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Investigation of Pounding between Two Adjacent
Building Models with Experimental Methods

Cagla SEKERCI!
Erdem DAMCI?

ABSTRACT

This study investigates the pounding phenomenon by shaking table experiments on two
scaled building models. Representing the situation where the seismic gap is insufficient, two
building models are adjacently positioned on the shaking table, and pounding was
investigated for harmonic and strong ground motion excitations. Displacement and
acceleration responses were obtained to observe the pounding effect experimentally from
video and accelerometer recordings, respectively. The Kelvin-Voigt Model consisting of
spring and damper was used for numerical pounding analysis. The most critical parameters
of the Kelvin—Voigt model, which are the spring stiffness (k) and the damping calculated
according to the coefficient of restitution () were investigated and compared with harmonic
experimental results. The obtained parameters, compatible with the harmonic experiments,
were used to examine structural behavior under earthquake effect for the case where the
building models are positioned for an insufficient seismic gap. For comparison, numerous
numerical simulations were realized using different spring stiffnesses and coefficients of
restitution. The study shows that when the coefficient of restitution is taken as 0.2 or 0.4, and
the ratio of spring stiffness to shear stiffness (k/k) is 1 or 5, reasonable results in numerical
earthquake simulations can be obtained.

Keywords: Pounding, Kelvin-Voigt model, image-processing, shaking table experiments,
seismic gap.

1. INTRODUCTION

In countries located in earthquake zones, especially in big cities, as in the past, most buildings
constructed today are built adjacently due to subdivisions and city planning works. The width
of the seismic gap, which must be provided between existing or new adjacent buildings, is of

Note:
- This paper was received on December 15, 2021 and accepted for publication by the Editorial Board on
April 14, 2023.
- Discussions on this paper will be accepted by September 30, 2023.
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2 Istanbul University-Cerrahpasa, Department of Civil Engineering, Istanbul, Turkey
edamci@iuc.edu.tr - https://orcid.org/0000-0003-2295-1686
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great importance. While designing and analyzing the buildings, the effect on adjacent
buildings is generally not considered in cases where the widths foreseen for the seismic gap
are insufficient or not available. Modern seismic codes have regulations for seismic gap sizes
to overcome this problem. Miari et al. [1], in their review article, summarized the criteria
regarding the seismic gap in current seismic codes and investigations on this subject. In
addition to these codes, there are restrictions for seismic gaps in the Turkish Building
Earthquake Code 2018 (TBEC 2018) [2]. In this code, it is foreseen that the minimum seismic
gap size for buildings up to 6 m in height should be at least 30 mm and at least adding 10 mm
for each 3 m height. In addition, an empirical relation is presented over the calculated
displacements of adjacent structures, and a limitation is introduced. Pounding, which could
occur due to an insufficient seismic gap, is an issue that needs to be examined in terms of
structural dynamics and earthquake engineering. For this purpose, there are several numerical
but limited experimental studies in the literature on subjects such as the pounding force
between two adjacent structures, the number of pounding, the moment of collision, and the
determination and investigation of the size of the seismic gap [3-8, 10].

Studies in the literature for simplified structural models, pounding models only include
numerical models created by using spring or spring-damper elements together. The main ones
of these numeric models are elastic impact element, Kelvin-Voigt (Linear Viscoelastic),
Modified Kelvin-Voigt, Non-Linear Viscoelastic, Hertz-damp, and Sears Models. These
models are based on determining the force applied to the masses in numerical analysis by
controlling the displacement or velocity difference [3, 10-14]. For this purpose,
Anagnostopoulos [3] modelled adjacent buildings with single-degree-of-freedom and
examined the pounding using spring-damper elements. In some earthquakes, it was revealed
that while the damage was minor in the intermediate buildings, the percentage of destruction
was higher in the corner buildings. Kumbasar [4] studied adjacent structures which have
stories at the same level and considered these structures as shear frames for simplification.
Only the spring element is used for the pounding model, and the damping is not taken into
consideration. In the established model, the effects of collisions on structures with different
periods according to the change in mass ratios were examined under the El Centro
earthquake. In order to reduce the effects of a collision, it was suggested to use deformable
elements in the earthquake joints. Zhang et al. [5] created a mechanical model with the matrix
transfer method and compared the numerical data obtained with different analysis programs.
They examined the pounding force, the number of pounding, the moment of pounding, and
the structural displacements between two adjacent structures. They concluded that the
pounding effects are sensitive to the change in peak ground acceleration and the size of the
gap between buildings. Besides the pounding models used in numerical analysis, studies on
the effects of seismic gaps between adjacent buildings, considering different parameters,
were carried out by Saxena et al. [6]. In addition, Khatami et al. [7, 8], in their studies,
investigated the effect of seismic gaps in the presence of lateral stiffness irregularity, soft
stories, and regular and irregular adjacent structures using an experimental model of
Takabatake et al. [9], which had two frames with single span and four-story. In another study,
the adjacent buildings were modelled as multi-degree systems consisting of lumped masses,
and the pounding was simulated using five different earthquake motions. Moreover, it was
found that the collision caused high stresses when the structures had different heights,
periods, or masses to a large extent [10]. In Jankowski’s studies [11, 12], using spring and
damper, the spring force was calculated using a non-linear viscoelastic pounding model to
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simulate structural collision more precisely during earthquakes. The restitution coefficient
formulation, which is a parameter related to the damping ratio, was obtained and verified.
Miari and Jankowski [15] subjected two single-story steel building models to shaking table
tests under scaled earthquakes for different seismic gaps and different soil types according to
ASCE 7-10. In the study, they examined the effect of gap size and soil type on pounding by
comparing the peak acceleration values in the models under different cases experimentally
[15].

Athanassiadou et al. [16] parametrically examined the phase difference and pounding of
adjacent single-degree-of-freedom systems with similar or different dynamic properties and
revealed that rigid structures, like corner structures, are more affected. Naserkhaki et al. [17]
used spring-damper elements for adjacent structures and showed that when the height of
buildings differs significantly, the tall building is almost unaffected, while the short building
is affected by the collision.

Luo et al. [18] compared the situations where dampers are connected and not connected
between two adjacent buildings. As a result of the experiments with the shaking table, it is
stated that the distance between the structures can be 30 cm under moderate and strong
earthquakes and 24 cm under rare earthquakes in case the adjacent structures are not
connected with the damper. In the case of the damper used, it was suggested that the seismic
gap could be 10 cm under various performance conditions. Khan et al. [19] studied the
seismic response of two adjacent fifteen- and ten-story buildings connected by a viscous
damper. As a result of combining the structures of different frequencies with dampers, they
showed that the earthquake-induced responses of the two buildings were reduced. In another
study, passively controlled viscous dampers were used to reduce the response of explosion-
induced vibrations in adjacent structures. It is stated that these dampers are efficient, and in
different structures, the peak response is almost equivalent for bounded or unbounded
structures [20].

Miari et al. [1], in their review article, studied previous research, including earthquake-
induced structural pounding aiming to understand better the pounding phenomenon for the
identification of parameters, soil interaction issues, mitigation measures, and recommended
directions for future research studies on structural pounding. In one of their
recommendations, they emphasized further studies to determine the effect of the impact
stiffness and the coefficient of restitution on impact modelling for quantifying the parameters
as indicated.

In this study, shake table experiments have been carried out with an innovative approach
using the image processing technique to implement and determine pounding parameters.
Numerical analyses of two adjacent three-story structure models were performed using the
Kelvin—Voigt pounding model, one of the most common numerical pounding models. The
numerical and experimental results are compared by performing shaking table tests under
harmonic excitation and earthquake loads.

2. NUMERICAL METHOD FOR POUNDING ANALYSIS

In adjacent building models, the pounding effect is generally considered as the force
generated in the pressure spring acting on the adjacent structure(s) as a reaction force by
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controlling the displacement. Figure 1 shows a schematic representation of two 3-story shear
frames and the distribution of Kelvin-Voigt models (Figure 2) between adjacent building
models. The equations of motion at the moment of collision for these two shear frames are
given separately in Equations (1) and (2).

