapilan su yapilari hesaba katilarak her iki istasyonun da son yillarina ait veri
kullanilmamstir [35].

Tablo 1 - Caliymada kullanilan meteoroloji ve akim gézlem istasyonlarimin istatistik

ozellikleri
Veri Istasyon Drenaj  Gozlem Yillik Yullik Yillik Yagissiz ~ Akarsu
tiird ad1 ve Alan periyodu ve toplam  ortalama  ortalama  ay orani kuruma
kodu (km?) uzunlugu (yil)  yagis sicaklik akis (%) orant
(mm) O (mm) (%)
Odemis 1960-2018 592.7 16.61 12.2
. 17822 (59)
Yagis
Selguk 1964-2018 685.1 16.69 17.7
17854 (55)
Biilbiiller 73.4 1981-2002 111.6 21.0
DO06A012 @20
Akim
Selguk 32552 1960-2012 89.2 10.7
E06A001 (52)
1000 —
3
£ 750
£
i~
<
’é 500 —
E
o
g
o \'\’V/\/\,/\-/\/-\
T T T T
1980 1980 2000 2020
- 17822 =—— 17854 - EO0BA001 DOBA012

Sekil 4 - Kiiciik Menderes havzasinda 17822 ve 17854 kodlu MGIlerin yillik toplam yagis
ve E06A001 ve DO6A4012 kodlu AGI’lerin yillik ortalama akimlarinin gidisi
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MGI ve AGI’lerin gézlem siiresi boyunca yagis ve akim gidisleri Sekil 4’te gosterilmektedir.
Buna gore, her iki MGI’de de 1960, 1980 ve 2010’lu yillarda yagista azalma egilimi
gbzlenmistir. Bu azalma, 1990’larm ilk yillarinda her iki MGI’de de y1llik toplam yag1s 400
mm’nin altina inecek kadar belirgin bir diigme seklinde olmustur. Havzanin akis katsayisi
%20 civaridadir, yani yagisin %20 kadar1 akisa gegmektedir. Akim verisine bakildiginda,
Selcuk AGI genel olarak Selcuk MGI yagis zaman serisindeki yiikselme ve diisme yillarini
takip etmektedir. Benzer sekilde Biilbiiller AGI, Odemis MGI yagismin seyrini izlemekte;
1982 ve 1999 yillarinda yagista diisme gozlenmesine ragmen akista bir yiikselme
goriilmektedir. Bu AGi’de akim 1999 yilinda pik degerine ulagmistir.

3.3. Havza ile ilgili Calismalar

Kiigiik Menderes havzasinda tarimsal ve endiistriyel su ihtiyaglarinin ¢ogu yeralt1 su
kaynaklarindan saglanmaktadir. Ayrica, nehir havzasi, onemli tarimsal faaliyetler ve sulama
tesislerine ev sahipligi yapmaktadir [36]. Bu durum mevcut kisitli su imkanlart altinda su
talebini giinden giine artirmaktadir. Oneminden dolay: havza ile ilgili projeler gelistirilmis
ve sonuclar1 raporlar halinde yayinlanmistir. Son yillarda yapilanlardan 6rnek vermek
gerekirse oncelikle Kiigiik Menderes Havzasi koruma eylem planindan bahsedilebilir [37].
Daha sonra yapilan ¢aligsmalarda Kiigiikk Menderes havzasinda sektorler bazinda su tahsis
planlart hazirlanmis [38] ve havza su kaynaklarmin olasi iklim degisikligi etkisi altindaki
durumlar1 incelenmistir [39]. Ayrica havza kuraklik ve tagkin yonetim planlart da yapilmistir
[40, 41].

Kiigtik Menderes nehir havzasi, sulama, enerji ve tagkin kontroliiniin yani sira su kaynaklari
yOnetimi ve planlamasi agisindan tagidig1 dnem nedeniyle uygulamanin yaninda ¢ok sayida
arastirmaya da konu olusmustur. Bu kapsamda 6zellikle, iklim degisikligi ve kuraklik etkisi
altinda Kiiciik Menderes havzasi su kaynaklarinin siirdiirtilebilirligi ile ilgili ¢alismalar
yapilmistir. Ornegin; Yagbasan [42], 1964-2011 gozlem siiresindeki veriye dayanarak iklim
degisiminin Kiiciik Menderes havzasi yeralti su kaynaklarina etkisini incelemis; havza
tizerine diisen yagista azalma, sicaklik ve buharlagmada artis belirlemis ve su biitgesi hesabi
ile yeraltt beslenmesinde %15°lik azalma oldugunu ortaya koymustur. Yeralti suyunun
beslenmesinde meydana gelen azalmanin sadece yagistaki azalma ile iliskilendirilemeyecegi,
bu azalmada havzadaki barajlarin da etkisinin oldugu ortaya konmustur [43]. Yeralt: suyunun
onemi ve akifer beslenme kaybi1 dikkate almarak yeralt1 suyunun yapay olarak beslenmesi,
bunun i¢in yagisli donemlerdeki fazla suyun beslenme havuzlarinda toplanarak yer altina
sizdirilmasi, boylece yagisli donemlerde yeralti suyu depolamasinin arttirilmas: ve kurak
mevsimlerde kullanilmasi diisiiniilmistiir [44]. Eris vd. [45], yaptiklar1 uygulama ile Kiigiik
Menderes nehri havzasmin siddetli uzun kurakliklara maruz kaldigini, kuraklik siddetinin
kuraklik periyodu arttik¢a biiyiidiiglint, kurakligin havza i¢ kesimlerinde nispeten daha
siddetli olmakla birlikte tiim havzaya yayildigini gostermistir. Yildirnrm ve Aksoy [46],
havzada akigta azalma egilimi gortildiigiinii ve yeralt1 suyunun hizla azaldigini veri tabanl
analiz sonuglari ile géstermistir. Bunun nedeni, biiyiikk 6l¢iide artan su talebini karsilamak
icin yeralt1 suyunun beslenimden fazla kullanilmasidir. Yeralti suyunun agir1 kullanimi ile
yeralt1 su seviyesi al¢alir, akarsu akisi azalir ve akarsular kurumaya (aralikli olarak akmaya)
basglar. Akistaki bu aralikligin havza kurakhigmin bir 6l¢iisii oldugu ve yeralti su
seviyesindeki diigiisiin akarsu akigindaki kurakligi tetikleyebilecegi sonucuna varilmistir.
Aksoy vd. [47], frekans analizi ile Kii¢iik Menderes nehri havzasi diisiik akimlarinin en
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uygun olasilik dagilim fonksiyonlarini bulmus, olasilik dagilim fonksiyonlar1 kullanilarak
elde edilen diisiikk akim frekans egrilerinden havzanin gelecekte kuruma ile kars1 karsiya
kalabilecegi tespitinde bulunmustur.

4. BULGULAR

Calismanin uygulama agamasinda Budyko egrisi, Kiigiik Menderes havzasinin memba ve
mansabi igin ayr1 ayr1 belirlenmistir. Budyko egrisi hesap adimlari izlenerek her iki MGI igin
aylik potansiyel evapotranspirasyon, Thorntwaite yontemi ile hesaplanmis ve MGI’lerin
Thiessen ¢okgenindeki alanlarina gore agirliklandirilarak kullanilmistir. Aylik yagis, sicaklik
ve debi degerleri ile aylik su biitgesi hesab1 yapilmis, aylik degerler toplanarak yillik degerler
belirlenmistir. Gozlem siiresi boyunca bu sekilde her y1l i¢in yapilan hesaplar sonrasinda elde
edilen (¢, %) noktalart memba ve mansap igin ayr1 ayr1 olmak lizere Budyko egrisi iizerinde
isaretlenmistir.

4.1. Memba Bulgular:

Havzanin membasindan alman MGI ve AGI i¢in Budyko egrisi ¢izilmis, istasyonlarin 21
yillik ortak gdzlem siiresi (1982-2002) boyunca her y1l i¢in hesaplanan (¢, ¥) noktalar1 egri
tizerinde igaretlenmistir (Sekil 5). Yillik noktalar yani sira 1980 ve 1990’11 yillar temsil
eden on y1llik iki ve gozlem siiresini temsil eden bir (¢, ¥) ¢ifti de hesaplanmistir. Az sayida
yillik deger (3 adet) Budyko egrisinin iistiinde kalmis, cogunlugu (13 adet) egrinin altinda
kalmus, geri kalan iicte birden fazla deger (8 adet) egri lizerine diigmiistiir. Egrinin tstiinde
kalan her ii¢ nokta ile egrinin altinda kalan noktalarin &nemli bir kismi1 Budyko egrisine

1.2

1.0 -

0.8 -

.06 -

0.4 -

0.2 -
=—Budyko

f —Fu (w=2.270)
0.0 T T T
0.0 1.0 23 3.0 4.0

Sekil 5 - Kiiciik Menderes Havzast memba Budyko ve Fu egrisi. Kiiciik noktalar yillik
degerleri, numarali noktalar 10 yillik degerleri ve biiyiik (mavi) nokta gozlem siiresini
temsil eden degeri gostermektedir. 10 yillik degerlerden 1 numaral nokta 1982-1990, 2
numarali nokta 1991-2000 yillarinin ortalamasini temsil etmektedir.
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yakindir. Egrinin altinda kalmak suretiyle egriden belirgin sapma gosteren iki nokta ortaya
cikmistir. Bu noktalar, 1982 ve 1999 yillarina aittir. Budyko egrisi iistiinde kalan noktalarin
ait oldugu yillarda havzaya diisen yagis icindeki gercek evapotranspirasyon orani yiiksek,
havza ¢ikisindaki akim orani diisiik olmustur. Budyko egrisi altindaki noktalar da debinin bu
yillarda beklenenin iistiinde kaldiginin gostergesidir. Yillik noktalardan hesaplanan 10 yillik
degerler ve gozlem siiresini temsil eden deger Budyko egrisinin altinda ancak egriye yakin
bulunmustur.

Yillik degerlere gore elde edilen Fu egrisi, Budyko egrisinin altinda kalmistir. Bunun temel
nedeni, Budyko egrisinden sapma gosteren 1982 ve 1999 yillarina ait iki noktadir. Zaman
serisinin 10 yillik degerler ile gbzlem periyodunu temsil eden deger ise Fu egrisi iizerine
isabet etmistir. 1980°1i yillar1 temsil eden 10 yillik nokta 1990’11 yillar1 temsil eden noktaya
gore Fu egrisinin altinda kalmistir. Bu da havzanin membasinda, 1980°1i yillara gére 1990’11
yillarda az da olsa ger¢ek evapotranpirasyonda bir artma ve bu nedenle debide bir azalma
oldugunu gostermektedir. Ayrica, Budyko egrisinin yatay eksenindeki kuruluk indeksi (¢)
degerleri 1.25 ile 2.50 arasinda degigmektedir. Yani havzanin membasi yildan yila kuru yari
sulak ile yar1 kurak iklim siniflar [28] arasinda kalmaktadir.

4.2. Mansap Bulgular

Havzanin mansabini temsil eden AGI ve MGI’lerin ortak gdzlem siiresi (1964-2012)
boyunca her yil i¢in hesaplanan (¢, ¥) noktalarinin biiyiikk ¢ogunlugu Budyko egrisinin
istiinde kalmistir (Sekil 6). Noktalarin ¢gogunlukla Budyko egrisinin iistiinde kalmasi akarsu

1.2

1.0 -

0.8 -

>.0.6 -

0.4 -

0.2 -

—Budyko
—=Fu (Ww=3.346)

0.0 T T T

0.0 1.0 23) 3.0 4.0

Sekil 6 - Kiiciik Menderes Havzast mansap Budyko ve Fu egrileri. Kiigiik noktalar y1llik
degerleri, numarali noktalar 10 yillik degerleri ve biiyiik (mavi) nokta gozlem siiresini
temsil eden degeri gostermektedir. 10 yillik degerlerden 1 numarali nokta 1964-1970, 2
numarall nokta 1971-1980, 3 numarali nokta 1981-1990, 4 numarali nokta 1991-2000 5
numarali nokta 2001-2010 yillarinin ortalamasini temsil etmektedir.
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havzasinda bu yillarda ger¢ek evapotranspirasyonun uzun dénemde beklenenden yiiksek ve
bu nedenle akarsudaki debinin beklenen uzun doénem ortalamasinin altinda oldugunu
gostermektedir. Az sayida da olsa bazi1 noktalar Budyko egrisinin altinda kalmistir. Bu
durum, debinin bu yillarda beklenenin iistiinde kaldiginin gdstergesidir. Havza mansab1 i¢in
toplam 5 adet 10 yillik deger hesaplanmis, bu degerlerden {igii egrinin iistiinde bulunmus,
diger ikisi egri lizerine diismiistiir. Gézlem siiresinin ortalamasii temsil eden deger ise
Budyko egrisinin istiinde ancak egriye yakin bulunmustur. Bu da Kiigiik Menderes nehir
havzasi mansabinin membasina gore Budyko cercevesine daha fazla uyum gosterdigini
ortaya koymustur.

Sekil 6, 1960’11 yillardan 2000°li yillara gore ger¢ek evapotranspirasyondaki artma ve
debideki azalmay1 agikca gostermektedir. Bu degisim, 2001-2010 yillar1 arasinda, bir dnceki
on yila gére nemsenmeyecek diizeyde tersine donmiistiir (Sekil 6’daki 4 ve 5 no.lu 10 yillik
ortalama degerler). Bu durum havza mansabinin uzun dénemde akimin azalmasi yoniinde bir
egilim igine girebilecegi gergegini gostermektedir. Akarsu mansabinda kuruluk indeksinin
yillik degerleri 0.80 ile 2.50 arasinda degigmektedir. Buna gore, havzanin mansabinin yildan
yila sulak ile yar1 kurak arasinda degisen iklim siiflar1 [28] arasinda kaldigini
gostermektedir.

5. DEGERLENDIRME VE TARTISMA

Kiiciik Menderes nehir havzasi iizerinde yapilan uygulamadan elde edilen bulgular,
¢alismanin aragtirma sorularina yanit olusturacak sekilde asagidaki gibi degerlendirilmis ve
tartistlmigtir. Bu degerlendirmede havzanin Budyko ¢er¢evesine uyumu, memba ve mansabi
arasindaki benzerlik veya farkliliklar ele alinarak incelenmis ve Budyko egrisinden olan
sapmalarin nedenleri ortaya konmustur.

5.1. Havzanin Budyko Cercevesine Uyumu, Memba-Mansap Benzerligi

Memba ve mansabi i¢in ayr1 ayri yapilan uygulama ile Kiigiik Menderes havzasinin Budyko
gergevesine uyumu belirlenmistir. Yillik olarak hesaplanan kuruluk indeksi-buharlagsma orani
(¢, ¥) deger ciftleri Budyko egrisi etrafinda sacilma gdstermis, bu sagilma mansapta
membaya gore daha dar bir aralikta kalmistir. On yillik (¢, ¥) deger ¢iftlerinin ise Budyko
egrisi ile olan uyumu yillik degerlere gore daha iyidir. Bu uyum, yillik zaman araligindaki
degiskenligin on yillik ortalama degerlere gecildiginde azalmasi ile agiklanabilir. Burada,
Budyko egrisinin uzun donem havza akim karakteristiklerinin belirlenmesi amaciyla
kullanilabilen parametrik olmayan bir yontem oldugu vurgulanmalidir. Dolayisiyla, havzanin
Budyko cergevesine uyumuna yillik degerlerden ¢ok on yillik degerlerle ve hatta her bir
havzanin goézlem siiresi i¢in hesaplanan tek bir deger ile karar vermek daha uygun olacaktir.
Yillik (¢, ¥) ciftlerinden memba ve mansap i¢in gdzlem siiresine ait hesaplanan ortalama
degerler Budyko egrisine yakin bulunmustur. Memba Fu egrisi Budyko egrisinin altinda,
mansap Fu egrisi ise istiinde kalmistir. Memba egrisi ile ilgili bu bulgu, 1982 ve 1999
yillarinda uzun dénem ortalamasinin iistiinde yagis diigmesi ile ilgilidir.

Kullanilan verinin nicelik ve niteligi de elde edilen bulgular iizerinde 6nemli derecede
etkilidir. Yagisin alansal dagiliminin daha fazla sayida MG ile temsil edilmesi beklenir. Bu
calismada memba yagisi sadece bir MGl ile temsil edilmis, mansap yagis1 icin buna ek olarak
ikinci bir MGI’ye ait veri kullanilmistir. Membadaki AGI ve MGI’nin ortak gdzlem siiresi,
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bulgular1 ¢ikarim haline getirecek yeterli uzunlukta degildir. Buna ragmen, bulgular havzanin
Budyko egrisine uyumunu ortaya koymaktadir. Verinin nicelik ve niteliginde gelecekte
saglanacak gelismeler, bulgularin havzanmn Budyko egrisi ile olan uyumunu ayrica
pekistirmesi beklenebilir.

5.2. Budyko Egrisinden Sapma

Bulgular, gézlem siiresinin 10 yillik donemleri i¢in hesaplanan ortalama (¢,¥) deger
ciftlerinin genel olarak hem membada hem de mansapta Budyko egrisinin yatay ve diisey
ekseni iizerinde zamanla ilerledigini gostermektedir (Sekil 5 ve 6). Yatay eksendeki saga
dogru ilerleme, kuruluk indeksinin artmasi demektir. Kuruluk indeksinin tanimi geregi
(Denklem 3), bu ayni zamanda potansiyel evapotranspirasyonun artmasi ya da yagisin
azalmasi ile ayni anlami tasimaktadir. Thorntwaite yontemi ile hesaplanan potansiyel
evapotranspirasyon sicaklik ile dogru orantilidir. O halde egrinin yatay eksenindeki saga
dogru ilerleme, havza iklim kosullarinin daha ¢orak olacagini gostermektedir. Diisey eksende
yukart dogru ilerleme ise gergek evapotranspirasyonun artmasi ya da yagisin azalmasi
anlamina gelmektedir. Bu her iki durumda, siireklilik denklemi (Denklem 7) geregi havza
¢ikigindaki debi azalmaktadir. Bu da havzanin kuruma egilimine girdigini géstermektedir.

Havzanin mansabinda on yillik ortalama degerler egrinin {izerinde veya iistiinde iken
havzanin memba kisminda on yillik ortalama degerler Budyko egrisinin altinda kalmaktadir
(Sekil 5 ve 6). Bu durum, havzanin mansabinin membaya kiyasla daha ¢cok kurumaya egilimli
oldugunu gostermektedir. Baz1 yillarda mansabinda sulak karakter bile gosterebilen Kiiciik
Menderes havzasi genel karakter olarak kuru yar1 sulak ve yar1 kurak iklim siniflar1 arasinda
kalan bir iklim karakteristigi sergilemistir. On yillik incelemede belirgin bir sekilde kendini
gosteren bu genel iklim karakteri havzanin bilinen Akdeniz iklimi ile uyumludur [35]. Uzun
yillar ortalamasina gore, havza membasi kuru yar1 sulak iklim smifindadir, mansapta ise
havza kuru yar1 sulak goraklig1 en alt sinirdan yagamaktadir [28].

Gozlem siiresince havza, genel anlamda Budyko gergevesine uymakta ve egriyi takip
etmektedir ancak belli donemlerde egriden sapmalar gozlenmistir. Budyko egrisinden en
belirgin sekilde meydana gelen sapma, havzanin membasinda 1982 ve 1999 yillarinda
gerceklesmistir (Sekil 5). Budyko egrisinden olan sapmalarmin diger yillardan fazla
olmasindan dolay1 1982 ve 1999 yillarina ait iki nokta agagida detayli olarak degerlendirilmis
ve tartistlmistir. Oncelikle bu yillarda y degerlerinin neden bu kadar diisiik oldugu
sorgulanmalidir. Denklem 2’ye gore, y degerinin diigiilk olmasi, belli bir yillik yagis i¢in
gergcek evapotranspirasyonun diisiik olmasi demektir. O halde siireklilik denklemine
(Denklem 7) gore, bu yillarda debi biiyiiktiir. Bu kez, havza ¢ikisinda debinin biiyiik
olmasinin nedeninin ortaya konmasi gerekir.

DSI giinliik akim verilerine gore, gdzlem siiresi boyunca AGi’de kaydedilen ortalama akis
hacmi 8.64 milyon m?’tiir. Buna karsin, 1982 yilinda toplam 18.91 milyon m*’liik akis hacmi
kaydedilmis ve bunun 5.06 milyon m>’ii (y1llik toplam akis hacminin %26.8’i) Mart ayinda
gergeklesmistir. 1999 yilinda ise toplam 22.15 milyon m? akis hacmi ortaya ¢ikmis ve bunun
12.20 milyon m*’ii (%55.1°1) Subat ayinda meydana gelmistir. Bu iki ayda akisin ortalamanin
¢ok iistiinde olmasinin dncelikli nedeninin ay i¢inde diisen yagis olabilecegi diistiniilmiistiir.
Aylik yagis verilerine gore 1982 Mart ayinda 81.4 mm yagis diismiistiir. 1982 yilinin toplam
yagist 492 mm’dir. Bu aym yil i¢indeki pay1 %16.5°tir. 1999 Subat ayinda ise 206.1 mm
yagis digmistiir. 1999 yilinin toplam yagist 479.9 mm’dir. Bu aym da yil igindeki pay1
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%42.9’dur. MGi’de 1982 ve 1999 yillarinda birer ayda yogunlagmis yagis firtinalari s6z
konusudur. Bu yagis firtinalarinin ay boyunca gergeklesmedigi, ay i¢inde birkag giinliik kisa
donemlerde meydana geldigi giinliik yagis verilerine bakildiginda ayrica goriilmiistiir.
Yagislar, 1982 yil1 igin 12-17 Mart arasi alt1 glinde meydana gelmis; 1999 yili i¢in ise 1-10
Subat arasi 10 giinde yogunlagmis, 12-19 Subat ve 22-25 Subat arasi yine siddetli yagislar
gozlenmistir. Bu yagis firtinalari, yiiksek akis hacimlerine neden olmus; bu aylarda ger¢ek
evapotranspirasyonun yagis i¢indeki payi (buharlagsma orani) azalmistir. Bu azalma yillik
buharlagma oranina da yansimis, E/P kiigiilmiistiir. Bu iki yildaki noktalarin v degerlerinin
diisiik olmasinin nedeni budur. Bu sekilde agiklandigi iizere ekstrem olmalarindan dolay1 bu
iki yila ait noktalar hari¢ tutularak Fu egrisi tekrar olusturulmus ve Sekil 7°te verilmistir.
Ekstrem deger tagiyan bu iki noktanin baskin etkisinin ortadan kalkmasiyla Fu egrisi Budyko
egrisine yaklagsmustir.
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Sekil 7 - Kiiciik Menderes Havzast memba Budyko egrisi ve 1982 ve 1999 yillart hari¢
tutularak belirlenen Fu egrisi. Kiigiik noktalar yillik degerleri, numarali noktalar 1982 ve
1999 yillart hari¢ tutularak hesaplanan 10 yillik degerleri ve ve biiyiik (mavi) nokta yine bu
iki y1l hari¢ gézlem siiresini temsil eden degeri gostermektedir. 10 yillik degerlerden 1
numarali nokta 1982-1990, 2 numarali nokta 1991-2000 yillarinin ortalamasini temsil
etmektedir.

5.3. Tartisma

Budyko egrisi, parametrik olmayan yapisi ve aylik zaman 6lgegindeki sinirli veri talebi ile
pratik amagla kullanilabilir. Budyko egrisi, havzanin yer aldig1 bolgenin iklim karakterinin
havza hidrolojisine olan etkisini gostermektedir. Gozlemlerin Budyko egrisi ile olan
uyumunun yeterli olmamasi halinde parametrik egrilere bagvurulabilir. Bu amagla
kullanilmak iizere akla gelen ilk 6rnek Fu egrisidir. Bu egri bir parametrelidir. Denklemin
parametresi her ne kadar fiziksel bir anlam tasimasa da havza yagis-akis iliskisinde etkin
iklim, morfoloji, arazi kullanimi, bitki ortiisii, topografya gibi tiim 6zelliklerin etkisini toplu
halde barindirmaktadir.
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Caligmada, siirekli ve miimkiin oldugunca miidahalesiz verisi olan AGI ile AGI’yi temsil
eden ve AGI ile olabildigince uzun ortak gozleme sahip MGI’ye ihtiya¢ vardir. Kiigiik
Menderes havzasinda azimsanmayacak sayida AGI ve MGI olmakla birlikte bu kisit altinda
nehir havzasmin memba ve mansabini temsil edecek sekilde 2 AGI ve 2 MGI belirlenmis;
calisma bu veri seti ile gergeklestirilmistir. Bu veri seti ile elde edilen bulgular Budyko
egrisinin Kiiciikk Menderes havzasi 6zelinde kullanilabilirligini ortaya koyacak yeterli bilgi
sunmustur. Budyko egrisinin veri varligi bakimindan zengin bagka havzalara uygulanmak
suretiyle kullanimmin gelistirilmesi miimkiindiir. Akarsu havzasinin memba ve mansab1
genel olarak Budyko cergevesi ile uyumlu bulunmus ancak Budyko egrisi kullanilarak
yapilan hesaplara gére, havzanin membasi i¢in beklenenin iistiinde, mansabi igin beklenenin
altinda akim elde edilmistir. Havzanin Budyko egrisi ile uyumunun yeterli olmamasi halinde
bir parametreli Fu egrisi parametresi kalibre edilmek suretiyle alternatif olarak kullanilabilir.
Memba ve mansap sonuglarmdaki bu farkin kullanilan veri kiimesinin nicelik ve niteligi ile
iliskilendirilebilecek sinirlamadan kaynaklandigi disiiniilmektedir. Buna ragmen, hem
memba hem de mansapta akimin giderek azaldigi yoniindeki kayitli zaman serisindeki
gbzlem, Budyko egrisi tarafindan da teyit edilmistir. Kiigiik Menderes havzasi i¢in ¢ikarim
niteliginde bulgulara ulagmak i¢in daha fazla say1 gdzlem istasyonunun daha uzun ve nitelikli
verisi ile benzer bir calisma yapilmas:t Onerilmektedir. Calismanm ilkemizin diger
havzalaria da uygulanmasi ayrica gereklidir. Ciinkii mevcut literatiir incelendiginde tilkemiz
akarsu havzalari i¢in Budyko egrisine dayanan su biitgesi ile ilgili bir arastirma ¢alismaya
rastlanmamustir.

Y1l ya da yildan uzun zaman araliklarinda kullanilabilen Budyko egrisi, uzun dénem havza
hidrolojik karakteristiklerini belirlemede yararlidir. Havzanin Budyko egrisine uyumunun
tespit edilmesi ile 6nemli bir pratik sonug elde edilir. Budyko egrisine uyumu ortaya konan
bir havzada aylik ortalama sicaklik ve aylik toplam yagisin bilinmesi halinde aylik ortalama
debi hesap edilebilir. Bu yaniyla, Budyko egrisi akim ol¢limii olmayan havzalarin su
kaynaklarini planlamada su biitgesi hesabi icin uygulamacilara dnemli bir avantaj saglar. Ote
yandan, iklim degisim modelleri ¢iktilarini kullanan havza hidrolojik modelleri ile
gelecekteki akim hesabi yapilmaktadir. Bunun igin genellikle ¢ok sayida olan model
parametrelerinin kalibre edilmesi gerekir ve bunun i¢in detayli veriye ihtiya¢ vardir. Yagis-
akis iligkisini ortaya koyan hidrolojik modeller giin veya saat gibi kisa zaman araliklarinda
kullanilmaktadir. Budyko egrisi ise aylik verilerden yola ¢ikarak y1l ve yildan uzun donemler
icin su biitcesi hesab1 yapmaktadir. Bu sekilde degerlendirildiginde Budyko egrisinin
hidrolojik modellere alternatif olabilecegi diisiiniilemez. Ancak su biitcesi hesab1 ya da havza
planlama calismalarinda, detayli havza hidrolojik modelleri ile kisa zaman araliklarinda
iiretilen akimlardan elde edilen yillik akimlar1 kullanmak yerine parametre kalibrasyon
kolaylig1 ve hesap pratikligi bakimindan Budyko egrisi tercih edilebilir. Budyko egrisine
uyumu ortaya konan bir havza icin farkli senaryolara dayanan iklim degisim modellerinden
elde edilen aylik ortalama sicaklik ve yagis verileri kullanilarak akim hesaplanabilir. Bu
aragtirma konusu, ¢alismanin gelecekte yapilmak {izere sundugu bir art1 degerdir.