Uz s Uy3 5 U3 ke = ‘ Upz 5 Upz ; Ups

R

kiz /2

Uz 5 Uy 5 Uypp
-

ko /2

Upp 7 Upg 5 Uy
e

kiy /2 411[ kyy /2 kyi /2 421E ka1 /2

o 7 T RSRead = =

Figure I - Schematic representation of 3-story shear frames and distribution of
Kelvin-Voigt Models

Uy j ~ u2j
A ks P
P
L]
Figure 2 - Kelvin-Voigt Model [13]
MU, +C U +K U -F=-MU, (1)
M, U, +C,U, +K,U, +F=-M, U, 2)
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In Equations (1) and (2), M1 and M2 represent mass matrices, Ki and Ko stiffness matrices,
and C1 and C> damping matrices for shear frame models 1 and 2. Mass, damping, and
stiffness matrices of the shear frames given by Model-1 and Model-2 are calculated by
Equation (3) and Equation (4), respectively. With i representing the model number, the terms
aio and a1 in the damping matrices in Equations (3) and (4) are calculated according to
Rayleigh Damping [21]. The vectors of acceleration (U1 and U2), velocity (U and Uz), and
displacement (Uy and Uz) in Equations (1) and (2) are given in Equations (5) and (6). Ug in
Equations (1) and (2) represents the ground acceleration.

At the moment of collision, —F and +F forces act on the masses m1; and mo; at the floor levels,
respectively, with j representing the floor number in both models. The force vector F given
in Equation (7) includes the spring forces acting on the floor levels of the shear frames. The
calculation of the pounding forces and the necessary boundary conditions are given in
Equation (8). The pounding force to be used in the numerical analysis of the Kelvin-Voigt
Model depends on two parameters, spring stiffness (k) and damping (¢;), as seen in Equation
(8). Anagnostopoulos [3], for the simplified model of several adjacent structure analyses,
uses the impact element stiffness as 0.01, 0.1, and 1.0 times the initial stiffness of an idealized
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single-degree-of-freedom structure system. As seen in Equation (9), damping c¢; varies
depending on the spring stiffness ks, damping ratio &, and m;; story masses. The damping rate
is related to a coefficient of restitution 7, given in Equation (10). When » = 1, the damping
ratio is & = 0, and the Model behaves linearly elastic, and when » = 0, the damping ratio takes
the value & = 1. Khatiwada et al. [14] showed that the coefficient » could be taken as 0.4.

F= @)

F,; ;U —d<0 ®

Fy=h; = i j My —d>0

¢, = ©)

f:‘fs =L’”2 (10)
7' +(Inr)

In this study, numerical analyses were performed by the Newmark Mean Acceleration
Method [21] using Matlab [22] program. Equations (11) and (12) are first calculated using
the Newmark Mean Acceleration Method to obtain pounding forces under harmonic
excitation and strong ground motion. Then, the spring damping ratio is calculated according
to Equation (10) and its damping by Equation (9). At the beginning of the n" time step,
pounding forces are taken as Fy= 0. The -calculations are repeated through
Equations (13) - (16) and analyzed in the time history. After calculating Equation (15), a
contact check is performed to determine the pounding force at each time step. If any contact
exists at any floor level, each floor's pounding force is calculated according to Equation (8),
and then Equation (13) is repeated. At this stage, the displacement, velocity, and acceleration
calculations are repeated for the (n+1)" step. The same operations are repeated throughout
the time history by moving to the next time step (n+2).

ﬁi,o = M;l (Pi,O _Kfo,o _CiUi,o) (11)
a,, = 1 2 Mi +$Ci; a,, :ﬁMi +[%_ljci;
ﬂ(lAt) (12)
a,=|—-1|M,+|L-1]c;
" 203 203
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f)i,n-ﬂ = Pi,n+1 +ai,1Ui,n+1 + ai,ZUz‘,n +ai,3ﬁi,n 'T'Fn+1 (13)
Ui.)Hl = I"<i_l Ai,n+1 (14)
Uin+1:L(Uin+l_Uin)+ 1_1 Uin+At 1_L ﬂin (15)
’ PALY " ’ p) - 28 ) °
I.'.Ii,nJrl :LZ(UUHI _Ui,n)_[ _LJUI,M _(l_lJﬂi,n (16)
B(Ar) At 2
3. EXPERIMENTAL STUDY

Two 3-story building models shown in Figure 1 were built to compare with the results
obtained from the numerical analysis. The total height of the two identical building models
designed is 1000 mm. 8 mm thick Medium-Density-Fiberboard (MDF) material was used for
the floor slabs, and M6 rods were used for the columns. Slab areas are 200x200 mm?. The
ends of the columns were connected with fiber nuts at the bottom and top points of the slabs,
and it was tried to ensure the fixed-end connection between the slab and the column to
achieve the ideal shear frame behavior. In order to create a pounding on two identical building
models, their periods were changed by adding additional mass to the stories of Model-1.

Within the scope of the study, only the cases where the floor alignments are at the same level
were examined (Figure 3). Representing the situation where the seismic gaps are insufficient,
the two structural models are positioned adjacently on the shaking table SARSAR [23].
Experimental studies are first carried out under harmonic excitation and then earthquake
simulations. For harmonic experiments, free vibration and forced vibration tests with a
shaking table were carried out to determine the dynamic characteristics of each structural
Model, such as period, mode shape, and damping ratio.

In earthquake simulations, it is necessary to scale the ground motion according to the
capacities of the shaking tables in a way that preserves the peak accelerations and spectrum
characteristics. Therefore, considering the displacement-time record of the Diizce earthquake
used in the experiments and the displacement limit (75 mm) of the shaking table SARSAR,
the motion data was scaled at 1/15. Scaling was performed with equations 17-19 using the
method proposed by Harris and Sabnis [24]. Here 4., Ar, 14 represent displacement, time, and
acceleration scales, respectively. In this scaling, by dividing the earthquake time history by
15'2, the characteristics of the peak accelerations and response spectrum can be preserved.
In another way, this scaling means that considering the positions of the measured periods of
the experimental models Model-1 (77=0.233 s) and Model-2 (71= 0.138 s) on the scaled
spectrum, they represent actual structures with first periods of 0.233x15%= 0.90 and
0.138x15%= 0.53 seconds.

PR (a7
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A =2 (18)

dr =4 (19)

White Light-Emitting-Diode (LED) markers are placed on the stories of each Model and
shaking table to obtain motion information with the image processing technique. Each video
frame was processed separately to track the white LEDs. In order to distinguish the white
LEDs from the other objects in the video frames, the B component of the RGB video frames,
considered as the first step, was converted to greyscale and filtered according to the
brightness threshold value of /= 0.99. Pixels above the threshold value were converted to
white, and those below the threshold value were converted to black. Different filtering
functions in MATLAB [22] were used to convert the unrelated white pixels to black, if any
exist in the video frame, except for the LEDs to be tracked. In addition, to determine the
coordinates of the center of the LEDs, a median filter was applied to soften the geometry of
the white LED pixel arecas. By repeating the same operations for each frame, the
displacement-time history of the LEDs is obtained.

Figure 3 - General view of the experimental setup (left) and LED markers placed on the
floors (right)

The displacements in pixels of the white LEDs, tracked through video recordings, were
recorded in the time domain. The obtained pixel-time histories were used to determine the
mode shapes and dominant frequencies of the building models with Fast Fourier Transform
(FFT). In numerical analyses, the initial lateral stiffness for each story (4(12EL/L%)) is
calculated using M6 rods’ minor thread diameter (4.77 mm) as 6.83 kN/m where the initial
flexural stiffness of columns was taken as El= 5.4 Nm?. By the obtained experimental
results, taking into consideration the first mode resonance frequency (fi) of each structure
model, the model update procedure was applied to each numerical Model. Modifying the
flexural stiffness of columns ensured that the numerical models and the experimental results
were compatible. According to the experimental results, the final lateral stiffness of Model-
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1 and Model-2 are calculated as 5.92 kN/m and 5.14 kN/m, respectively. Masses, initial, and
final flexural stiffnesses compatible with the test models are given in Table 1. Before each
experiment, due to changes in ambient conditions such as temperature and humidity, possible
changes in the modal frequencies of the models are checked from video recordings by FFT.

Table 1- Masses and stiffnesses of the test models

Model-1 Model-2
S f1i=4.28 Hz, & %1.05 fi=17.22 Hz, &= %1.07
tor
y Mass Initial EI. Final EI. Mass Initial EI.  Final EI.
[kg] [Nm?] [Nm?] [kg] [Nm?] [Nm?]
1 1.7 54 4.6 0.56 54 4.1
2 1.7 54 4.6 0.56 54 4.1
3 1.6 54 4.6 0.45 54 4.1

Videos were recorded at 100, 500, and 1000 fps using a Sony RX100M5 camera, and the
pounding durations were determined at recording rates of 10, 2, and 1 millisecond,
respectively, by image processing to observe dynamic behavior and pounding. Data obtained
by these recording rates were compared among each other, and it was concluded that they
were compatible. The experimental studies were carried out with a recording rate of 100 fps.

In addition, the accelerations were measured and recorded with ARDUINO-based low-cost
accelerometers at the top floor level during simulations under earthquake to observe
pounding. These accelerometers are manufactured using a mems type MPU6050 sensor and
ARDUINO NANO.

4. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

The image processing results obtained by the shaking table experiments were compared with
the numerical results of the shear frames, where pounding forces were determined by the
Kelvin-Voigt model under the effect of harmonic excitation and strong ground motion. In
Figure 4, the displacement responses obtained from the 3" floor of both models by image
processing of the video recordings taken under harmonic excitation with £2 mm amplitude
and 6 Hz frequency are given. For comparison purposes, cases for the different spring
stiffness and damping ratios of the Kelvin-Voigt model are considered in the numerical
analyses, and the optimum spring stiffness and damping ratio for both building models are
investigated. In numerical simulations, based on the initial shear stiffness (k= 6.83 kN/m) of
a single story, the cases where the ratio of spring stiffness & to shear stiffness & is considered
as 10, 5, 1, 0.1 times in the dashpot model and these cases are used for the comparison with
the coefficient of restitution » which is taken as 1.0, 0.8, 0.6, 0.4 and 0.2. Figures 5-8 show
comparisons of the numerical analyses to the experimental results using different spring
stiffnesses and coefficient of restitution r. Sub-space-plots (SSP) were created to examine the
relationship between experimental and numerical results for different spring stiffnesses. In
each case, the relationships due to the variation of coefficient of restitution » are given in
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Figures 9-12. The errors caused by the amplitude and phase differences can be easily
examined in these graphs. In Figure 13, where the spring stiffness of the Kelvin-Voigt Model
is taken equal to the initial story shear stiffness, k= £=6.83 kN/m and compared to
experimental results is interpreted as the most acceptable case for both models. For Model-1
and Model-2, when the r coefficient is taken as 0.2 or 0.4, numerical results were determined
to be close to the experimental results. Regarding these findings, variation of &, according to
coefficients of restitution » for 0.2 and 0.4 are given in Figures 13 and 15. When the SSP
graphs given in Figures 14 and 16 are examined, it is seen that acceptable results are obtained
in cases where the spring stiffness is k, 5k, or 10k according to these coefficients of restitution.
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Figure 4 - Relative displacements obtained from the 3 floor of both models by image
processing (£2 mm @ 6 Hz). Displacement-time series of both models (left), and the
displacements for 2-2.5 seconds time interval (right).
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Figure 5 - Relative displacement-time histories of Model-1 (a) and Model-2 (b) for the case
ky=10k (£2 mm @ 6 Hz). Displacement-time series of both models (left), and the
displacements for 2-2.5 seconds time interval (vight).
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Figure 6 - Relative displacement-time histories of Model-1 (a) and Model-2 (b) for the case
ks=5k (2 mm @ 6 Hz). Displacement-time series of both models (left), and the
displacements for 2-2.5 seconds time interval (right).
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Figure 7 - Relative displacement-time histories of Model-1 (a) and Model-2 (b) for the case
ks=k (£2 mm @ 6 Hz). Displacement-time series of both models (left), and the

displacements for 2-2.5 seconds time interval (right).
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The reasons why the results do not match exactly, even in the most favorable situation, could
be explained as; (i) that an ideal shear frame could not be obtained in the experimental
structural models, (ii) surface defects in colliding structure stories causing local contact rather
than surface contact in pounding, (iii) the contact surface changes during a collision due to
possible torsional effects in 3D structural models.

‘71=1.0 — =08 r=0.6 —r=04 —r=02-- —Experimemal‘

20
e B
£ E
= H
L 3
£ £
v 53
£ 2
G 3
a a

220 . 10 . . . I

0 1 2 3 4 5 6 2 2.1 22 23 24 25
Time [sec] Time [sec]
a) Model-1
10 T T T T T
L “||"\ 'l"'."'\l"'

R TR
£ 5’1'"'h\'n*l“\l‘.“'\",:u\\l'.lm‘,\‘lp‘.;'.“-\"."l M £
= FUSHEAAT S e o v T G L =
E U, 2
3 o M “"“\ A ‘,',: \M LA R W 51
£ R e 2
2 5 .'.‘,.Hu"'(u,"f{!;gf'h’!fl”{a!l? i £

-10 : -10 : : : :

0 1 2 3 4 5 6 2 2.1 22 23 24 25
Time [sec] Time [sec]
b) Model-2

Figure 8 - Relative displacement-time histories of Model-1 (a) and Model-2 (b) for the case
ks=0.1k (2 mm @ 6 Hz). Displacement-time series of both models (left), and the
displacements for 2-2.5 seconds time interval (right).
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Figure 9 - SSP of experimental and numerical simulations for ks=10k (£2 mm @ 6 Hz) with
different coefficients of restitution r.
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Figure 10 - SSP of experimental and numerical simulations for ks=5k (£2 mm @ 6 Hz) with
different coefficients of restitution r.
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Figure 11 - SSP of experimental and numerical simulations for k=k (£2 mm @ 6 Hz) with
different coefficients of restitution r.
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Figure 12 - SSP of experimental and numerical simulations for ks=0.1k (2 mm @, 6 Hz)
with different coefficients of restitution r.
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Figure 13 - Comparison of the effect of spring stiffness on relative displacement-time
histories of Model-1 (a) and Model-2 (b), for r= 0.4 (£2 mm @ 6 Hz). Displacement-time
series of both models (left), and the displacements for 2-2.5 seconds time interval (rvight).
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Figure 14 - SSP of experimental and numerical simulations for r= 0.4 (2 mm @ 6 Hz)
with different k.

In addition, the displacement results obtained by image processing under =1 mm harmonic
motion at4.613 Hz, which is the achieved frequency by the shake table for near the resonance
frequency of Model-1, are given in Figure 17 for Model-1 and Model-2. Numerical analysis
and experimental results examining the spring stiffness by accepting the coefficient of

14
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restitution as 7= 0.4 are given in Figure 18. When the numerical analysis results under
harmonic excitation are examined, it is seen that the ideal results are obtained where the ratio
of spring stiffness to shear stiffness (ks/k) is 1, 5, or 10.
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Figure 15 - Comparison of the effect of spring stiffness on relative displacement-time

histories of Model-1 (a) and Model-2 (b), for r= 0.2 (£2 mm @ 6 Hz). Displacement-time
series of both models (left), and the displacements for 2-2.5 seconds time interval (vight).
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Figure 16 - SSP of experimental and numerical simulations for r= 0.2 (2 mm @ 6 Hz)
with different k;.
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In the numerical analysis, the force F13= F3, which occurs during pounding between 3 floor
masses, is given in Figure 19, and it is calculated around 28 N at the maximum when r= 0.4
and the spring stiffness is equal to the shear stiffness (k= k= 6.83 kN/m). It was calculated
in numerical studies that the contact time during pounding varies between approximately 20-
25 milliseconds, while in experimental studies, this period was observed between 50-60
milliseconds (Figure 4).
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Figure 17 - Relative displacements obtained from the 3" floor of both models by image
processing (1 mm @ 4.613 Hz) Displacement-time series of both models (left), and the
displacements for 2-2.5 seconds time interval (right).
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Figure 18 - Comparison of the effect of spring stiffness on relative displacement-time
histories of Model-1 (a) and Model-2 (b), for r= 0.4 (£1 mm @ 4.613 Hz).
Displacement-time series of both models (left), and the displacements for 2-2.5 seconds
time interval (right).
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Figure 19 - Pounding forces F 3 = Fa3 for r= 0.4 and k~=k (£2 mm @ 6 Hz) in time series
(left), and the displacements for 2-2.5 seconds time interval (right).

In order to examine the pounding under the earthquake, shaking table tests were carried out
using the 1999 Diizce earthquake record. Displacements were scaled to 1/15, and to keep

peak accelerations the same, time was scaled to 15

2 considering the £75 mm displacement

capacity of the shaking table [23]. In the earthquake simulation, acceleration and video
recording were taken, and the cases where the models are adjacent and separate were
examined comparatively. In Figure 20, the filtered acceleration responses of the 3™ floor are
given for both models. It was seen that while the pounding increases the acceleration
responses for Model-1, the acceleration responses decrease for Model-2 in the time history.
The peak acceleration obtained for Model-1 increased from 1.23g to 1.41g by 14.63%. For
Model-2, the peak acceleration remained the same at 1.48g.
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Figure 20 - Comparison of acceleration responses on Model-1 (a) and Model (2) for
adjacent and separated cases
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Appropriate coefficient of restitution (») and stiffness ratio (k,/k) is investigated by relative
root-mean-square (RMS) error [25] of numerical and experimental displacement time-
histories using Equation (20).