6. SONUCLAR

Standart Budyko egrisi veya esdegeri olan parametrik egriler, su kaynaklarini planlama
calismalarinda uygulamact kurumlara havza su biitgesi hesabinda onemli bir kolaylik
saglayacaktir. Budyko egrisi 6zellikle akim Sl¢limii olmayan havzalarda uzun déonem debi
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hesabinda yarar saglayacaktir. Kiiciik Mendres havzasi lizerinde sinirhi veri ile yapilan
uygulama Budyko egrisinin bu amagla kullanilabilmesi yoniinde tesvik edici bulgular ortaya
koymustur. Budyko egrisi sayesinde akim Ol¢iimii olmayan akarsu havzalarinda su
kaynaklarinin etkin bir sekilde planlanmasi ve yonetilmesi de miimkiin olacaktir.

Semboller
E : Gergek evapotranspirasyon
Ep : Potansiyel evapotranspirasyon

KOKH : Ortalama karesel hatanin karekokii

: Gozlem periyodundaki y1l sayis1

: Yagis
: Akim
AS : Havza su depolama sistemindeki degisim
At : Zaman arali1
[0) : Kuruluk indeksi
: Buharlagsma orani
w : Fu parametresi
Tesekkiir

Bu calisma, TUBITAK 3501 programi cercevesinde &nerilen 224M652 no.lu "Budyko
egrisinin uzun dénem su biitgesi hesabinda kullanilmasi ve akim 6l¢limii olmayan havzalara
uygulanmas1” baslikli projenin 6n ¢alismalarina dayanmaktadir. Bu galisma sirasindaki
desteginden dolay1 Prof. Dr. Hafzullah Aksoy’a ¢ok tesekkiir ederim.
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ABSTRACT

The capacity design philosophy primarily focuses on limiting the seismic shear force that
will affect the structural system and has been widely accepted in the structural earthquake
engineering community. However, several sources in the literature indicate that there are still
some problematic points in this design philosophy. The main problem is that the proposed
solution in this philosophy considers the first fundamental mode of the structural system but
overlooks the effects of higher modes. This problem may lead to increased seismic shear
force demand that is attempted to be limited by the capacity design philosophy. A similar
problem with cantilever walls was first identified in the mid-1970s, and several solutions,
which consider both dynamic effects and capacity design principles, were proposed in the
relevant literature. Regarding Eccentrically Braced Frames (EBFs) with short link beam, no
specific study on the dynamic amplification of shear force demand has been observed in the
literature. However, other studies in different contexts have alluded to the possibility of such
a phenomenon in EBFs and other steel frames. This study focuses on the dynamic
amplification of shear force demands and determines its range using incremental dynamic
analysis and multi-modal push-over analyses. Consequently, it has been demonstrated that
limiting the shear force demand of the system, as recommended by the capacity design
principles in all steel structure design specifications, is not possible. The use of a dynamic
amplification factor is suggested to address non-ductile failure modes and enhance structural
reliability. In this context, the current study examines the previously mentioned issue for
eccentrically braced frames with short link beam in 4-story and 8-story buildings,
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representing low-rise and mid-rise buildings respectively. As a result, the seismic shear
demands for EBFs found in Incremental Dynamic Analysis are significantly higher than
those calculated by using capacity design principles for both 4-story and 8-story buildings.
Additionally, the results from Incremental Dynamic Analysis have been comparatively
examined with multi-modal push-over analyses. The internal force demands for elements of
EBFs, especially in braces, increased due to the higher base shear demands, excluding the
link beam.

Keywords: Eccentrically braced frames with short link beam, seismic shear demand, push-
over analysis, incremental dynamic analysis, higher mode effects, incremental response
spectrum analysis.

Highlights

e The study investigated the seismic shear force demand of eccentrically braced steel
frames designed using the capacity design method, using two archetypal models
representing low and medium-rise buildings.

e Numerous numerical analyses were conducted utilizing various nonlinear analysis
methods, including single-mode push-over analysis, incremental dynamic analysis, and
incremental response spectrum analysis.

e Significant findings indicate that the capacity design method may not always limit the
seismic shear force demand in eccentrically braced steel frames. This is a crucial principle
in earthquake-resistant structure design. It was observed that, similar to systems with
spine-like structural elements, there could be dynamic amplification effects in addition to
the strength presented in the seismic shear force demand.

1. INTRODUCTION

Eccentrically Braced Frames (EBFs) are structures that resist lateral loads, possessing high
stiffness in the elastic range and demonstrating significant ductility and energy dissipation in
the plastic range. In the EBF system, large eccentricities are intentionally introduced between
the brace-to-beam connection and the beam-to-column joint to ensure that the link undergoes
yielding in shear. EBFs are typically characterized by a distinct segment of the beam, termed
the 'link beam,' which acts as a structural fuse. While ductile steel moment-resisting frames
(MRFs) exhibit high ductility but low elastic stiffness, concentrically braced steel frames
(CBFs) possess high elastic stiffness but tend to show low ductility due to the braces' buckling
failure mode. EBFs effectively bridge this gap by combining the high ductility of MRFs and
the elastic stiffness of CBFs. AISC 341 [1] outlines the seismic design method for EBFs,
grounded in the capacity design philosophy. This philosophy posits that even when the links
of EBFs are fully yielded and have undergone strain-hardening during earthquake events, the
other components of the EBFs should retain their elastic properties.

By employing such structural fuses, the seismic shear demand of a building is constrained,
aligning with the primary objective of the capacity design philosophy. Ensuring the accurate
determination of seismic shear demand is paramount; it guarantees that, as intended, elements
other than the link beam remain elastic. However, critiques in the literature highlight certain
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shortcomings of this philosophy [2-3]. A fundamental challenge is that the philosophy doesn't
fully account for the seismic shear force demand of the structural system, as it doesn't
consider the effects of higher modes. This oversight might inadvertently increase the seismic
shear force demand that the capacity design philosophy aims to limit. An elevated shear
demand could lead to inelasticity in the other EBF elements, potentially causing the structure
to unexpectedly collapse an outcome that's highly undesirable in earthquake-resistant design.
Initial research on EBFs emerged in Japan during the early 1970s [4-5], where studies
concentrated on the behavior of single-story and single-span EBFs under cyclic loads,
deriving their force-displacement relationships. In the late 1970s, as a result of many
experimental and numerical studies conducted by Popov et al. [6-14], especially the short
link beams, it has been observed that the EBFs are very ductile and stable frames for resisting
seismic loading.

In recent times, research endeavors concerning EBFs and link beams have primarily centered
on the following domains: (1) The effects of material and cross-sectional properties of link
beams on overstrength and cyclic behavior, as explored through experimental and numerical
studies [15-21]. (2) The development and study of replaceable link beams, with a particular
emphasis on bolted variants [22-25]. (3) Investigating the distribution of plastic deformation
in multi-story buildings designed per the capacity design principles [26-33]. Outside these
prevalent areas of study, literature on the collapse probability of EBFs is relatively sparse.
Notably, a recent contribution to this niche topic was made by Qi et al. [34].

Despite the occurrence of the 1994 Northridge and 1995 Kobe earthquakes, detailed insights
into the earthquake performance of EBFs remained scant. However, the 2010 and 2011
earthquakes in New Zealand provided an opportunity for extensive observations regarding
the behaviors of EBFs during seismic events. Post-earthquake evaluations [35-36]
highlighted EBFs in buildings of various heights of 2, 3, 5, 12, and 22-stories. These EBFs
were either standalone or paired with steel moment-resisting frame systems and precast
reinforced concrete systems. Notably, these structures exhibited pronounced plastic
deformation demands on bond beams, with a few link beams even displaying cracks. Yet, no
local or global collapses were reported for the buildings in question. Gardiner et al. [36]
observed that the structures had withstood loads approximately double their original design
specifications, still outperforming the current design benchmarks by about 1.7 times. The
lone exception was a fracture in one link. The observed increase in seismic shear force
demand, compared to the design level, suggests possible reasons. Overstrength in materials
and systems is a likely contributor. Yet, the dynamic influence on shear force demand,
potentially causing a rise in seismic load, is another pivotal area for discussion.

The dynamic amplification of seismic shear demand on cantilever walls was first identified
by Blakeley et al. (1975) in the mid-1970s. In designing shear walls, the wall’s flexural
capacity is determined by considering overstrength, in alignment with capacity design
principles. This capacity is used to find an inverted triangle load distribution which is similar
to first mode shape. An additional concentrated load of 0.1 times the base shear is applied at
the top of the wall to consider higher mode effects. However, Blakeley et al. [2] noted that
during significant earthquakes, inertial forces, which are predominantly first mode until a
flexural hinge forms at the base, undergo redistribution and are increasingly influenced by
higher modes. Consequently, the locus of inertial force distribution can deviate, sitting either
below or above the anticipated inverted triangle force distribution. This variance can lead to
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the seismic shear demand at the wall's base or top being substantially higher than the
stipulated design values. Indeed, after a plastic hinge emerges at the base of a cantilevered
RC wall, inertia forces are redistributed within this transformed system, which can be
conceptualized as a combination of a plastic hinge and an elastic spine (as depicted in Fig.1
- Case 2). Here, the elastic spine refers to the elastic behavior of the main lateral load-resisting
system and represents the elastic portion of the structure, excluding the plastic hinges, in the
mechanism formed after plastic hinging occurs. A similar phenomenon has been observed in
strongback braced systems, as documented by Simpson [37].
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Fig. I - The inertia force distribution in before and after plastic hinge formation [37].

If an analogy is established between cantilever walls and EBFs, it's observed that after the
formation of shear plastic hinges in all, or the majority of link beams, the distribution of
inertial forces changes. This shift results in higher mode contributions becoming dominant
instead of the first mode. MacRae [38] found a greater base shear demand in response history
analyses than the expected global base shear capacity of the considered EBF archetypes.
MacRae [38] also attributed this increase to the changing distribution of lateral inertial forces.
A schematic explanation of the changing lateral load distribution is shown in Fig. 2.

‘ First mode dominant ‘ ‘ Second mode dominant ‘

@ Plastic Hinge

- - ldealized cantilevers with plastic hinge
(corresponds o EBF elements other than link beams)

Fig. 2 - Change of inertial force distribution after yielding of all link beams and column
base.
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This paper initially focuses on the upper limits of seismic shear demands using three-
dimensional (3D) push-over analysis (POA), which considers the first mode shape of
buildings for load distribution. The results are then compared with the seismic shear demand
computed using Incremental Dynamic Analysis (IDA). Furthermore, Incremental Response
Spectrum Analysis (IRSA) is included in this study to verify the IDA results and to determine
the modal contribution to inertial forces.

All analyses have been performed on 4 and 8-story EBF (Eccentrically Braced Frame)
archetypes, which were designed as part of a study conducted by NIST.TN.1863-3 [39]. In
this study, several nonlinear dynamic analyses were carried out on these archetypes. It was
found that the axial forces on the columns and braces of these structures are higher than those
calculated using capacity design principles. It's important to note that an increase in these
axial forces corresponds to an increase in seismic shear demand. NIST.TN.1863-3 [39]
concluded that this might result from the link beam calibration with experimental test results,
which indicated approximately a 15% higher overstrength than the 1.25xVe (Vpe =Ry X V)
used in the design as per AISC 341. However, Richards [40] argued that the increase in
column axial forces cannot be solely explained by strain hardening and overstrength. Due to
higher internal force demands than those calculated with the capacity design principle, some
elements (such as columns and braces) that were intended to remain elastic experienced
inelasticity. This issue was identified by Koboevic et al. [29-30] through nonlinear time
history analyses on buildings with varying numbers of stories. Similar results were also
obtained by Crisan and Stratan [28]. This study aims to investigate the amplification of shear
force demand due to nonlinear higher mode effects in EBFs.
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2. MODELING AND ANALYSIS
2.1. Archetype Models and Seismic Design Parameters

The 4 and 8-story buildings used in this study are based on the report NIST.TN.1863-3 [39]
prepared by Speicher and Harris. They were designed using the Equivalent Lateral Force
(ELF) method for floors other than the ground floor in both buildings. The width of linked
bays (L) within the EBFs is 6.1 m, and the link length (e) is 0.76 m, giving an e/L ratio of
roughly 0.13. The building floor plan and EBF elevations are illustrated in Figs. 3-4. The
story heights are 5.486 m for the first floor and 4.267 m for the other floors. The column and
beam cross-sections are wide flange US sections, while the brace cross-sections are tubular.
Seismic force resistance in the N-S direction is provided by two perimeter EBFs, and in the
E-W direction, Special Moment Frames are used as the seismic force resisting system.
Seismic analysis and design parameters are presented in Table 1. The EBFs were designed
in compliance with the seismic design requirements set forth in ASCE 7-10 [42] and AISC
341-10 [1]. The section compactness and capacity design requirements specified in AISC
341-10 [1] determined the brace sizes and initial column sizes. For the 8-story building, the
plastic link rotation limits defined in AISC 341-10 [1] were the governing factor for column
sizes. Due to the prescribed lateral force distribution in ASCE 7-10 [42], the elastic lateral
drift of a slender braced frame can be more influenced by the global flexural mode of
deformation rather than the shear mode. Drift and rotation angles taken from ASCE 7-10 and
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AISC 341-10 are 2% and 8%, respectively. The analysis and design procedure described in
the NIST.TN.1863-3 [39] report is illustrated in Fig. 5.

Strength Analysis
per ASCE 7.

Iterate analysis
and design

Design Shear
Links.

v

Capacity Design
Analysis per AISC
341.

No Good?

Design Braces,
Columns, and
Beams Outside of
Link.

iGood?

Drift and Stability
Analysis per
ASCE 7

Verify Design
Story Drift

NO GOOD?

Update Member
Sizes

Verify Link
Rotation Angle

Update Member
Sizes

NO GOOD?

END

Fig. 5 - Flow chart of EBF design process [39].