_NWNEY, (&, [n - x,[n)’
JA/NEY (x,[n])?

100 (20)

rel

The relative RMS errors, ¢, calculated with Equation (20) between the numerical (x;) and
the experimental (x.) displacements are listed in Tables 2 and 3 for Model-1 and Model-2,
respectively. Minimum relative RMS errors of 42.41% and 52.62%, which are the most
congruent results, are obtained for k/k =5 at » = 0.2 and » = 0.4. Even though these values
represent the best result, considering the SSPs obtained from harmonic tests, earthquake
simulations with the combination of 1, 5, and 10 stiffness ratios with 0.2, 0.4, and 0.6
coefficients of restitution are also interpreted as acceptable. For this reason, an investigation
is carried out on the peak displacements obtained from experimental results with numerical
peak displacements considering these » and k/k combinations. The differences in peak
displacement for Model-1 and Model-2 are listed in Table 4, where the peak experimental
displacement for Model-1 is 13.21 mm at 1.40 sec and for Model-2 is 6.93 mm at 1.29 sec.
Considering these comparisons, the most congruent results are obtained for k/k = 1 and
r=0.2. The r and ky/k combinations, except those given in Table 4, were not taken into
consideration because of the incompatible time intervals corresponding to peak
displacements in the numerical analysis compared to the actual behavior observed by
experiments.

Table 2 - Relative RMS error percentages of experimental and numerical analysis results
depending on r and ky/k ratios for Model-1

r

Kk 0.2 0.4 0.6 0.8 1.0
0.1 56.34 68.24 89.11 127.65 198.94
1 42.94 45.00 64.66 86.28 161.08
5 43.74 42.41 45.83 73.67 127.07
10 43.76 43.53 55.41 82.97 139.79

Table 3 - Relative RMS error percentages of experimental and numerical analysis results
depending on r and ky/k ratios for Model-2

r
K/ 0.2 0.4 0.6 0.8 1.0

0.1 80.08 92.07 114.25 150.70 252.73

1 54.63 57.79 82.34 124.31 241.61

5 52.62 54.57 65.62 107.32 198.68

10 53.65 57.21 67.94 104.42 181.04
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Table 4 - Comparison of numerical peak displacements with experimental peak
displacements for Model-1 and Model-2

Model-1 (13.21 mm, # = 1.40 sec) Model-2 (6.93 mm, ¢ = 1.29 sec)
r=0.2 =04 r=10.6 r=10.2 =04 r=10.6
Disp. Diff. | Disp. Diff. | Disp. Diff. | Disp. Diff. | Disp. Diff. | Disp. Diff.
Kok | [mm] [%] | [mm] [%] |[mm] [%] | [mm] [%] | [mm] [%] |[mm] [%]
1 13.31 -0.79 | 13.52 -2.37 | 13.59 -2.87 | 748 -7.93 | 7.89 -13.85| 8.41 -21.36
5 13.37 -1.23 | 13.51 -2.31 |14.18 -7.34 | 7.71 -11.35| 822 -18.74| 8.97 -29.44
10 | 13.39 -1.39|13.66 -3.41|14.14 -7.04| 7.68 -10.90| 8.19 -1830| 9.14 -31.89
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Figure 21 - Comparison of relative displacement-time histories of Model-1 for
experimental and numerical results. Adjacent cases (a) and (b), separated case (c).
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Time history analysis to observe pounding using the most congruent results plotted with
experimental results are given in Figure 21 for Model-1 and Figure 22 for Model-2. Figures
21(a) and 22(a) show the adjacent state for k/k = 1 and »= 0.2 for Model-1 and Model-2,
respectively. Figures 21(b) and 22(b) show the adjacent state for ky/k = 5 and = 0.4 for
Model-1 and Model-2, respectively. For the case of the sufficient seismic gap, where the
building models placed separately, experimental and numerical displacement time-history
responses are shown in Figures 21(c) and 22(c). While peak displacements are 13.8 mm for
Model-1 and 8.95 mm for Model-2, an apparent change in the time domain for the case of
the insufficient seismic gap is observed under earthquake simulation. Peak displacements
were decreased by 4.27% for Model-1 and 22.57% for Model-2.
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Figure 22 - Comparison of relative displacement-time histories of Model-2 for
experimental and numerical results. Adjacent cases (a) and (b), separated case (c).
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5. CONCLUSIONS

Performing collision effects with real-scale experiments is very difficult and require
significant investments. Therefore, to determine the compatibility of numerical pounding
models and parameters with the actual structure behavior, it is necessary to conduct
experimental studies on scaled structure models in the laboratory environment.

In this study, numerical analyses using the Kelvin-Voigt pounding model and their
comparison with the displacement responses obtained from the experiments carried out by
the image processing technique are presented to examine the pounding in adjacent structures.
Harmonic excitation tests are evaluated with relative RMS errors of earthquake simulations
to investigate the performance of the Kelvin-Voigt pounding model. The results obtained in
the study are as follows:

e  With the experimental studies, it has been concluded that the pounding phenomena can
be observed, and collision durations can be measured by video recordings with a
frequency of 100 fps.

e  When compared with the experimental results, it is seen that the Kelvin-Voigt pounding
model gives relevant results under both harmonic and earthquake effects. Still,
experimental studies are needed to determine the spring and damping parameters. It is
beneficial to diversify such experimental studies due to the variety of parameters and
manufacturing and material defects in the experimental models.

o Considering the complexity of the problem, it is clear that a perfect result in full
compliance with the experiments cannot be obtained. Differences between the model
analyzed under ideal conditions, and the experimental model also have an effect on the
pounding simulations. This situation can also be observed in the time-history graphics
obtained from earthquake tests on the models in separate cases. Even without the
pounding effect, the relative RMS errors were obtained as 25.96% and 42.23% for
Model-1 and Model-2.

e Tests for the cases when the coefficient of restitution is taken as » = 0.2 or 0.4, and the
ratio of spring stiffness to shear stiffness (ky/k) is 1, 5, or 10 in harmonic excitations
give the most congruent results with numerical simulations. In earthquake simulations,
using the differences in peak displacement and relative RMS errors, it has been
experienced that cases for » = 0.2 with k/k =1, and » = 0.2 or » = 0.4 with k/k =5 are
interpreted as the most reasonable results. However, considering relative RMS errors of
42.41% and 52.62% (>30%) shows that the relation between experimental and
numerical results has a poor concordance. Therefore, further experimental and
numerical research is being recommended better to determine the effectiveness of the
numerical pounding models.

e  When adjacent and separate states are examined under the effect of the earthquake, it is
observed that the peak displacements are decreased by 4.27% for Model-1 and 22.57%
for Model-2 in the adjacent state compared to the separate state. Besides the peaks, a
significant decrease in displacements is also observed in the time domain.
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e In earthquake simulation, pounding phenomena caused an increase in peak acceleration
by 14.63% for Model-1, while the peak acceleration on Model-2 remained the same for
the adjacent state.

e The results obtained by experiments specific to building models investigated in this
study, performed harmonic excitation and earthquake tests, show that the image
processing technique is a successful method for examining the pounding phenomena.
In particular, this technique can be used practically to update the finite element models
of structures and to determine or verify the parameters such as spring stiffness and
damping and the collision durations of mathematical pounding models.

Symbols

cij, Caj : Damping of the j* story of Model-1 and Model-2
¢ : Damping of the j* story in Kelvin-Voigt Model
Ci, C2 : Damping matrix of Model-1 and Model-2

E : Elasticity modulus

El : Flexural stiffness

f : First mode frequency of models

Fy : Pounding force for the j story of Model-i

F : Pounding force vector of Kelvin-Voigt Model

1. : Moment of inertia for column

1 : Brightness threshold value

i : Model number index

J : Model story index

k : Story shear stiffness

ks : Spring stiffness

kyj, ko . j™ story shear stiffness of Model-1 and Model-2
Ki, K> : Stiffness matrix of Model-1 and Model-2

L : Height of story for models

Mi, M2 : Mass matrix of Model-1 and Model-2

myj, my; : j™ story lumped masses of Model-1 and Model-2

n : Step number for Newmark Mean Acceleration Method and time-history
N : Total number of samples
r : Coefficient of restitution
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: First mode period of models

Uuij, Uay : j™ story displacement of Model-1 and Model-2

Ui, Uy, Ut : Vectors of displacement, velocity, and acceleration for Model-1

Uz, Uz, U2 : Vectors of displacement, velocity, and acceleration for Model-2

U
Xe
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At
B
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: Ground acceleration

: Experimental displacement

: Numerical displacement

: Timestep

: Parameter in Newmark’s method

: Parameter in Newmark’s method

: Relative root mean square error

: Damping ratio of Model-1 and Model-2
: Damping ratio of Kelvin-Voigt model
: Acceleration scale

: Displacement scale

: Time scale
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ABSTRACT

Thermal conductivity is an important parameter in predicting the temperature distribution of
large reinforced concrete structures. To accurately predict the temperature gradients, the
effect of the steel rebar must be considered. An overall effective thermal conductivity was
proposed to account for the steel reinforcement to eliminate the need to consider the
complicated geometry of the rebar. In this study, the thermal conductivity of concrete
cylinders embedded with 4% and 8% steel reinforcement was measured following industry
standards. The effective thermal conductivity was calculated and shown to increase with the
reinforcement ratio. Finite-element analysis (FEA) was conducted to model the experimental
tests, and an equation was proposed to estimate the effective thermal conductivity.
Additionally, FEA was used to model a concrete pier cap using the effective thermal
conductivity. It was concluded that the simple effective thermal conductivity could be used
to simulate the complicated steel reinforcement in concrete.
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A Relationship for Effective Thermal Conductivity of Reinforced Concrete Structures

1. INTRODUCTION

A thermal analysis is a vital task needed to define the thermal stresses and cracking potential
of large reinforced concrete structure. One of the most important parameters in the thermal
analysis is the material’s thermal conductivity. It should be defined precisely to predict the
correct temperature distribution within the structure. Often, the steel reinforcement inside
concrete is neglected in the thermal analysis of a reinforced concrete structure because of its
layout complexity. However, steel rebars can significantly affect the overall thermal
conductivity and therefore the temperature and stress distribution. Researchers have studied
the effect of different mix properties (water-cement ratio, aggregate volume fraction,
moisture conditions, etc.) on concrete’s thermal conductivity [1-2].

There are few studies available that studied the effect of different types of inclusions (steel
reinforcement, fiber, etc.) on the overall thermal conductivity of a composite. Fraternali et al.
[3] investigated the thermal conductivity of recycled PET fiber reinforced concrete. Kanbur
et al. [4] studied the thermal conductivity of concrete and reinforced concrete experimentally
and numerically using two types of reinforcements with a diameter of 10-mm and 12-mm in
three different cross-sectional geometries. Agrawal and Satapathy [5] developed a
mathematical model for evaluating the thermal conductivity of polymer composites with
hybrid fillers. Noh et al. [6] studied the effective thermal conductivity of reinforced concrete
containing multiple layers of reinforcements. The authors developed a mathematical model
to calculate the effective thermal conductivity of reinforced concrete and was validated using
a finite-volume method, but their numerical simulations were not verified by experimental
test. Kim et al. [7] studied the thermal conductivity of lightweight aggregate concrete with a
high volume of entrained air using a heat flow meter. Yun et al. [8] evaluated the thermal
conductivity of lightweight concrete materials with various lightweight aggregate and glass
bubbles using a linear and plane heat source methods. To efficiently predict the temperature
gradients in a reinforced concrete structure, a simplified effective thermal conductivity model
to consider the effect of steel reinforcement inside concrete is needed.

In this study, the CRD-C 36-73 method [9] was used to measure the thermal conductivity of
mortar samples with and without steel reinforcement. Then, the experimental results were
compared to a 3-D thermal analysis calculation using ABAQUS finite element analysis
(FEA) software. Finally, the FEA software was used to simulate reinforced concrete with
various volumetric reinforcement ratios and an empirical equation was developed to calculate
the effective thermal conductivity. The effective thermal conductivity was used to predict the
temperature time history of a reinforced concrete bridge pier cap at the center and side
locations.

2. EXPERIMENT

Six 15-cm (6-in) diameter by 30.5-cm (12-in) height cylinder specimens were prepared.
Three specimen layouts were prepared: plain mortar, plain mortar plus six steel rebars, and
plain mortar plus eleven steel rebars. Each layout had two-cylinder specimens. The steel
rebars were all 46-cm (18-in) long and 1.27-cm (0.5-in) in diameter. The mortar mix design
is shown in Table 1. The mortar mix was selected to provide more uniform samples in the
cylinders since coarse aggregates may segregate due to the steel rebar spacing. The locations
of the steel rebars are shown in Figure 1.
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Table 1 - Mix design

Material Weight Density (kg/m?)

Cement 521.8
Sand 1513.2
Water 256.8
N\
: i £) <
Y
o 1.27 ’ 5 L ‘
Y
- 381 = | == 3.81 ==
f=— 5,08 —=i o 508
- 762 - - 7.62
(a) (b)

Figure 1 - Specimens’ layout of (a) Mortar + 6 steel rebars (b) Mortar + 11 steel rebars
(Dimensions are in cm)

Three K-type thermocouples were inserted in each cylinder. They were located at the center,
4.5-cm (1.75-in) from the center and 7-cm (2.75-in) from the center. All the thermocouples
were in the middle of the cylinders and fixed with multiple zip ties. The locations of the
thermocouples are shown in Figure 2. In order to maintain the location and the spacing of the
rebars, two pieces of plywood with holes at the locations of the steel rebar were placed on
the top and the bottom of the plastic mold. The specimens were cured for 14-days with a
curing temperature of 43 °C which is more than 28-days of curing at a reference temperature
of 23 °C. After the curing process was completed, each specimen was placed in a hot water
bath with a heating unit to reach 75 °C. Then, each specimen was placed on top of two pieces
of plywood and submerged in a cold-water bath. The temperature of the water was kept
constant throughout each experiment by circulating the water. The temperature of the water
was measured using a thermocouple placed 5-cm from the side of the specimen. The mortar
and water temperatures were recorded at an interval of 5-seconds until the concrete’s surface
temperature reached the water temperature. Each test was repeated two times. The reinforced
specimens are shown in Figure 3.
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Figure 3 - Reinforced specimens (a) Mortar + 6 steel rebars (b) Mortar + 11 steel rebars
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3. ANALYSIS OF RESULTS

The overall thermal conductivity can be calculated using the equations provided by CRD-C
36-73:

T1
gl M ki) O
pCp  (t2=t1) ' (_5-:;33 7_22)

where a is the thermal diffusivity (m?/h), M (m?) is a factor depending on the size and shape
of the specimen, t; and t, are the times at which the center of the specimen reaches the
specified temperature differences (min), T; and T, are the temperature differences between
the specimen and water bath (°C) at times t; and t,, r is the radius of the cylinder (m), [ is
the length of the cylinder (m), K is the thermal conductivity (W/m/K), p is the weight density
(kg/m3), and C,, is the specific heat capacity (J/kg/K). Based on the dimensions of the
cylinder and assuming T; and T, are 33.33 °C and 11.11 °C, M can be calculated to be 0.0598
(m?). The specific heat of mortar can be calculated using Equation 2 [10], [11].

C _ (740pcem+710ps+4184py,)
p-mortar —

2

Pmortar

where pgem» Ps» Pw are the weight densities (kg/m3) of the cement, sand, and water in the
mortar mix design. Pportar = Pecem™t PstPw- The effective thermal conductivities were
obtained and are shown in Table 2. As shown in Table 2, the effective thermal conductivities
of the cylinders with steel reinforcement increased by 16.9% and 22.3%.

Finite element analysis (FEA) software (ABAQUS) was used to simulate the thermal
behavior of the cylinders. For the cylinders with the steel rebar, the reinforcements were
bonded with the mortar using a tie constraint (i.e. perfect bond). The three-dimensional
thermal transient analysis was performed using hexahedral linear elements (DC3DS8). An
element size of 1.5-mm (0.06-in) was used for the mortar and steel rebar. An example of the
geometry and mesh for a concrete cylinder with 11 steel rebars is shown in Figure 4. A total
of 989,400 and 149,600 elements were used in this model for concrete and steel rebars,
respectively.