The Effective Length Method, as outlined in AISC 360 §C1 [43], is used for the design of
EBF elements, excluding the link beam. The effective length factor, K, was conservatively
set as 'l' to determine the nominal compression strength of these elements. The Redundancy
Factor (p), equal to 1.3 for a single bay in the Seismic Force Resisting System (SFRS) as per
ASCE 7-10 §12.3.4 [42], was however neglected in the design to minimize member
overstrength contributions in the seismic performance assessment [44]. A minimum link
depth of 14 inches (W14) was selected for connection constructability, which contributes to
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the design overstrength of link beams in the upper stories where story shear demands are
relatively low. HSS (Hollow Structural Section) sections are used as braces in the 4- and 8-
story archetype buildings. The link plastic rotation is determined using the design story drift,
calculated by amplifying the results of an elastic analysis. This provides a rough estimate of
actual expected drifts. The inelastic drift can be calculated using the formula Ain=(Cq4- 1) A,
where Cq is the deflection amplification factor, set at 4 for eccentrically braced frames; A. is
the drift from an elastic analysis using the prescribed base shear; and Aj, is the inelastic drift
[45].

Table 1 - Seismic analysis and design parameters.

Parameters 4-story 8-story
S 1.50¢g 1.50¢g
S 0.60 g 0.60 g
F, 1.00 1.00
Fy 1.50 1.50
Sps 1.00 g 1.00 g
Spi 0.60 g 0.60 g
Site Class D D
Cu T, 0.90 sec 1.48 sec
Tcomp. 1.04 sec 2.14 sec
Analysis Procedure ELF ELF
R, Cq, Qo 8,4,2 8,4,2
Importance Factor, 1 1.00 1.00
Total Building Weight, W 22830 kN 47000 kN
Design Base Shear, V 1890 kN 2375 kN

2.2. Nonlinear Modeling and Analyses

Push-Over Analysis (POA) and Incremental Dynamic Analysis (IDA) of EBFs have been
conducted using 3D models in the PERFORM-3D software [46], aiming to investigate the
nonlinear higher mode effects on shear force demand. To ensure comparability with the
NIST.TN.1863-3 [39] study, the following assumptions and simplifications were made
during modeling and analysis: (1) Beam ends, as well as braces, are fixed to the column to
approximate the gusset plate restraint; (2) The stiffness of the gusset plate connection is
estimated by doubling the adjacent member stiffnesses over an estimated plate length of 0.46
m; (3) Floor slabs are modeled as semi-rigid membrane diaphragms with no out-of-plane
bending stiffness and a 0.5 in-plane stiffness modifier to account for cracking at design
loading, and the out-of-plane stiffness of the concrete deck is neglected; (4) Gravity load-
carrying framing is modeled to capture P-Delta (P-A) effects; (5) The gravity beams are
modeled with pinned connections to minimize their strength and stiffness contributions to
the seismic performance of the EBFs.
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The model comprises linear frame elements and nonlinear discrete plastic hinges (located at
the ends of columns, braces, beams outside the link, and at the middle of link beams). The
plastic shear hinge model, taken from the report NIST.TN.1863-3 [39], has been calibrated
with test data from that report and verified with the numerical model proposed in this study
(see Fig. 6 and Fig.7). The shear hinge force-deformation model proposed by Speicher and
Harris [44] follows a tri-linear backbone curve with limited hardening behavior, as provided
in PERFORM-3D [46]. In past research on the nonlinear behavior of EBFs, the plastic shear
hinge model developed by Ramadan and Ghobarah [47], or similar models, have been widely
used. The key difference between the model used in this research, as proposed by Speicher
and Harris [44], and the one developed by Ramadan and Ghobarah [47], lies in the definition
of strain hardening; in the former, hardening is not limited and increases at a certain rate,
while in this present study, hardening is limited. Consequently, the shear force demands
likely to occur in the link beam are restricted at high earthquake intensities.
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Fig. 6 - Frame element model for shear link
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Fig. 7 - Shear link component backbone curves in PERFORM-3D (left), shear link hinge
model calibration (right) [39].

The elements of the EBFs, except for the link beam, are modeled using moment-rotation
hinges with axial interaction (i.e., PMM hinges see Fig. 8). These hinges have been assigned
to the ends of the beams outside the link, as well as to the columns and braces, in order to
capture potential nonlinearities in these members. Additionally, a nonlinear panel zone
component model in PERFORM-3D [46] is utilized for the beam-to-column joint (see Fig.
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9). The overall nonlinear modeling of the elements of the EBFs, except for the link beam
schematically described in Fig. 10.
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POA has been performed using Fajfar's N2 method [48], while Vamvatsikos and Cornell's
approach [49] was adopted for IDA. This analysis method offers seismic demand and
capacity prediction through nonlinear dynamic analyses with scaled ground motion records.
According to Vamvatsikos and Cornell [49], IDA data can enhance understanding of
structural behavior and the relationship between static and dynamic responses. In this study,
IDA curves showing roof displacement versus base shear are plotted for the archetype
buildings, allowing comparison within the same coordinate system. The ground motion
records used are from the NIST.TN.1863-3 report [39].

3. ANALYSIS RESULTS AND DISCUSSION
3.1. Seismic Base Shear Demand Calculation Using Capacity Design Principles

The variation of shear forces is illustrated in Fig.11, showing results from: (1) conducting a
linear analysis using the Equivalent Lateral Force (ELF) method, (2) using the design shear
strengths of the link beams as per AISC 341 [1] formulation, and (3) using the ultimate
strengths of the link beams. Accordingly, following capacity design principles, the seismic
base shear capacity of the archetype building can be calculated by summing the story shear
forces, excluding the effect of the strength of the column-to-base connection. In Fig.11, story
strengths are determined as Vigiory = X Vi X Ly /hgy where Ly, is the bay width, hg, is the
story height, and V; is the design shear strength (design or ultimate) of the link.
4 1 x 8 X —®— Linear Analysis (ELF)

==--- Design Shear Strength

Ultimate Shear Strength

8 &
=2 =]
™ =y ‘
2
3 X
3690 kN i
2 * 4768 kN
1 ' ! T — 1 - o -
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
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Fig. 11 - Story shear forces corresponding to ELF analysis and story strengths obtained
with capacity design principles.

3.2. Push-over Analysis

The maximum seismic base shear capacity (limit) of the archetype buildings, designed in
accordance with AISC 341 [1], has been determined using first mode-based 3D POA. The
corresponding push-over curves are presented in Fig.12. The POA results from this study
align well with those previously obtained by Speicher and Harris [44]. For the maximum
base shear limit, values of 4099 kN for the 4-story building and 4800 kN for the 8-story
building have been determined through POA. It is noteworthy that the values reported by
Speicher and Harris [44] were 4087 kN and 4747 kN, respectively.
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Fig. 12 - Push-over curves.

The top displacement demands of the archetype buildings have been determined using the
N2 method [48] and are compared with the values obtained by Speicher and Harris in the
NIST.TN.1863-3 report [39], as shown in Table 2. Additionally, these results will be

compared with the IDA results discussed in Section 3.3.

Table 2 - Top displacement demands corresponding to seismic hazard levels
(DBE and MCE).

NIST.TN.1863-3 Present Study

Hazard

Level 4 - story 8 -story 4 -story 8 - story
Apgg (m) 0.203 0.426  0.207 0.460
Amce (m) 0.305 0.640 0313 0.693

Top displacement demands have also been compared with the results from NIST.TN.1863-3
[39], as shown in Table 2, and the maximum difference is about 7 percent between the
mentioned study and the current study. This difference is considered acceptable, given that a

different method (the N2 method) has been used in this study.

3.3. Incremental Dynamic Analysis

Within the IDA approach, nonlinear time-history dynamic analyses are carried out using a
set of earthquake ground motions scaled to specific intensity levels. These ground motions
are scaled using a factor that increases in certain increments (e.g., 0.05g, 0.1g). The IDA
analysis for the archetype buildings has been conducted by applying the methodology

proposed by Vamvatsikos and Cornell [49]. The ground motion records are listed in Table 3,
and the elastic acceleration spectra, along with the code design spectra, are displayed in Fig.

13.

100



Ahmet M. YILDIRIM, Bilge DORAN, Yasin FAHJAN

Top displacements and base shear values obtained from both IDA and POA are plotted in the
same coordinate system in Figs. 14 and 15 for the 4-story and 8-story buildings, respectively.
The ratio of the seismic base shear demand obtained in the IDA results to the maximum
seismic base shear capacity determined in the POA is defined as the dynamic shear
amplification (Bd). d values are calculated considering both the maximum and mean of the
IDA results for each archetype at certain target top displacements, which are obtained in the
POA conducted for Maximum Considered Earthquake (MCE) and Design Based Earthquake
(DBE) hazard levels.
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Fig. 13 - Elastic acceleration spectrums of selected ground motion records with code
design spectra.

Table 3 - Ground motion records used in this study [39].

4 - Story Building 8 - Story Building
1D Event Name Station Component 1D Event Name Station Component
1 Cape Mendocino Cape Mendocino 2 1 Imperial Valley El Centro Array #11 2
2 Superstition Hills Poe Road (temp) 2 2 Superstition Hills Poe Road (temp) 2
3 Kocaeli, Turkey Duzce 1 3 Duzce, Turkey Bolu 1
4 Superstition Hills El Centro Imp. Co. 1 4 Imperial Valley Delta 2
5 Kocaeli, Turkey Arcelik 1 5 Kocaeli, Turkey Arcelik 2
6 Northridge Beverly Hills - Mulhol 2 6 Landers Yermo Fire Station 1
7 Imperial Valley Delta 2 7 Superstition Hills El Centro Imp. Co. 1
8 Kobe, Japan Shin-Osaka 2 8 Chi-Chi, Taiwan CHY101 2
9 Northridge Canyon Country-WLC 2 9 San Fernando LA - Hollywood Stor 2
10 Friuli, Italy Tolmezzo 1 10 Manijil, Iran Abbar 1
11 Loma Prieta Gilroy Array #3 2 11 Kobe, Japan Shin-Osaka 1
12 Landers Coolwater 2 12 Loma Prieta Gilroy Array #3 2
13 Manyjil, Iran Abbar 2 13 Hector Mine Hector 1
14 Duzce, Turkey Bolu 2 14 Northridge Canyon Country-WLC 1

As observed in Figs. 14-15, the 4-story building retains its maximum base shear capacity at
the MCE (Maximum Considered Earthquake) level, whereas the 8-story building does not,
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experiencing a loss of about 25 percent of its maximum capacity. However, the performance

evaluation of EBFs, as previously conducted in the technical report NIST.TN.1863-3 [39], is
not within the scope of this study.
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Fig. 14 - Capacity curves for 4-story building with the POA and IDA.
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The seismic shear demands of EBFs found in the IDA are significantly higher than those in
the POA. A statistical summary of the fd values calculated at DBE and MCE levels is
provided in Table 4. The seismic shear demands for both the 4-story and 8-story buildings,
as determined by capacity design principles, POA, and IDA, are shown in Figs. 14-15 for
comparison. All the story shear demands determined by IDA correspond to the DBE hazard
level. It is evident from Fig. 16 that the story shear demands according to the mean of the
IDA results are higher than those calculated by capacity design principles, particularly in the
lower stories.

Due to the calibration of the shear hinge model with test data, the ultimate shear strength
(1.25RyVp) of the link beam, as defined in AISC 341-10 [1], increases by 15 percent, as
stated in NIST TN 1863-3 [39]. In this study, this increase is considered in both the push-
over analysis (POA) and capacity design calculations. Therefore, the dynamic shear
amplification obtained using incremental dynamic analysis (IDA) is refined to exclude any
effects of overstrengthening and hardening. Concurrently, the shear link hinge model does
not allow unlimited isotropic strain hardening. As a result, the dynamic amplification of story
shear and internal force demands becomes evident in the results since the effect of calibration
and unlimited isotropic hardening effect on Bd was excluded. Hence, the internal force
demand in the EBFs elements, other than the link beam, is also expected to increase due to
the dynamically amplified seismic shear demand. Although these elements are designed to
remain elastic, the increase in internal force demand might lead to inelastic deformation
demands.

Speicher and Harris [44], in their analyses for NIST.TN.1863-3 [39], observed an increase in
axial force demand on columns and braces, attributing this to the calibration of the link beam
with test data. However, Richards [40] suggested that the increase in column axial forces
cannot be solely explained by strain hardening and overstrength. In our study, the calibrated
hinge model is used, aiming to observe further amplification of seismic demand due to
dynamic effects. The normalized axial force demands of columns and braces determined by
the aforementioned analysis methods are illustrated in Figs. 17 -18.

Table 4 - Statistical Summary of IDA results.

Bd for 4-story

Max. Min. Mean Mean+1 std.
DBE 1.59 1.14 1.27 1.40
MCE 1.87 1.29 1.50 1.65

fd for 8-story

Max. Min. Mean Mean+1 std.
DBE 2.21 1.26 1.59 1.85
MCE 237 1.48 1.86 2.12
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In Figs. 17-18, the axial force demands (Pu) obtained from the mentioned analyses are
normalized against the axial demand (Pe) under the Equivalent Lateral Force (ELF) and
presented according to the floor levels. In the determination of axial force demand in columns
using capacity design calculations, AISC permits the multiplication of the ultimate link beam
capacity by 0.88. However, this value was not applied in the capacity design analysis
conducted in this study. The mean results of IDA and capacity design calculations show that
the column axial force demands take similar values on the lower floors, while the values
obtained with capacity design are lower than those from IDA in the upper stories.
Nevertheless, when examining the curve in Figs. 14-15 corresponding to the maximum IDA
results (at the DBE hazard level), it is observed that the axial force demands of the columns

attain higher values.
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Fig.17 - Normalized column axial forces.
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It is posited, based on observations from this study, that this increase could be attributable to
dynamic shear amplification. Given that braces are the primary elements for transferring
story shears, it is anticipated that their axial force demands of braces would be significantly
influenced by the dynamic shear amplification. As depicted in Fig. 18, the axial demands of
braces, corresponding to the mean of IDA results, are notably higher than those calculated
using the capacity design principle. While this difference is consistent across all floors in 4-
story buildings, it is found to be considerably larger in the lower and upper floors of 8-story
buildings.

3.4. Incremental Response Spectrum Analysis

The contribution of different modes to seismic demand can be investigated using various
modal decomposition methods. In this context, as graphically depicted in Fig. 19, each mode
can hypothetically be considered to have its own hysteresis loop and modal capacity diagram.
Modal parameters, such as periods, modal participation factors, and other generic response
parameters of the structure, can be calculated at each time step of a time history analysis,
taking into account both material and geometric nonlinearities. Using these nonlinear
parameters, the equivalent static forces for each mode can be separately determined, allowing
for an assessment of the contribution of higher modes to the inertia force distribution.
Simpson [37] employed a similar method in her research on strongback braced frame
systems. Alternatively, multi-mode push-over analysis can be used to evaluate the
contribution of higher modes to the inertia force distribution. While there are different types
of multi-mode push-over analysis, the Incremental Response Spectrum Analysis method
(IRSA) [50] was employed in this study.

IRSA method is a multi-mode push-over analysis technique recommended for evaluating and
designing buildings and bridges under seismic effects [50]. As illustrated graphically in Fig.
20, IRSA is developed as a process in which modal displacements are calculated
incrementally until they reach their peak values, referred to as the inelastic spectral
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displacements for each mode. This is achieved by applying a piecewise linear Response
Spectrum Analysis (RSA) at each incremental step between the formation of two consecutive
plastic hinges. With the modal displacement increments for each mode at each step,

increments of all response quantiti

es of interest, such as story displacements, story drifts,

plastic hinge rotations, and internal forces, can be calculated using an appropriate modal
combination rule. In the practical application of IRSA, the well-known equal displacement
rule is employed, and the earthquake input is represented as an elastic response spectrum
[50]. In this study, the method was used to examine the seismic shear force demands

originating from higher modes in a

more practical manner.
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Fig. 19 - Hypothetic hysteresis loops and modal capacity diagrams (solid black lines) [50].
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Incremental response spectrum analysis was utilized in a practical manner within the scope of this
study, thanks to several assumptions listed below:

a.

b.

f.

Only the first two modes were considered in the IRSA analysis.

The P-delta effect has been neglected. Given that this effect is not a significant factor in
low-rise and braced structures, its omission is not expected to have a serious impact on
the analysis of seismic shear force demand. Fig. 21 presents a comparative analysis of
thrust curves obtained from IRSA and POA analyses. The results from IRSA Mode 1 are
sufficiently consistent with the POA results. It is clear that there is no significant impact
of neglected P-delta effect in the context of seismic shear demand, which is the main
subject of this study.
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Fig. 21 - Comparison of POA and IRSA curves.

The locations of plastic hinges are assumed to be fixed, corresponding to the mechanism
state of the 1st mode. This assumption is consistent with the principles of capacity
design.

A bilinear elasto-plastic hinge model has been employed for the inelastic behavior of the
link beam, where the hardening effect is not considered, and the ultimate shear capacity
is specified to be equivalent to that described in Section 2.2 for the plastic hinge model.

The potential plastic yielding in the braces has been disregarded, as the design is based
on capacity design principles, which typically account for such effects.

IRSA analyses were conducted with 2D (planar) model.

In Fig. 22. modal capacity diagrams for both modes obtained as a result of IRSA, as well as
the push-over curves for each mode, are presented separately. Additionally, the push-over
curve representing the combined effects of all modes, calculated using the SRSS method, is
also provided. The curves referred to as Modal Capacity Diagrams in Fig. 22. represent the
spectral acceleration and spectral displacement capacities of single-degree-of-freedom
systems corresponding to different modes of the structure.

In Table 5, a comparison of the base shear forces obtained from all analyses is presented, and
based on the results of the push-over analyses, a comparison factor (k) has been calculated.
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Fig. 22 - Modal capacity diagrams and push-over curves yielded from IRSA.

Table 5 - Seismic shear demand comparison.

Analysis Types 4-story 8-story
- V (kN) Bk V (kN) Bk
POA 4099 1.000 4800 1.000
IDA (DBE) 5220 1.273 7632 1.590
IRSA (DBE) 5277 1.287 6180 1.288
IRSA (First Mode) 4144 1.011 4851 1.010

4. CONCLUSIONS

In this study, the seismic shear demand of the 4-story and 8-story frames, designed in a
previous study, has been investigated using POA and several IDA analyses for comparison.
The effect of the reinforced concrete slab's strength and stiffness on the building system's
lateral stiffness was not considered, focusing instead on the bare frame behavior. This
scenario is representative of a real structure where shear studs are not used in the concrete
slab in the link beam zone. The maximum seismic shear demands from IDA were compared
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with the capacity curve (push-over curve) at both DBE and MCE hazard levels. Additionally,
the column and brace axial force demands from IDA and POA were normalized by the elastic
axial force (ELF) for comparison with the axial demand calculated using the capacity design
principle. Therefore, this study also examined seismic shear amplification in EBFs and its
impact on internal forces, particularly axial forces. The conclusions derived from this study
are as follows:

(1

)

(€)

“4)

©)

[1]

Although the capacity design method is practical and logical, it does not completely
reflect the seismic behavior of EBFs, as indicated in the literature, due to reasons such
as: (i) non-uniform distribution of link beam rotation over the structure height; (ir)
inelastic deformation demands on EBF elements other than the link beams; (iif) higher
column axial demands than those calculated using capacity design principles.

The seismic shear demands for EBFs found in IDA are significantly higher than those
calculated using capacity design principles for both 4-story and 8-story buildings. On
average, dynamic amplifications of 1.27 and 1.59 for the DBE level, and 1.5 and 1.86
for the MCE level were found for 4-story and 8-story buildings, respectively.
Additionally, maximum and minimum values of 1.87 and 2.37, respectively, were found
for both structures. This increase in seismic shear demands also results in amplified
internal forces demand on columns, braces, and beams outside the links. It is suggested
that a dynamic amplification factor be proposed for EBFs, as given in design codes for
cantilever shear walls, in the design of EBFs, to prevent dynamic instability.

The variation in the distribution of inertial forces with high mode effects and the
corresponding increase in shear force have been determined for different steel braced
frames in current studies. This situation, detected in this study, was confirmed by IRSA,
and values similar to those obtained in response to the IDA results specified in the
previous point were found.

The impact of seismic shear amplification in EBFs on the axial force demands of braces
and columns was also examined in this study. It was observed that this amplification had
a more pronounced effect on the axial force demands of the braces than on the columns.
Considering these results, separate dynamic amplification coefficients can be suggested
for columns and braces.

This study was conducted with a limited number of archetype buildings and ground
motion records to enable a comparative study with Speicher and Harris [44]. Varying
dynamic shear amplification factors were found in IDA for different ground motion
records. This amplification depends on the dynamic characteristics of both the ground
motion records and the archetypes. An extensive study encompassing all aspects
affecting the dynamic characteristics of both ground motion records and archetypes
could be carried out as further research.
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ABSTRACT

This study investigates the mechanical properties of fiber-reinforced concrete by evaluating
the effects of steel, polypropylene and basalt fibers on the compressive, flexural and impact
strength of concrete. Experimental studies and optimization were carried out by determining
the concrete mixture by creating Taguchi L16 (4”4) matrix. As a result of the analysis, steel
fibers significantly increased the mechanical and impact strength of concrete due to their high
strength and hooked end structures. On the other hand, the effects of polypropylene and basalt
fibers was more limited. Basalt fibers, especially due to their microstructure and
polypropylene fibers, had limited effectiveness due to their lower tensile strength. The
amount of binder also plays an important role in the overall strength of concrete and it was
found that the optimum binder content increased the strength of concrete. The results
obtained from Taguchi analyses provide an important roadmap for the advancement of
concrete technology. It is important to understand the effects of different types and amounts
of fibers on the mechanical and impact properties of concrete.

Keywords: Fiber reinforced concrete, impact resistance, mechanical properties, taguchi
optimization.

1. INTRODUCTION

With increasing human needs, the construction sector is producing a variety of structures for
different purposes, employing numerous building materials. Concrete, the most widely used
material, has been extensively studied for its mechanical properties, such as compressive,
tensile, and flexural strength, and more recently, its impact resistance. Various methods have
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been developed to assess concrete's impact resistance based on the type of loading and the
feasibility of the experiment [1].

The impact resistance of a concrete element is directly related to its energy absorption
capacity and toughness. For high toughness, indicated by the area under the stress-strain
curve, the material must be ductile and possess high strength. Despite concrete's inherent
brittleness in standard designs, efforts are ongoing to enhance its ductility and strength [2].

While traditional concrete has low impact resistance, its composite nature allows for potential
improvements. However, the multiple components of concrete significantly affect its
mechanical properties, including impact resistance. Concrete components include aggregate
mineralogy and physical properties, water-cement ratio, and additives such as type, amount,
and physical/mechanical properties. Experimental conditions, such as concrete temperature
and loading rate, also influence concrete's impact resistance, as depicted visually in Fig.1 [3].
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Figure 1 - Factors influencing concrete impact resistance [3]

The impact resistance of fiber-reinforced concrete has been investigated in terms of the effect
of maximum aggregate particle size, one of the main parameters of concrete. Uniaxial
compressive strength, split tensile strength, ultrasonic testing, and the impact test
recommended by ACI Committee 544 were conducted. From the experimental results, it is
recommended that the aggregate maximum particle size should not exceed 20 mm for impact
resistance [4].

One of the key parameters affecting concrete strength and durability is the water-cement
ratio. Research indicates that decreasing the water-cement ratio increases concrete strength
and consequently enhances impact resistance [S]. However, some studies suggest that
concrete with a higher void ratio due to a lower water-cement ratio exhibits higher impact
resistance [6]. Therefore, the influence of the water-cement ratio on impact resistance relative
to compressive strength remains a topic open to further research.

Mineral additives are another factor that enhances concrete strength. Particularly, additions
such as silica fume, blast furnace slag, fly ash, metakaolin, etc., can improve concrete strength
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and durability, thereby increasing impact resistance. Studies have shown that the addition of
silica fume improves fiber distribution and further enhances strength, especially in fiber-
reinforced specimens [7].

One of the most important parameters affecting concrete impact resistance is the type and
amount of fiber. Various types of fibers can be added to concrete, including steel,
polypropylene, glass, basalt, polyamide, polyvinyl alcohol, ceramic, polyethylene, nylon,
Kevlar, and natural fibers. Among these, steel and polypropylene fibers are the most
commonly used, with steel fibers being particularly effective for improving impact
resistance. These fibers not only enhance the mechanical properties of concrete but also
provide tailored solutions for specific challenges, such as dynamic loads and extreme
environmental conditions [3]. It has been determined that high ductility steel fibers with
hooked and crimped ends improve impact resistance. Furthermore, increasing fiber fineness
and usage rate also contributes to enhanced impact resistance [8].

According to ACI 544 standards for steel fiber-reinforced concrete, the fiber volume fraction
should be between 0.5% and 1.5%. Exceeding this level reduces concrete workability and
may lead to segregation. However, special fiber addition and placement techniques can
increase the fiber percentage. Moreover, in high-strength concretes with compressive
strength exceeding 40 MPa, the addition of short fibers at a rate of 2% can increase ductility
[9,10].

In terms of shape, spiral and hooked-end steel fibers exhibit better performance under impact
load compared to other types of steel fibers. Hooked-end steel fibers reduce crack width,
spacing, and damage mechanisms under low-speed impact [10]. Additionally, macro fibers
have been observed to provide more beneficial results in impact resistance compared to
microfibers. It is also emphasized that a suitable combination of macro and micro steel fibers
yields the most effective results [11]. Micro fibers, due to their size, create a denser fiber
distribution within the matrix, preventing cracks from reaching the macro level and
improving behavior in the elastic region. Macro fibers, on the other hand, enhance the
modulus of elasticity, tensile, and flexural strengths, control macro-level cracks, and improve
post-peak behavior [12].

Today, there is a need for promising optimization methods to determine the best concrete
mix with minimal testing. One of the most popular optimization methods is the design of
Taguchi experiments. The Taguchi method aims to minimize the variance of responses close
to the optimal response by finding optimal levels for control factors [13].

Tanyildizi and Sahin [14], examined the effects of control factors such as silica fume
percentage, temperature, and polymerization type on polymer-modified concrete. They used
an L32 orthogonal array to conduct their experiments. Variance analysis (ANOVA)
identified silica fume as the most effective factor.

Sharifi et al. [13] used the Taguchi optimization method to model the optimum mix design
of high-strength self-compacting concrete. They designed a Taguchi L18 matrix based on
parameters such as cement content, water/cement ratio, and mixing time, which are the most
important parameters affecting concrete mix design. Variance analysis was also used to
evaluate the effective factors and the optimal mix design. Mehta et al. [15] used the Taguchi
method to examine the factors affecting the compressive strength of geopolymers. ANOVA
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was used to examine the effects of factors on compressive strength, and signal-to-noise ratio
graphs were used to obtain the most suitable design.

The studies reviewed have shown that fiber content, fiber type, and properties (length, aspect
ratio, fiber type) primarily affect compressive, flexural, and impact strengths. However, how
these effects manifest in hybrid fiber-reinforced concretes and which parameter most affects
impact resistance has been investigated through Taguchi methods and ANOVA analyses. An
experimental study program was designed using an orthogonal array L.16(4"4) that includes
all factors and levels to determine the optimal mix according to the highest-best criterion
based on the Taguchi method. The experimental results were analyzed according to the
Taguchi method and ANOVA to confirm the hypothesis.

2. MATERIALS AND METHOD
2.1. Materials and Mixture Design

In this study, cement, silica fume, macro fibers (steel and polypropylene), microfibers
(basalt), coarse aggregate (dolomite and limestone), fine aggregate (dolomite), water, and
superplasticizer were used for the experimental series. The materials used and their properties
are described below.

CEM II/A-M (P-LL) 42.5 R class Portland Composite cement obtained from Isparta Goltas
Cement Co. was used in the experiments. CEM 11 42.5 A-M (P-LL) cement is produced by
grinding Portland cement clinker with a defined amount (12-20%) of pozzolan additive,
setting regulator gypsum, and minor additional component (limestone) according to
standards. The pozzolan additive (blast furnace slag) used during production enhances the
workability of concrete and mortar, facilitating the casting of dense mass concrete. The
chemical properties of this cement are provided in Tables 1 and 2.

Table 1 - Chemical properties of the cement

Component Rate (%)
Blast furnace slag 12-20
SiO, 15-19
AlLO; 3.7-6
Fe O3 2.65-4.90
CaO 58-66
MgO 1-3.50
SO; <4
Na,O 0.002-0.32
Cr <0.10
Loss on Ignition (LOI) 3.80-12
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Table 2 - Physical properties of the cement

Physical Property Amount
Fineness (%) 6.81
Specific gravity (g/cm?) 3.01
Specific surface area (cm?/g) 4403
Initial setting (hours-minutes) 2h-56m
Final setting (hours-minutes) 3h- 24m
Volume expansion (mm) 0.50
2-day compressive strength (MPa) 27.46
20-day compressive strength (MPa) 51.03
Water requirement (%) 29.00

Due to its high fineness and spherical shape, which provide good cohesion and resistance to
segregation, silica fume has been chosen as a mineral additive material compliant with
ASTMC-1240 standard. Table 3 presents the properties of the silica fume used in the
experiments.