(a) (b)
Figure 4 - (a) 3-D Geometry and (b) mesh of the thermal analysis model with 11 steel
rebars
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The FEA temperature distribution at the middle of the cylinder at 10 minutes is shown in
Figure 5. The temperature-time histories were exported and compared with the experimental
results in Figure 6. The convection boundary condition had a film coefficient (convection
coefficient) of 4500 W/m*K and was assumed to model the effect of the circulating water.
The temperature of the cold-water bath stayed close to 13 °C in all the experiments. As shown
in Figure 6, the FEA results compare well with the experimental temperatures measured at
different locations. The largest variation occurs with the sensors closest to the surface. The
measured initial concrete temperature and the water temperature were used as an input for
each case. Since the experimental initial temperatures of the 4.5-cm and 7-cm thermocouples
are not the same as the center temperature, due to a delay of about 1-minute between taking
the cylinders out of the hot water bath and submerging it in the cold-water bath, the FEA
initial temperature input at different locations was adjusted accordingly.

Table 2 - Specific heat and thermal conductivity

Material Mass Density  Specific Heat  Thermal Conductivity

(kg/m3) J/kg/K) (W/m/K)
Steel 7897.1 502.4 53
Mortar 2291.8 1106 2.253
Mortar + 6 steel rebars 2529.7 1026 2.633
Mortar + 11 steel rebars 2727.9 970 2.755

Figure 5 - Temperature distribution at 10 min for (a) mortar (b) mortar + 6 steel rebars (c)
mortar + 11 steel rebars (temperatures are in °C) at the middle of the cylinder
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Figure 6 - Temperature time history comparisons of experiment and FEA at different
locations: (a) plain mortar (b) mortar + 6 steel rebars (c) mortar + 11 steel rebars
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4. EFFECTIVE THERMAL CONDUCTIVITY

Another set of 3-D FEA models was used to develop an effective thermal conductivity
equation. The effective thermal conductivity could be used to estimate the thermal
conductivity of concrete with complicated steel reinforcement [12]. In these analyses, the
temperature-time history of the cylinders with different reinforcement ratios was calculated
using the material properties mentioned in Table 2. The temperature decays were obtained
for cylinders with 3, 5, 7, 9 and 11 steel rebars using the same clear cover spacing (1-inch
(2.54 cm) from the surface of the cylinder) for all the analyses. An initial concrete
temperature of 100 °C and a constant water temperature of 20 °C were chosen to calculate
the effective thermal conductivities. The time period it took for the temperature difference
between the center location of the cylinder and the water temperature to reach from 44.44 °C
to 11.11 °C was used to calculate the effective thermal conductivities. An M of 0.0755 (m?)
was calculated based on the mentioned temperature differences and the dimension of the
cylinder using Equation 1. The linear relationships of the natural logarithm of the temperature
difference versus time (shown in Figure 7 (a)) from FEA calculations indicate

43 No Rebars
= y =-0.0574x+ 4.0373
2 4 R2 = 0.9998 7 Rebars
g == 11 Rebars
s S0
£ 33 B N Line (No Rebar)
o D Line (7 Rebars)
Q
§ y =-0.0721x+ 4. 0596\ . Line (11 Rebars)
© S
S s R?=0.9996 \:"“*«;“\..,
Q. N t\ .\\»
£ e
£ 2 y =-0.0656x+ 4. ossi/» e
S R? = 0.9996 \
1.5 ~. .
0 10 20 30 40
Time (min)
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12| ¥=00388x+1 .
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Y 3 |
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Reinforcement ratio (%)
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Figure 7 - (a) Natural logarithm of temperature difference vs. time, (b) Normalized
effective thermal conductivity vs. volumetric reinforcement ratio
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that the homogeneous solution in Equation 1 can still be a reasonable estimation in the
calculation of the effective thermal conductivity of concrete with rebar. Using the FEA
results, the normalized effective thermal conductivity (K.ff/Kp) versus the percentage of
reinforcements (by volume) can be calculated, and the results are shown in Figure 7 (b). The
fitted trendline is shown in Equation 3. The value of K, was obtained to be 2.198 W/m/K
based on the temperature decay calculated by the FEA calculation, which is about 2.5%
difference with the measured value of 2.253 W/m/K. Using the proposed Equation 3, the
effective thermal conductivities of the mortar with 6 steel rebars (4.24% reinforcement ratio)
and 11 steel rebars (7.78% reinforcement ratio) are 2.546 and 2.846 W/m/K. The calculated
values are 3.4% and 3.2% different than the experimental values calculated using Equation
1 as shown in Table 2. A comparison of the calculated thermal conductivities and the
measured data is displayed in Figure 7 (b).

It is noted that for a typical reinforced concrete structure, the reinforcement amount in
different direction can be different. However, to simplify the calculation, the concrete
structure will be assumed to have same K,sr along all directions when using Equation 3.
Typically, for a mass concrete structure, the heat conduction along one critical direction
(smallest dimension direction) will be the highest and can be assumed almost insulated from
the other two directions. Therefore, the simplified K,sf can be used to estimate the critical
temperature gradient with enough accuracy, which will be more efficient than using a

complicate reinforcement geometry. An example of this application will be shown in Section
S.

K;—gf = 0.0388 (reinforcemnt ratio (%)) + 1 (3)

5. THERMAL ANALYSIS OF A PIER CAP

The relationship provided in Equation 3 was used to analyze an Ices Ferry bridge’s pier cap
constructed in Cheat Lake, West Virginia (shown in Figure 8). FEA software using ABAQUS
with a user subroutine described previously by Lin and Chen [10] was used to perform the
thermal analysis. The details of the thermal analysis parameters and the mix design properties
for the concrete pier cap are shown in Table 3 where h,, (W/m¥K) is the convection
coefficient between the steel formwork’s surface and the ambient environment and h,
(W/m?/K) is the conductance coefficient between the steel formwork’s surface and the
concrete’s surface.

In the thermal analysis, the heat generation rate, g (t) of each concrete element was calculated
using Equation 4. In Equation 4, ¢, is the equivalent age of concrete which is calculated based
on Equation 5 to consider the time shift due to the temperature dependency of chemical
reactions between the cementitious materials and water. In addition, the specific heat of
concrete, Cp,_con, and thermal conductivity of concrete, K, were considered to be degree of
hydration dependent parameters [13], [14] and shown in Equation 6 and Equation 7.
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q(t) = H,Weemay exp (‘ [é]ﬁ> [é]ﬁ gex}j <_% (Wizn h 23+1273)> “)

¢ Eq 1 1
te = fO €Xp (_?(T(t)+273 B 23+273)) dt ®)

Cp-con(@r, T(D)) = = Wiemat (BAT(6) + 339) + (740P.epn + 720Prg)Woom(1 = @) +
710W; + 840W, + 4184W,,) (6)

K.(a,) = Ky (1.33 = 0.33(a, (1)) (7

where H, (J/kg) is the ultimate heat of hydration, W,,,,, W;, W,, W,, are the masses of the
cementitious materials, sand, coarse aggregate and water per unit volume of concrete (kg/m?),
t. is the equivalent age of concrete, a,,, T, f§ are the hydration parameters, ¢ is the time, 7/(%)
is the temperature of concrete (°C), R is the universal gas constant (8.314 J/mol/K), E,, is the
activation energy of concrete (J/mol), a,.(t) = a'(t)/a,, a'(t) is the degree of hydration of
the concrete. p. is weight density of concrete (kg/m3);p, = Weem + W, + W, +
W,,, and P, Pr4 are the mass fractions of cement and fly ash in the cementitious materials.
K, 1s the thermal conductivity (W/m/K) of the mature concrete (measured after 28 days of
curing).

The adiabatic temperature rise of the mix was measured using an adiabatic calorimeter
developed from a previous study [10]. The heat loss was minimized by controlling the
surrounding water temperature and matching its temperature with the concrete sample. The
measured adiabatic temperature rise was fitted to find the hydration parameters shown in
Table 3. The ultimate heat of hydration (H,) was calculated using the cement chemical
compositions and fly ash amount in the mix [15]. The ultimate degree of hydration was
calculated using an equation based on the water cementitious ratio and the percentage of fly
ash [16]. A comparison between the measured and fitted adiabatic temperature rise is shown
in Figure 9. The parameter shown in Table 3 was used to calculate the heat generation rate
of the concrete, Equation 4, and the heat generation function is shown in Figure 10. The Ices
Ferry pier cap geometry is shown in Figure 11(a). By using the concrete parameters in Table
3, the temperature distributions in the pier cap were calculated using ABAQUS, and a typical
temperature distribution plot at 20 hours is shown in Figure 11(b).

Table 3 - Mix design and hydration parameters.