Table 3 - Technical specifications and standards for silica fume

Properties Amount ASTM C-1240
Si0; (%) 96.1 min 93
H>0 (%) 0.19 max 0.3
+45 micron up (%) 0.58 max 2.5
Bulk density (kg/dm?3) 0.55-0.65 -

LOI 1.81 L.O.I. max 3.5

In this study, basalt fibers were chosen to mitigate micro-cracking in the concrete, while steel
and polypropylene fibers were selected to enhance the ductility, toughness, and impact
resistance of hardened concrete. Two hooked-end steel fibers, 6 cm in length, conforming to
ASTM A820 standard, and polypropylene fibers, 5 cm in length, conforming to ASTM CIII6
CE standard, as well as 12 mm long basalt fibers, were used in the study. Images of these
fibers are provided in Figure 2.

In accordance with relevant standards and regulations, fiber lengths were chosen as 6 cm for
macro fibers to mitigate larger cracks between aggregates, and 12 mm for microfibers to
address finer cracks at aggregate interfaces. Leveraging the high elasticity modulus and
rigidity of steel and polypropylene fibers aims to control cracking due to impact loads. The
combined use of polypropylene and steel fibers can improve the performance of concrete.
While polypropylene fibers contribute to the prevention of microcracks and increased
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workability, steel fibers are effective on macrocracks and provide high impact resistance. In
addition, PPL of a different length (54 mm) than steel fibers was used to create physical
synergy. To minimize potential debonding issues in fiber-concrete adhesion, a combination
of steel, polypropylene, and basalt fibers was preferred. Steel, polypropylene, and basalt
fibers are combined in fiber-concrete composites to improve adhesion and reduce debonding.
Steel fibers enhance tensile strength, impact resistance, and crack control, while
polypropylene fibers reduce early-age cracking and shrinkage, and help prevent debonding
due to their low surface energy. Basalt fibers offer excellent thermal stability, corrosion
resistance, and improved bonding strength, enhancing the durability of the composite [16].
The synergy of these fibers provides a stronger, more durable concrete, improving its
performance under dynamic loads and harsh environments by combining the unique physical
and mechanical properties of each fiber type. The random distribution of fibers within
concrete aims not only to bridge cracks but also to introduce an innovative approach
leveraging the properties of three different types of fibers.

a

”

Fibre family 4D
Length (l) 60 mm
Diameter (d) 0,90 mm
Aspect ratio (/d) 65

Figure 2 - The fibers used in concrete; a) steel fiber, b) polypropylene fiber, c) basalt fiber.

Macromesh54 Polypropylene Fiber (PF) produced by Atlas company was used (Figure 3).
The addition rate of polypropylene macro fibers to concrete is recommended between 1.5-9
kg/m? depending on the targeted engineering properties. Macromesh 54 reduces segregation
and maintains aggregate-cement integrity, enhancing cohesion and preserving concrete
integrity. Compared to steel alternatives, it is lighter, corrosion-resistant, and economically
advantageous. It enhances surface wear resistance, contributing to sustainable surfaces.
Basalt fibers are widely used for various purposes in constructions, enhancing impact
resistance in concrete, and increasing resistance to water, chemicals, freezing, fire, and
improving durability. Here, 12 mm long basalt fibers were used in concrete manufacturing.
The properties of the fibers used are provided in Table 4.

Crushed stone, due to its rougher surface texture compared to gravel, is predominantly used
as aggregate in high-strength concrete for its superior matrix-aggregate bond and thereby,
enhanced strength [17]. Additionally, crushed stone has a higher surface area to volume ratio
than rounded gravel. To increase total bond contribution, the maximum aggregate size is
typically kept below 19 mm, necessitating an increase in paste content to ensure adequate
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workability. The combination of a low water-to-cement ratio and small maximum aggregate
size implies a high cement content, generally ranging from 400 to 600 kg/m* [18].

Table 4 - Physical and mechanical properties of fibers

Feature Steel Fiber Polypropylene  Basalt Fiber
Fiber
Length (mm) 60 54 12
Diameter (mm) 0.90 0.1 <0.02
Aspect Ratio (I/d) 65 540 680
Melting Point (°C) 1500 170 1450
Slenderness 65 - >600
Density (t/m?) 7.85 0,91 2.65
Tensile Strength (MPa) 1500 750 4840
Modulus of Elasticity 210 575 89
(GPa)
Fiber amount 3200 200000 -
(Piece/kg)

High-strength concrete has undergone significant development based on the type and
proportions of cement, mineral additives, superplasticizer types, and the mineralogical

composition of coarse aggregates.

In this study, natural crushed stone of dolomitic limestone origin from Isparta Altinkok
aggregate quarry was used. Crushed and screened aggregates of 0-4 mm and 4-11 mm were
utilized as sand and gravel aggregates in the crushing and screening facilities (Figure 3). The
technical specifications of the dolomitic limestone aggregates (DKA) are provided in Table
5. Considering the particle distribution of natural crushed stone aggregates, aggregate sizes
ranging from 4-12 mm were selected at 15% each, and with 0-4 mm at 70%, to prepare an
aggregate mixture in accordance with TS802 gradation standards.

Figure 3 - Aggregates used in concrete; a) fine aggregate (0-4 mm), b) coarse aggregate

(4-11.2 mm).
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Table 5 - Physical properties of the aggregate

Properties Fine Aggregate Coarse Aggregate
Grain Size (mm) 0-4 4-11.2
Specific weight 2.69 2.77

Water absorption rate (%) 3.30 1.70
Mixing proportions (%) 70 30

Superplasticizer additives are used to achieve the desired workability of concrete production
with low water/cement ratio. They not only increase the strength of concrete but also facilitate
its workability and pumping to desired locations and heights. Typically categorized by their
chemical origins, lignosulfonate-based additives are referred to as normal, melamine and
naphthalene sulfonate formaldehyde-based ones as superplasticizers, and polycarboxylate-
based ones as hyperplasticizers. Lignosulfonate-based additives exhibit both plasticizing and
air-entraining effects. Concretes produced with these additives not only exhibit high
compressive strength but also high resistance to freeze-thaw cycles. In this study,
superplasticizer was used at a rate of 1.5-2% due to the production of concretes with 3 types
of fibers. Technical specifications of the superplasticizer are provided in Table 6.
Additionally, tap water from the municipal supply of Isparta city was used as mixing water
and curing water in concrete production.

Table 6 - Technical specifications of super plasticizer

Properties Value
Chemical content Melamin Siilfonat
Colour Brown Liquid
pH 6-9
Density (g/cm3) 1.05
Chlorine content (%) <10

Alkali content (%) ASTM C 494 Tip F
Standard %1-2
Consumption Melamin Siilfonat

2.2. Design Specifications

In the scope of the experimental study program, a total of 16 concrete mix designs were
developed using the Taguchi method, which includes an orthogonal array L.16(4"4) showing
all factors and levels. In all series, the water-cement ratio (w/c ratio) was maintained at 0.38.
However, with the addition of SP, the water/binder ratio became 0.40. Additionally, a
superplasticizer was used at a 2% dosage rate. The total air content was set at 2% according
to TS802. Binder dosage was varied at four levels based on literature: 400, 450, 500, and
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550 units. The steel fiber content was varied volumetrically as a percentage of the total
concrete volume at 0%, 0.5%, 1%, and 1.5%. The polypropylene fiber content was adjusted
to 0%, 0.15%, 0.3%, and 0.45%, and the basalt fiber content was adjusted at 0%, 0.025%,
0.05%, and 0.075%. Furthermore, 10% of the cement was substituted with silica fume across
all mixtures.

The impact tests in the literature were conducted on concrete series with basalt fiber (BF)
content ranging from 0.05% to 0.1% of the concrete volume, and macro synthetic
polypropylene fiber (PPF) content ranging from 0.15%, 0.25%, 0.35%, to 0.5% of the
concrete volume. The test results showed that both BF and PPF fibers could increase the
impact resistance of concrete, but the optimum hybrid fiber mixture was the 0.075%-0.35%
(BF-PPF) sample, which exhibited the best impact resistance [19]. Additionally, the
maximum polypropylene fiber (PPF) content is limited to 0.45% due to the design constraint
that the total fiber content should not exceed 2% of the concrete volume.

The aggregate amount used was calculated by subtracting the volumes of cement, silica
fume, water, fibers, and air from the total volume. These levels were incorporated into the
matrix, resulting in the concrete series shown in Table 7.

Table 7 - Amounts of materials used for 1 m* concrete according to Taguchi L16 matrix

(kg)

Series SF Cement SF PPF BF  0-4mm 4-11.2mm SP Water w/b
Agregate Agregate

Kl 40 360 0 0 0 1294.62  554.84 8 152 0.40
K2 40 360 39 1.37 0.68 1292.22  553.81 8 152 0.40
K3 40 360 78 273 135 1289.83  552.78 8 152 0.40
K4 40 360 117 41 2.03 1287.44 551.76 8 152 0.40
K5 45 405 0 1.37 135 1226.10 525.47 9 171 0.40
K6 45 405 39 0 2.03 1225.68 525.29 9 171 0.40
K7 45 405 78 41 0 1226.92  525.82 9 171 0.40
K8 45 405 117 273 0.68 122649 525.64 9 171 0.40
K9 50 450 0 273 2.03 1158.99 496.71 10 190 0.40
K10 50 450 39 4.1 1.35 1159.40  496.88 10 190 0.40
K11 50 450 78 0 0.68 1163.74 498.74 10 190 0.40
K12 50 450 117 137 0 1164.14  498.92 10 190 0.40
K13 55 495 0 4.1  0.68 1096.07 469.75 11 209 0.40
K14 55 495 39 273 0 1098.45  470.76 11 209 0.40
K15 55 495 78  1.37 2.03 109522  234.69 11 209 0.40
K16 55 495 117 0 1.35 1097.60  235.20 11 209 0.40
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2.3. Production and Compaction of Concrete

The process of producing fiber-reinforced concrete samples is given in Figure 4.

Aggregate dry N Binder dry N ;v\/da(: ezrlg n";":::f N Waiting
mixing (30 sec) "1 mixing (30 sec) - (60 sec) - (60 sec)
|
Mixing with 1/3 Addition of fibers '
mixing water and »  and final mixing » saT:s"t?r? and
SP addition (30 sec) (90 sec) 9

Figure 4 - Concrete mixing and production stages

Figure 5 - Concrete Production: a) fibers used, b) dry mixing, c) addition of liquid and
mixing, d) compaction and finishing
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In the production of fiber-reinforced concrete, aggregates were first added into the mixer
from largest to smallest size and mixed. Cement and mineral additives (with a water-to-
cementitious materials ratio of 0.40) were added dry to the mixer and blended into the
concrete mix (Figure 5b). After mixing with a portion of the mixing water and chemical
admixture, the remaining mixing water was added to the rotating mixer and blended. The
mixer was then stopped. Diluted chemical admixture was poured into the mixer during the
mixing process and blended. Fibers were slowly sprinkled in, from smallest to largest size
according to the size of the fibers. The fibers were carefully mixed until they were evenly
distributed throughout the fresh concrete mix. A photograph of the fiber-reinforced fresh
concrete mix after mixing is shown in Figure 5.

The produced concretes were cast into molds of various sizes for each experiment, compacted
using a vibrating table, and then settled. Unit volume weight, slump, and Walz slump test
results for the concretes are shown in Figure 6 and the measurement values are presented in
Table 8. The determination of compactability degree involves assessing the consistency of
fresh concrete and its ability to be fully compacted. The test is suitable for concretes with a
specified compactability degree (c) ranging from 1.04 to 1.46, particularly recommended for
concretes with Slump values below 4 cm [20].

Table 8 - The density and slump values of the experimental series

Series Unit volume weight (t/m?)  Slump (cm) Walz degree of compression
K1 2.44 6.00 1.11
K2 2.45 2.50 1.19
K3 2.47 2.00 1.29
K4 2.52 1.00 1.40
K5 248 1.90 1.36
Ko 2.61 1.60 1.38
K7 2.60 1.70 1.38
K8 2.58 0.50 1.46
K9 2.49 3.00 1.25
K10 2.51 2.00 1.30
K11 2.55 2.00 1.33
K12 2.58 1.00 1.41
K13 2.46 3.00 1.20
K14 2.52 2.00 1.26
K15 2.53 1.50 1.28
K16 2.57 1.00 1.39

125



Optimization of Mechanical Properties of Mixed Fiber Concrete by Taguchi Method: ...

The initial sample size was found to be inappropriate for the study due to the wall effect (100
cube). However, the sample size was subsequently revised to a larger dimension (150 mm
cube) to ensure more uniform fiber distribution and more reliable test results. In addition,
since there is no limitation in the literature regarding the use of prism samples, casting was
made in 100x100x500 dimensions. In addition to the slump test, the Waltz test was also
conducted at this stage (see Figure 6).

—

Figure 6 - Fresh Concrete Tests: a) Unit volume weight determination, b) Slump test, c)
Walz test

The concrete specimens were demolded approximately 24 hours later and then cured in a
lime-saturated curing tank at a temperature of 20£2°C for 28 days, followed by further
laboratory curing up to 90 days. The sample sizes and numbers for each experimental series
are provided in Table 9.

Table 9 - The sample sizes and quantities produced for the experimental series.

Test Sample shape  Dimensions (mm)  Number of samples
in each series

Compressive strength Cube 150x150x150 9

Bending strength Beam 100x100x500 3

Impact resistance Beam 100x100x500 3

2.4. Test Results of the Hardened Concretes

Compression tests were conducted on cube specimens produced according to TS EN 12390-
3 standards. The compression tests were carried out using a loading machine with a capacity
of 200 tons, applying a loading rate of 0.3 to 0.5 N/mm?/s. The compressive strength results
at 7, 28, and 90 days for each series are presented in Table 10.
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Table 10 - Compressive strength values (MPa) of the experimental series

Series 7 Days 28 Days 90 Days

K1 20.10 31.36 34.05
K2 17.57 27.75 34.77
K3 21.24 33.58 38.07
K4 24.65 39.73 38.66
K5 23.23 3341 42.13
K6 27.98 3443 48.34
K7 29.71 40.12 51.75
K8 27.07 37.20 50.66
K9 31.91 40.69 48.77
K10 28.92 44.43 50.71
K11 34.77 42.36 52.69
K12 35.46 48.63 57.78
K13 24.58 40.92 45.41
K14 32.46 44.23 51.55
KI15 38.21 48.32 55.37
K16 33.23 53.35 60.02
Force-Deformation Curves —K1

—K2

Deformations (mm)

Figure 7 - Load-deflection curves of the concrete series

Typically, the 28-day compressive strength is considered the standard for assessing concrete's
final strength, as it is believed to represent the material's maturity. However, the 7 and 90-
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day strengths have been included to provide a broader perspective on the concrete's early and
later strength development, they were not directly analyzed in relation to other factors.

The flexural strength test was conducted on 28-day, 100 mm x 100 mm x 500 mm prismatic
specimens (without notches) produced according to standards, and the test results are
provided in Table 11. The bending test continued until a deflection of 5 mm was achieved at
the midspan of the beam, and the load-deflection values were recorded using a data
acquisition system (see Figure 7). Table 11 also includes the flexural strength and energy
absorption capacities (EAC).

The drop hammer impact test was conducted based on modified recommendations from ACI
Committee 544, where impacts were repeatedly dropped on the same point of the test
specimen. In this modified impact test, a 4.54 kg mass drop hammer, released from a height
of 0.5 m above the top of the specimen as shown in Figure 8, generated an impact energy of
approximately 22.25 J at a velocity of 3.13 m/s. The clear span of the specimen is 300 mm.

Table 11 - Flexural strength and EAC values of the experimental series

Series Flexural Strength EAC
(MPa) (kg.mm)

K1 5.04 464.89

K2 6.07 5027.34
K3 9.82 11144.19
K4 10.90 12057.65
K5 5.15 921.97

K6 6.09 2663.08
K7 10.36 11072.98
K8 10.74 9342.41

K9 5.67 1756.76
K10 6.49 7318.81

K11 11.03 11422.01
K12 11.66 12475.28
K13 6.51 1470.11

K14 7.27 7179.30
K15 11.94 12325.08
K16 13.84 14632.99

The number of blows required to initiate the first visible crack, Ni, and the final failure, Nf,
were recorded and utilized to determine the initial crack and ultimate impact energy of the
concrete as follows:
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Eimpact=N*g*m*h*O.9 (1)

Eimpact 18 the impact energy in joules (J), N is the number of impacts, g is the acceleration due
to gravity (approximately 9.81 m/sn?), m is the mass of the hammer (4.54 kg), h is the height
from which the hammer is dropped (500 mm). The coefficient 0.90 accounts for factors such
as efficiency or energy losses during impact.

Figure 8 - Concrete impact test: a) dropping of the weight, b) initiation of the first crack, c)
ultimate failure

Table 12 - First and fracture impact count and energy values of the experimental series

Series  Number of first Number of First Crack energy Fracture energy

crack blows breaking blows (Joules) (Joules)
K1 1.00 1.00 20.04 20.04
K2 1.67 19.00 33.40 380.79
K3 3.00 33.50 60.13 671.40
K4 4.00 43.00 80.17 861.80
K5 1.00 1.67 20.04 33.40
K6 1.67 14.00 33.40 280.59
K7 3.67 40.00 80.17 851.78
K8 433 40.33 86.85 808.35
K9 1.33 2.33 26.72 46.76
K10 2.67 26.33 53.44 527.77
K11 3.00 36.00 60.13 721.51
K12 433 62.67 86.85 1255.95
K13 1.67 2.67 33.40 53.44
K14 2.00 22.67 40.08 454.28
K15 3.33 42.00 66.81 841.76
K16 5.00 65.00 100.21 1302.72
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The impact energy is adjusted by a factor of 0.9 due to the hammer moving back and forth
between the rails. The number of impacts until the first crack and failure of the specimens,
along with the calculated impact energies, are presented in Table 12.

3. EXPERIMENTAL RESULTS: TAGUCHI OPTIMIZATION AND ANOVA
ANALYSIS

Before conducting the experiment, it is essential to design the experiment in a way that will
provide the maximum information when investigating the real difference among effects for
the problem to be solved. The reliability of the decision to be made depends on determining
an appropriate experimental strategy. In a Full Factorial Design (FFD), equal numbers of
observations are made for each level of each factor to determine the independent effects of
factors on product performance. This feature is called orthogonality. This experimental
strategy encompasses the other described experimental strategies, and it allows observing the
variability's effect on performance when one factor level is kept constant and the levels of
other factors are varied.

When conducting a Full Factorial Design (FFD) is not economical, easy, or feasible, a
Fractional (Partial) Factorial Design, which involves fewer experiments, is used. The
Taguchi method applied in the study is a type of fractional factorial design. Although the
number of experiments would be 256 in a Full Factorial Design, it has been reduced to 16
using the Taguchi Method.

In Taguchi Experimental Design, the obtained experimental results are evaluated by
converting them into Signal-to-Noise (S/N) ratios. Taguchi developed a series of statistics
called signal-to-noise ratios to be used as performance criteria in experimental design with
the aim of reducing variation. Depending on the nature of the objective, Taguchi divided it
into three types and defined a different signal-to-noise ratio for each [21].

Smallest - Best

In this type of problem, the target value for the quality variable is zero. In this case, the signal-
to-noise ratio is defined as follows:

% = —10 *logqg [% ( Z?=1 )’iz)] &

Largest — Best

Here, the target value is infinite, and the signal-to-noise ratio is defined as:

o ()

Target Value — Best

In this type of problem, a specific target value (such as product dimensions) is given:
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(3 )

In all three cases, the goal is to maximize the S/N ratio.

In this study, the compressive, flexural, and impact strength values of hybrid fiber-reinforced
concrete were analyzed based on the largest - best criterion. The signal-to-noise ratio (SN
ratio) graphs resulting from these analyses are presented below.

Figure 9 shows the SN ratios for the 28-day compressive strength of concrete. It is observed
that as the cement dosage and steel fiber content increase, the compressive strength also
increases. Additionally, while there are fluctuations in the polypropylene and basalt fiber
content, it is generally noted that an increase in these fibers leads to a decrease in compressive
strength.

Main Effects Plot for SN ratios

Bndne Steel Fiber Povpropylene biber Sasat Fber Model Summary

S _R-sqR-sq(adj) PRESS R-sq(pred) AlCc BIC

Bt Analysis of Variance

5 320 2 . o o Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
- Regression
Binding
Steel Fiber

no Polypropylene Fiber 4
Basalt fiber

Figure 9 - SN ratio graphs for 28-day concrete compressive strength and Taguchi Analysis
ANOVA Results

In order to assess the accuracy of the SN ratios for concrete compressive strength and identify
the most influential parameter, an ANOVA (Analysis of Variance) was conducted. The
ANOVA table is structured to generate a p-value, which facilitates the testing process by
indicating the smallest level of significance at which the null hypothesis (HO) can be rejected.
In the program output, a p-value of 0.05 is typically accepted. Hypotheses with values smaller
than this are considered acceptable. Furthermore, the analysis table in Figure 9 shows which
parameters contribute most significantly to compressive strength.

According to these results, the R-squared value of 92.08% indicates a high level of
significance for the hypothesis. Furthermore, the ANOVA p-value being 0.0 supports this
finding. Additionally, the binder contributes the most to concrete compressive strength at
68.09%, followed by steel fibers at 23%, and to a lesser extent, polypropylene and basalt
fibers contribute slightly.

For flexural strengths, the SN ratio is presented in Figure 10. It shows that an increase in
cement dosage and steel fiber content correlates with an increase in flexural strength.
Additionally, an increase in polypropylene content partially increases flexural strength, while
the effect of basalt fiber on flexural strength is limited. It is understood that macro
polypropylene fibers contribute to a limited increase in flexural strength due to their potential
for fracture in bending, whereas micro basalt fibers do not significantly affect flexural
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strength. Moreover, it is anticipated that the strong effect of macro fibers on flexural strength
limits the impact of basalt fibers.

Main Effects Plot for SN ratios
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Srne Stealpiber Pelvpropyiene fiber Basait Fber
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Figure 10 - SN ratio graphs for 28-day concrete flexural strength and Taguchi analysis
bending test Anova results

According to the results in Figure 10, the R-squared value of 90.83% indicates a high level
of significance for the hypothesis. Additionally, the ANOVA p-value being 0.0 supports this
finding. Furthermore, steel fibers contribute the most to flexural strength at 94.92%, followed
by binder at 5.89%, and to a lesser extent, polypropylene and basalt fibers affect flexural
strength.

The SN ratio for Energy Absorption Capacity is presented in Figure 11. It shows that an
increase in binder and steel fiber content correlates with an increase in energy absorption
capacity. Additionally, an increase in basalt fiber content at dosages of 0.68 and 1.35 shows
an increase in energy absorption capacity. Moreover, an increase in polypropylene fiber
contribution partially increases energy absorption capacity, while the effect of basalt fiber on
energy absorption capacity is limited. Furthermore, it is observed that the contribution of
steel fiber content to energy absorption capacity remains almost the same between 1% and
1.5% variations. This result is due to the calculations being based on a 5 mm deflection. It is
anticipated that if the energy absorption capacity were calculated based on a 10 mm
deflection, an increase would be more pronounced at a fiber content of 1.5%.

Main Effects Plot for SN ratios
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Figure 11 - Energy absorption capacity SN ratio graph and Anova results of Taguchi
analysis for Energy Absorption Capacity (EAC) experiment.
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The energy absorption capacity Anova results are given in Figure 11. According to these
results, an R-squared value of 82.64% indicates that the hypothesis is statistically significant.
Additionally, with an Anova p-value of 0.0, this supports the significance of the findings.
Furthermore, steel fiber contributes the most, with 84.47% enhancement in energy absorption
capacity. There is also a minor contribution from the binder. Polypropylene and basalt fiber
additions contribute very little. Since energy absorption capacity largely depends on the
increase in ductility of the material, steel fiber contributes significantly to this parameter.
However, these results are not applicable to all concretes; they only reflect the mixtures
studied in this research.

The Signal-to-Noise (S/N) ratio for the visible first crack impact count is presented in Figure
12. As observed, an increase in binder dosage, steel fiber content, and polypropylene fiber
content leads to an increase in the number of visible first cracks. Additionally, it is noted that
the influence of basalt fiber content on the first crack impact count is limited. The
contribution of polypropylene macro fibers is observed when a dosage of 4.10 kg/m? is used.
This is attributed to the low content of fibers and their lesser impact compared to steel fibers.

Furthermore, while the contribution of microfibers to the first crack impact count was
expected, the impact of basalt fibers in the process from elastic to plastic behaviour was not
observed.

Main Effects Plot for SN ratios Model Summary
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Figure 12 - Results of first crack impact count shown as S/N ratios grap and Anova results
for the first crack impact count

Figure 12 presents the Anova results for the first crack impact count. According to these
results, an R-squared value of 95.75% indicates a high level of significance for the
hypothesis. Additionally, with an Anova p-value of 0.0, this supports the significance of the
findings. Furthermore, steel fiber contributes the most to the first crack impact count, with
91.84% enhancement. There is also a minor contribution from the binder. Polypropylene and
basalt fiber additions contribute very little. It is observed that parameters contributing to
tensile strength mostly influence the first crack impact count.

The Signal-to-Noise (S/N) ratio for the fracture impact count (at 100 mm deflection) is
presented in Figure 13. It is observed that as binder dosage, steel fiber content, and
polypropylene fiber content increase, the fracture impact count also increases. Additionally,
the influence of basalt fiber content on the fracture impact count is seen to be limited. The
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contribution of polypropylene macro fibers is observed when a dosage of 4.10 kg/m? is used.
This is attributed to the lower content of fibers and their lesser impact compared to steel
fibers.

Furthermore, the contribution of macro fibers to the fracture impact count is consistent with
literature, indicating their expected role. The interlocking and pullout processes of macro
steel fibers have influenced the fracture impact counts.

Main Effects Plot for SN ratios
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Figure 13 - Fracture impact count results shown as S/N ratios graph and Fracture Impact
Count Anova Results

Figure 13 presents the Anova results for the fracture impact count. According to these results,
an R-squared value of 91.59% indicates a high level of significance for the hypothesis.
Additionally, with an Anova p-value of 0.0, this supports the significance of the findings.
Furthermore, steel fiber contributes the most to the fracture impact count, with 89.55%
enhancement. There is also a minor contribution from the binder. Polypropylene and basalt
fiber additions contribute very little. It is observed that parameters contributing to tensile
strength mostly influence the fracture impact count.

Table 12 presents the decibel (dB) values for the variables tested in their maximum amounts,
including compressive strength, flexural strength, energy absorption capacity (EAC), first
crack impact strength, and fracture impact strength. These values provide insight into the
influence of the selected variables on the mechanical properties of fiber reinforced concrete.

According to the data in Table 12, each component exhibits different performances in various
mechanical properties. Binder generally shows the highest performance; it provides the
highest value in compressive strength with 33.32 dB and also stands out with 19.56 dB in
flexural strength. CL, on the other hand, shows the highest value in energy absorption
capacity (81.52 dB) and also excels in flexural strength with 21.39 dB. PPL generally
performs well, achieving a strong value of 32.03 dB in compressive strength, but it falls short
compared to CL in flexural strength with 18.65 dB. In terms of energy absorption capacity,
it provides a value of 76.04 dB, which is close to Binder's performance. BL, compared to the
other components, generally has lower values, particularly in compressive strength, where it
lags behind with 32.00 dB. However, BL still demonstrates sufficient performance in certain
properties, particularly in energy absorption capacity, where it shows the lowest value of
74.06 dB. These results indicate that each component contributes to different mechanical
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properties of concrete, and while PPL shows strong performance in certain areas, CL
outperforms in some properties.

Table 12 - Determining the Taguchi Optimum Concrete Mix and Experimental Results

Decibel values of variables used in maximum amounts

Series Reference Binder CL PPL BL
Line

Compressive Strength ~ 31.97 33.32 32.80 32.03 32.00

Flexural Strength 18.39 19.56 21.39 18.65 18.41

EAC 74.14 76.29 81.52 76.04 74.06

First Crack Impact 7.67 8.73 12.87 9.08 7.35

Strength

Fracture Impact 24.27 26.09 34.25 25.62 23.85

Strength

3.1. Taguchi Optimization of Experimental Results

The optimization results obtained by analyzing the highest-best Taguchi S/N ratios are
presented in Table 13. For compressive strength, the mixture with a binder ratio of 550 kg/m?
and steel fiber of 117 kg/m?® yields the highest result. For flexural and first crack impact
strength, the optimal mixture includes a binder ratio of 550 kg/m?, steel fiber of 117 kg/m?,
and polypropylene fiber at 4.10 kg/m’. Additionally, for fracture impact strength and
toughness, the highest results are achieved with a binder ratio of 550 kg/m?, steel fiber of 117
kg/m?, polypropylene fiber at 4.10 kg/m?, and basalt fiber at 1.34 kg/m?.