Mix Design (kg/m?) Thermal Analysis Parameters
Fly Coarse Fine
Cement ash Water Age.  Age. a, H, T B E, hey  he

3346 444 142 1,032 736  0.69 425,520 7.8 0.95 44,000 11.4 358
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Figure 10 - Input heat generation function
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Figure 11 - FEA analysis of Ices Ferry Bridge pier cap (a) Dimensions (b) Temperature
distribution in °C at 20 hours (cut at the center)

The pier cap structure was heavily reinforced (Figure 8). Therefore, the effect of the
reinforcement needs to be considered in the thermal analysis. The plain concrete thermal
conductivity was measured to be 2.1 W/m/K. The effect of different reinforcement ratios on
the temperature of the pier cap at the cap center and at the side surface (5 cm away from the
front side) are shown in Figure 12 and Figure 13. As shown in these figures, due to a higher
reinforcement ratio, a higher temperature decay could be seen on the calculated center
temperature after reaching the peak temperature (at around 20 hours) than the temperature
decay at the side location. The effect of different reinforcement ratios on the temperature at
the side surface is not as severe as at the center. The effective thermal conductivity with an
assumed 8% reinforcement ratio was calculated as 2.75 W/m/K using Equation 3. These
thermal conductivity values were used as K, in the thermal analysis calculations. Therefore,
the following equation can be replaced by Equation 7:

K.(a,) = K,.(0.0388 (reinforcemnt ratio (%)) + 1)(1.33 — 0.33(a,(t)) ) (8)
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The temperature-time histories calculated using the FEA at the center of the pier cap and 5
cm away from the front side of the pier cap were compared to the experimental data. The
comparison is shown in Figure 14. Results show that when using the plain concrete thermal
conductivity, the concrete temperature (orange line) at the center of the pier cap would be
overestimated. The temperature predictions improved by considering the steel reinforcement
with the calculated effective thermal conductivity (black dashed line) as shown in Figure 14.
It can be seen that by considering the effective thermal conductivity, the temperature
differential (difference between the center temperature and the side temperature) in the pier
cap is also reduced which indicates a reduction of the thermal stress at the side surface.
However, further study considering the actual reinforcement cage is recommended in order
to have a better estimation of the effect on the thermal stress of the pier cap.
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Figure 12 - Effect of reinforcement ratio on center temperature
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Figure 13 - Effect of reinforcement ratio on front side surface temperature
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Figure 14 - Concrete temperature time history of the Ices Ferry Bridge pier cap at (a)
Center of the pier cap and (b) 5cm from the front side surface (Thermal conductivity, K

6. CONCLUSIONS

W /m/K))

In this study, the thermal conductivity of mortar cylinders with 15-cm (6-in) diameter
embedded with 6 and 11 steel rebars with 1.27-cm (0.5-in) diameter was experimentally
measured. CRD-C 36-73 was used to calculate the thermal conductivities based on the
temperature decay of the center. Besides the center temperature, two other locations, 4.5 cm
and 7 cm from the center were monitored. FEA was conducted and successfully predicted
the experimental measurements. The experimental measurements showed a thermal
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conductivity increase of 16.9% and 22.3% by embedding 6 and 11 steel rebars in the
cylinders. Then, the FEA was used to develop a linear effective thermal conductivity equation
that can be used in the thermal analysis of reinforced concrete elements without complicated
rebar modeling. Finally, the proposed equation was used in a finite element temperature
analysis of a real bridge pier cap to evaluate the accuracy of the prediction. Results show that
the temperature predictions improved at the center location by considering the steel
reinforcement with the calculated effective thermal conductivity.

Symbols
Gy : Specific heat capacity (J/kg/K)
Co—mortar : Specific heat capacity of mortar (J/kg/K)
Cp—con : Specific heat capacity of concrete (J/kg/K)
E, Activation energy of concrete (J/mol)
H, Ultimate heat of hydration (J/kg)
K Thermal conductivity (W/m/K)
K, Time dependent thermal conductivity of concrete (W/m/K)
Ky Thermal conductivity of mature concrete (W/m/K)
K, . Thermal conductivity of non-reinforced concrete (W/m/K)
Kess . Effective thermal conductivity (W/m/K)
l Length of the cylinder (m)
r Radius of the cylinder (m)
R Universal gas constant (8.314 J/mol/K)
t Time (h)
T : Temperature of concrete (°C)
tLt, Times at which the center of the specimen reaches the specified
temperature
T, T, . Temperature differences between the specimen and water bath (°C)
t, . Equivalent age of concrete (h)
Weom, W ~ Mass of the cementitious materials, sand, coarse aggregate, and water
W,, W, " per unit volume of concrete (kg/m?)
a : Thermal diffusivity (m?/h)
a' : Degree of hydration of the concrete
a, . Degree of reaction of concrete
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a,,T, B . Hydration parameters

Pmortar : Weight density of mortar (kg/m3)

Weight densities of the cement, sand, and water in the mortar mix

Pcem » Ps » Pw : (kg/m3)
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Seismic Responses of an Isolated Long-span Bridge using
Frequency Domain and Time Dependent Procedures
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ABSTRACT

Seismic behavior of an isolated bridge is analyzed in the frequency domain under the effects
of non-stationary ground motions. For dynamic solutions, different ground environments are
considered by simulating non-stationary quakes that can be represented from bedrock to soft
ground level. In the simulations, power spectral functions and filtered white noise model are
adopted for spectral densities of the earthquake excitations. Various computer algorithms
have been developed for earthquake simulations, establishing the bridge finite element model
and stochastic solutions. Twenty simulated ground motions are used for each soil profile and
the parameters of Rayleigh dispersion are estimated by evaluating the system responses for
each ensemble. A number of peak response factors dependent on soil conditions are presented
for seismic responses. In addition, extreme value distributions of the responses are shown
with the probability of exceeding functions and tables. The responses are discussed for the
specific exceedance level of probabilities used in probabilistic design process. The stochastic
analyses generally yielded responses consistent with time domain solutions. Exceedance
probability functions of the peak responses were obtained in a close relationship. However,
the probability distributions of the responses decomposed for the soft soil case and they
displayed a wider dispersion even for low exceedance levels. The peak responses are
expressed with some exceedance probabilities. In the estimation of response variations, this
study showed the practicality of the frequency domain method and the results revealed higher
peak response factors and variances for softer soil conditions. Furthermore, this study
indicated that the frequency domain procedure is an effective tool in the obtaining of non-
stationary seismic responses.
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1. INTRODUCTION

Earthquake motions include wide range of uncertainties such as magnitudes, frequency
contents, amplitudes and etc.) and non-uniform characteristics (wave passage effects, site
effects, reflections during propagation, and etc.). Due to their non-stationary nature,
earthquakes are very complex ground motions and they vibrate structural systems in a non-
synchronous form. Therefore, they cause large fluctuations in the seismic structural
responses. Spatial variation of an earthquake mainly originates from three sources; loss of
coherence effects, wave passage and local soil conditions. Long span bridges are highly
sensitive to quake excitations. Due to large variability, dynamic responses develop in non-
deterministic manner even for the same seismic zone. Seismic response variations may be
determined either by deterministic approaches assuming a set of specific ground motions in
a limited number or by stochastic approaches considering random process of the ground
motion. Shinzouka and Jan [1] showed that if the cross-spectral and the power spectral
density function (PSDF) of a process or an ensemble are known, then its components can be
simulated by the sum of trigonometric functions containing random phase angles and
frequencies. The earthquake intensity could be an important guideline in estimating the
dynamic responses due to an earthquake since the responses of the system increase with the
intensity of the earthquake [2]. Pagnini and Solari [3] carried out frequency analysis of bridge
piers by assuming stationary Gaussian process and Kanai-Tajimi filtered white noise model.
Numerical results showed that the variation of the response is virtually independent of the
spectral content of input motion. Der Kiureghian and Neuenhofer [4] developed multi-
support response spectrum method for the seismic responses of bridges. Under effects of
white noise and filtered white noise excitations, the close-form expressions were derived [5]
for spectral moments of the responses. Vrouwenvelder [6] proposed a direct method to
analyze bridges in frequency domain for non-uniform seismic motions. This study indicated
that the design of bridges subjected to ground motions should be considered as a probabilistic
problem together with risk analysis and decision mechanism. Yang and Leung [7] used
stochastic finite segment method on box-girder bridges. The analysis point that the method
is more effective in terms of the number of unknowns and it has higher accuracy. On the
other hand, the frequency analysis may be a strong tool to exhibit larger redistribution of
responses in case of non-uniform seismic motions [8].