Table 13 - Determining the Taguchi Optimum Concrete Mix and Experimental Results

Properties Binding SF PF BF Matched Series
(kg/m?) (kg/m?) | (kg/m3) | (kg/m?) | (kg/m?)

28 Day Pressure 550 117 0 0 No (The nearest is
K16)

Bending 550 117 4.10 0 No

First crack Impact | 550 117 4.10 0 No

Fracture Impact 550 117 4.10 1.35 No

Satiety 500-550 78-117 | 4.10 1.35 No

OP1 550 117 4.10 0 Bending, Impact,
Satiety

OP2 550 117 0 0 Pressure Strenght
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According to the evaluations in Table 12, experimental series OP1 is identified as optimal
for Flexural Strength, Toughness, and Impact Strength, while experimental series OP2 is
determined as optimal for Compressive Strength. This determination was based on the
highest-best assessment. Prediction analyses and verification experiments were conducted to
validate the accuracy of these series and the Taguchi mathematical model.

3.2. Taguchi Validation Experiments

The Taguchi optimization experiments for series OP1 and OP2, designated for Compressive,
Flexural, and Impact Strength tests, were conducted. The results of Taguchi prediction
analyses and experimental data are presented in Table 14. The proximity between the
optimization experiment results and the predicted outcomes demonstrates the success of this
method.

Table 14 - Optimization Prediction Data and Experimental Results

Series Pressure | Pressure | Flexural Impact Impact Toughness
(28 days, | (90 days, | Strength | Initial Final (N.mm)
MPa) MPa) (MPa) (number | (number
of blows) | of blows)
OP1(Predict) 51.07 57.56 13.01 4.98 61.89 144953
OPI1(Experiment) | 54.14 58.99 13.97 5.66 65.67 13707.2
OP2(Predict) 52.191 59.76 12.94 4.64 61.88 13196.5
OP2(Experiment) | 60.44 64.21 12.36 5 56.33 11137.3
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Figure 14 - Experimental results for optimization and Taguchi series
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When comparing Taguchi prediction and experimental results, the error of the mathematical
model according to regression results does not exceed 15%. This standard deviation is already
within the error margin of the experimental data, confirming the validation of the
mathematical model.

All experimental results for both control and optimization series are presented in Figure 14.
The comparison of optimization series is visually identified in the graph.

4. DISCUSSION

In the experimental studies and Taguchi analyses conducted, it was observed that concrete
compressive strength increases with the addition of fiber reinforcement. Tawfiq, Jamshid,
and Rodolfo [22] explained this phenomenon by noting that monofilament fibers have a high
Young's modulus, which makes them more resistant to compressive loads. They also
mentioned that monofilament fibers spread within concrete, easily forming a network
between cracks and reducing stress concentrations along crack lines.

Taguchi analyses indicated that binder dosage primarily influences concrete compressive
strength, with additional contributions from the inclusion of fibers. It was found that
polypropylene and basalt fibers lead to a decrease in concrete compressive strength due to
the formation of voids within the matrix.

A recent study by Johnson [23] confirms that the incorporation of fibers, particularly steel
fibers, significantly improves the compressive and flexural strengths of concrete. Similar to
the findings in the paper, the study emphasizes the importance of fiber-matrix bonding and
optimal fiber volume ratios for achieving maximum performance.

Another publication by Lee et al. [24] discusses the role of hybrid fibers in concrete. The
combination of different fiber types (e.g., steel and polypropylene) can mitigate the
drawbacks of using a single fiber type. This hybrid approach aligns with the observation that
using polypropylene or basalt fibers alone does not significantly enhance flexural strength.

In this study, the addition of fibers consistently increased the compressive, flexural and other
mechanical properties, and optimum improvement was observed when the fiber volume
remained below 2%. In a study by Yoa et al. [25], it was shown that the maximum increase
in flexural strength in fiber-reinforced concrete occurred at a fiber volume ratio of 3%.
Beyond this point (at 4% fiber content), flexural performance began to decrease, with the
composite material containing 4% fiber volume showing the lowest compressive
performance among the tested mixtures. Recent research by Zhang et al. [26] corroborates
the optimal fiber volume ratio findings. Their study indicates that beyond a certain fiber
content (around 3-4%), the mechanical properties of fiber-reinforced concrete begin to
decline due to fiber agglomeration and void formation. This matches the results mentioned
in the paper, where a 4% fiber volume ratio showed decreased flexural performance.

In this study, the contribution of steel fibers with higher modulus of elasticity to the
performance was higher than PPF and BF. This was highlighted by Kumar et al. [27], who
highlighted the importance of fiber length and type on the performance of fiber reinforced
concrete. The study found that longer fibers with higher tensile strength contributed to better
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post-crack behavior and overall mechanical properties, reflecting the observations in the
paper on tensile strength and fracture behavior of longer fibers.

The pullout and breakage of fibers, dependent on fiber-matrix interface properties and fiber
length, tend to enhance post-crack fracture mechanisms in fiber-reinforced concrete under
tensile loading. Longer fibers, which better bond with the cement matrix, tend to exhibit
higher pullout forces and can break without complete detachment. In experimental studies,
when PPF was used together with SF, it exhibited pull-out behavior. This indicates that the
use of PPF together with SF is more effective in enhancing performance. Additionally, it was
observed that SF should be used at a minimum of 1% of the concrete volume; otherwise, it
tends to pull out rather than rupture.

In this study, it was observed that an increase in fiber content reduced the percentage of
breakage in steel fiber-reinforced concrete. This reduction was attributed to decreased stress
on the fibers as their number increased. The impact ratio of steel fibers, binder,
polypropylene, and basalt fiber additions sequentially enhanced flexural strength. However,
it was found that using polypropylene or basalt fibers alone did not significantly increase
flexural strength. In the study by Yoa et al. [28], it was determined that the addition of fibers
increased the modulus of rupture across all fiber types. Among the three types of fibers, steel
fibers provided the highest modulus of rupture, while polypropylene fibers yielded the
lowest. Steel-PP fiber concrete slightly increased the modulus of rupture compared to
concrete with only PP fibers but reduced strength compared to simple steel fibers.

This study also observed that steel fibers primarily enhanced concrete ductility and post-
crack behavior. The contribution of polypropylene fibers, as indicated by Taguchi analyses,
was observed to be less than 1%. Contributions from basalt fibers to flexural and impact
strength were not observed, likely due to the microfiber nature of basalt fibers and the lower
tensile strength of polypropylene fibers compared to steel. Regarding impact strength of
fiber-reinforced concretes, it was found that steel fibers contributed most to impact resistance
until the first crack appeared, after which concrete strength played a larger role. Contributions
from polypropylene and basalt fibers were limited. Beyond the first crack, up to a deflection
of 10 cm, impact resistance was primarily influenced by the pulling and breaking behavior
of steel fibers. The findings of this study align with previous research emphasizing the
superior performance of steel fibers in enhancing the impact resistance of concrete. Yazici et
al. [4] demonstrated that the maximum particle size of aggregate should not exceed 20 mm
for optimal impact resistance, corroborating the importance of aggregate selection in this
study. Kizilirmak et al. [5] found that reducing the water-cement ratio improves concrete
strength, which supports the approach taken in this research to maintain a low water-cement
ratio. Nili and Afroughsabet [7] highlighted the benefits of silica fume in improving fiber
distribution and mechanical properties in fiber-reinforced concrete. This study's use of silica
fume as a mineral additive aligns with their findings, showing enhanced strength and
durability in the concrete mixes.

Overall, within the scope of this study, it was determined that the use of steel fibers and
binder dosage most significantly influenced flexural, toughness, and impact strength
parameters in concrete. The addition of polypropylene fibers did not contribute significantly
to the mechanical properties of concrete, likely due to the restraining effect of high-strength,
hooked steel fibers. Additionally, it was observed that binder dosage effectively influenced
concrete compressive strength, aligning with findings in the literature. The findings in the
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paper are consistent with recent research trends and publications in the field of fiber-
reinforced concrete. The importance of optimal fiber volume ratios, fiber-matrix interface
properties, and the type and length of fibers are well-supported by current literature.

5. CONCLUSION AND RECOMMENDATION

In this study, the effects of binder content, and steel, polypropylene, and basalt fiber amounts
on the compressive, flexural, and impact strength of fiber-reinforced concrete were
investigated. In this context, an L16 (4"4) matrix was created using Taguchi optimization
technique, leading to the formulation of 16 concrete series for experimental investigations.
Subsequently, optimization analysis and validation experiments were conducted. Taguchi
analyses were validated, and the optimization and analyses were accepted.

i. Tensile Strength and First Crack Impact Number: The highest results for tensile
strength and the number of first crack impacts were obtained with a binder ratio of 550 kg/m?,
steel fiber 117 kg/m?, and polypropylene fiber 4.10 kg/m?*. These findings are consistent with
existing studies in the literature and demonstrate that the fiber-matrix bond plays a significant
role in enhancing concrete performance. The high binder content creates a dense, cohesive
matrix that ensures strong fiber anchorage and effective stress transfer. Steel fibers, with their
high modulus of elasticity, act as primary reinforcement by bridging cracks and dissipating
energy, while polypropylene fibers control micro-cracks and improve cohesiveness, reducing
segregation and enhancing the distribution of steel fibers. This hybrid fiber system leverages
the complementary properties of steel and polypropylene fibers, with steel fibers resisting
macro-cracks and polypropylene fibers preventing shrinkage cracks, ultimately leading to
superior tensile strength and impact resistance. The strong fiber-matrix bond, coupled with
the dense matrix, delays crack initiation and propagation, highlighting the importance of
fiber-matrix interaction in optimizing concrete performance.

ii. Number of Fracture Impacts and Durability: The highest number of fracture impacts
and durability results were obtained using a binder ratio of 550 kg/m?, steel fiber 117 kg/m?,
polypropylene fiber 4.10 kg/m?, and basalt fiber 1.34 kg/m>. This shows that combining
different types of fibers is effective in optimizing the mechanical properties of concrete. The
highest fracture impacts and durability results were achieved due to the synergistic effects of
the optimal combination of binder ratio and fibers. A binder ratio of 550 kg/m? ensures a
dense and durable concrete matrix, enhancing hydration and strength. The addition of 117
kg/m? steel fibers improves tensile strength, fracture toughness, and resistance to cracking by
distributing stresses more evenly and reducing crack propagation. Polypropylene fibers at
4.10 kg/m?® control plastic shrinkage cracking and improve impact resistance, especially
during early curing stages. Basalt fibers, at 1.34 kg/m?, enhance durability by providing
resistance to corrosion, chemical attack, and environmental degradation, while also
improving fracture toughness. Together, these fibers create a concrete that offers superior
fracture resistance, impact absorption, and long-term durability, making it highly effective in
withstanding both mechanical stresses and harsh environmental conditions.

iii. Compressive Strength of Concrete: The study observed that fiber reinforcement
increases the compressive strength of concrete. Steel fiber content, binder, and silica fume
ratios were identified as the factors with the most significant effects on the impact resistance
of concrete. As the binder content increases, the amount of hydration products also increases,
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which enhances the strength. It has been observed that the compressive strength of concrete
is higher with the addition of steel fibers. This phenomenon has been explained by the fact
that monofilament fibers have a high elasticity modulus, making them more resistant to
compressive loads. The spread of monofilament fibers within the concrete helps easily form
a network between cracks, reducing stress concentration at crack lines. Polypropylene fibers,
having a lower elasticity modulus, undergo significant deformation under compression.
However, due to their lower elasticity modulus, they behave as small voids in the concrete,
which leads to a reduction in compressive strength.

It was determined that steel fibers contribute 23% to the compressive strength of fiber-
reinforced concrete, while the binder content accounts for 68%. Additionally, it was found
that the effect of polypropylene and basalt fibers is limited but adversely affects compressive
strength.

Observations revealed that the toughness, flexural, and impact strength of fiber-reinforced
concrete are influenced by the tensile strength of the concrete, with fiber additives
contributing positively to these properties. It was further observed that steel fibers contribute
most significantly to these properties. However, the impact of basalt fibers was found to be
minimal.

Taguchi optimization experiments confirmed that this method can be applied not only within
the same material group but also across different types of materials. It was demonstrated that
Taguchi analyses provide accurate results for parameters affecting various concrete
properties.

The recommendations in the study include general observations but could benefit from
specific, actionable suggestions to guide further investigations. Based on the provided
content, here are refined recommendations that align with the study's findings and could be
investigated further:

Fiber Synergy and Optimization: Explore the effects of varying proportions of steel,
polypropylene, and basalt fibers in hybrid combinations, focusing on their contributions to
specific mechanical properties like impact resistance and flexural strength. Investigate
whether alternate combinations could outperform the optimal mix identified in this study.

Matrix-Fiber Bond Enhancement: Examine methods to improve the fiber-matrix bond, such
as using surface-treated or coated fibers, to enhance mechanical performance and reduce fiber
pull-out.

Scaling and Practical Applications: Conduct large-scale tests to validate the laboratory
findings under real-world conditions, including structural-scale specimens subjected to
dynamic loads.

Environmental and Durability Aspects: Investigate the long-term durability of the optimized
fiber-reinforced concrete under varying environmental conditions, such as freeze-thaw
cycles, chemical exposure, and sustained loading.

Binder Content Variation: Analyze the effects of different binder types and supplementary
cementitious materials (e.g., fly ash, slag) on the performance of fiber-reinforced concrete,
focusing on sustainability and cost-effectiveness.
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Impact of Fiber Length and Distribution: Study the influence of varying fiber lengths and
distribution patterns on mechanical properties, especially for impact and flexural
performance.

Advanced Analytical Techniques: Employ advanced imaging and analytical techniques, such
as X-ray CT scanning, to study the internal distribution and orientation of fibers and their
correlation with observed mechanical behavior. These targeted suggestions would not only
build on the study's findings but also provide a clear roadmap for future research.
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