For a single bridge pier with symmetric cantilevers, stochastic analysis was studied by Hasgiir
[9] and responses were evaluated in terms of statistical values. On the other hand, spatial
variability of earthquakes and soil conditions may quite affect the stochastic responses of the
piers of an isolated bridge [10]. Jangid [11] used non-stationary random process for
earthquake excitation to obtain frequency responses of bridges by a suitable PSDF. Closed-
form solutions were derived for optimum yield strength of bearings by assuming rigid-deck
and stationary white-noise motion. In obtaining responses in the frequency domain, hysteretic
energy dissipation procedure is also used for isolators by considering the Kanai-Tajimi model
[12]. Additionally, the optimum values of the characteristic strength and inelastic stiffness of
isolators depend on frequency content of ground motion and consequently depend on soil
conditions as well [13]. On the other hand, seismic performance of the considered bridge and
pier was evaluated [14,15] under earthquake motions. In obtaining the peak responses, the
coupled interactions of restoring forces in isolators have been observed as considerable
effects [16]. For peak responses, the models of peak factors suggested by Davenport [17] and
Vanmarcke [18] have been commonly used so far. When earthquake damages in bridges are
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investigated, pier stiffness, soil conditions and supporting types are seen as important factors.
Soil flexibility can quite affect [19] the seismic responses of base-isolated structures and lead
rubber isolation system (high damping) can causes to larger peak responses. From the
mentioned effects, different soil mediums and support conditions were studied [20] under
effect of earthquake accelerations to obtain dynamic responses of a bridge-pier system.
Differences in soil conditions induce significant variations in seismic responses of bridges
with high piers and more flexible soil can cause the higher seismic responses [21]. Since the
seismic responses are dependent on the dynamic characteristic of the bridge and the PSD of
input excitations, the model of coherency and the apparent velocity, the spatially varying
ground motions play important role in the bridge analyses [22]. In suspension bridges, the
response values obtained for the site-response effects alone are larger than the response
values obtained for the incoherence and wave passage effects, by themselves [23].

In this study, expected peak responses of a viaduct system subjected to non-stationary
earthquakes are predicted in frequency domain for different soil conditions. The spatial
variability of the input motion is considered by power spectral density functions. The
analyzed viaduct was constructed on a highway and it has multiple-long spans and rubber
isolators located between deck and piers. The viaduct was built as a reinforced concrete
structure in a high seismic zone (in Istanbul) of Turkey. For the analyses, twenty non-
stationary earthquake records are simulated for each soil type by using filtered white noise
model and time-varying functions which are modulated with suitable parameters fitting to
the considered records. Establishing the 3D finite element model of the viaduct system,
generating artificial ground motions and frequency analyses are executed by the algorithms.
A range of peak response factors are presented in this paper for various soil conditions and
behavior type of bearings. The expected peak responses in frequency domain are evaluated
with those of the time domain and it has been shown that the results are in a harmonious
relationship. Finally, the expected peak responses are computed for non-stationary
earthquake effects in point of probabilistic terms such as mean, variance and etc. By extreme
values analysis, exceedance probability distributions are obtained for seismic peak responses.
Furthermore, the response quantities corresponding to 2%, 10% and 50% exceedance
probabilities to be used in design process are predicted depending upon soil types.

2. BEHAVIOR OF THE VIADUCT IN FREQUENCY DOMAIN

Random behavior of a system can be expressed with statistical quantities and structural safety
can be evaluated in terms of probability of exceedance for certain levels. As is well known,
linear model of a structural system subjected to random loads is generally sufficient [24] for
serviceability assessment in probabilistic sense. Different soil conditions give rise to
additional variations in the amplitude and frequency content of the ground motions as the
waves propagate from the bedrock to the surface level [25]. In the analysis of a system
subjected to loading p(t) involving stochastic character, the main task is to transform the
stochastic process of the loading p(t) into the random processes of the response by employing
proper mathematical techniques for frequency domain solution as shown by the simplest
description given in Figure 1.
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input process output process

p(t), Rp(t), Sp(w) — - 5 v(t), Ry(1), Su(®)

Figure 1 - Input and output in a random process

The stationary process of the loading p(t) can be regarded as an input function provided that
one of either the autocorrelation function Ry(t)) or the PSDF (Sy(w®)) is known. In order to
consider the randomness of ground motions, it is assumed that the external load p(t)
representing non-stationary random process has a limited frequency band, zero-mean value
and a Gaussian distribution with uniform power spectral intensity of So. The response process
v(t) can be defined by integration of the multiplication of the transfer functions (TF) and
Fourier spectrum of seismic input. Equations of motion for a multi-degree of freedom
(MDOF) system are defined for ground motion of by:

[mI{i} + [c|{v} + [K}{v} = {pesr (D} = —[m]{1}, (D

The terms [m], [c] and [k] represent the mass, damping and stiffness matrix of the system,
respectively. Vectors {i}, {v} and {v}are the acceleration, velocity and displacement,
respectively. By applying inverse Fourier transforms to the frequency-based response of the
system, the modal response in its n" normal mode is,

V() = 5 )3 Ha(i) @ Vy (im)e™™ dw @)
where Hi(iw) is the complex frequency response function, n=1,2, ..., N V(@) and is

the Fourier transformation of the input motion. The complex frequency
response function for a discrete mode of n is given [26] as follows,

N 1
(i) = o ezitn@/om)—@/on)]

(3a)

Hy(—im) = ¢ . (3b)

n[1-2ién(@/wn)~(@/wn)?]
K., denotes the generalized stiffness matrix for the n™ mode. Modal responses for stationary
random ground motions can be expressed by a stochastic process of the generalized discrete
forces. Knowing the cross spectral density function (Svmva(®)) defined for discrete modal
forces P, and Py, any response of v(t) is obtained by superposing the frequency response
functions as follows:
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024y = Ym Zn DD Spypy I H (i @) Hy (—iw)dw (4)

The above function shows a relationship between the input and the output processes and it
states the variance of any response quantity. For zero-mean Gaussian process, the relation in
Eq. (2.4) yields the mean-square responses. H,,(—iw) and H,(—iw) are the complex
conjugate of the H,,(iw) and H,, (iw), respectively. The coefficients Dm, Dy, Em and E, are
expressed in terms of the modal parameters and obtained by standard structural analysis. Total
behaviour is derived on the basis of modal superposition by using these coefficients (D, Dy,
Em, En) expressing the contributions of mode shapes. The solution vector associated with
normal coordinates is obtained by multiplication of any response quantity with these
coefficients. For each mode, these coefficients are obtained by any response dividing to the
value of normal coordinate.

When the contribution of the cross terms to the mean-square responses is considered for
discrete modal frequencies, the variances of the output process are computed via numerical
integrations of Equation (4) by applying the residue integration method. Thus, the variances
of response quantities in terms of bending moments and shear forces are given by:

4TE W W DmDrSp, Py

2 _

Oy = Zm Zn KK (0m+07) [(Wm—wn)2+4TE2 0y 0] (5)
s 41wa$nwrzlEmEnSPmPn

oy = Zm Zn KmKn(0m+0p)[(0m—0n)?+41E20p0m] (6)

3. DEFINITION OF GROUND MOTION

Ground motions having non-stationary character are assumed to be stochastic processes and
the response of the system is defined by the functions between the input and the output
process of the system. The power spectrum of Kanai-Tajimi filter functions can be defined
[27] as a variation of the characteristics of ground motions arising from the bedrock passing
through soil layers. Stochastic approach may be the most suitable procedure for generating
artificial accelerograms for the reason of the complex nature of the formation of seismic
waves, their travel path before reaching the recording station and local soil conditions at the
site. In this regard, different stochastic models, both stationary and non-stationary, have
extensively been used in the literature to simulate earthquake ground motions. Firstly,
stationary white noise random models were developed for modeling of earthquake ground
motions. In this context, stationary filtered white noise model of Kanai—Tajimi ([28], [29])
has been the preferable model for many researchers and engineers. These efforts were
followed by introduction of the non-stationary stochastic models for generating earthquake
accelerograms ([30], [31]). In the simulation of ground accelerations, stationary white noise
type ground motions are necessarily considered together with filter functions to characterize
the wvariations in different soil environments. Kanai- Tajimi filters and later
improved/modified by Clough and Penzien [32] are well-known and commonly used
functions. The Kanai-Tajimi filter (|He(iw)|) ampflies the high-frequency components and
de-amplfies rapidly the low frequencies. The Kanai-Tajimi filter (high-pass) is used to define
bedrock ground accelerations and it prevents the transition of very low frequency components
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originating from bedrock. This case can yield inappropriate structural responses. Therefore,
to eliminate this difficulty, a second filter function, known as Penzien's filter function (low-
pass, [H«(iw)|), is adopted to enable the transition of very low frequency components. Random
process of the earthquake excitations is defined by filtered white noise in the stochastic
analyses. PSDF of a sampled random process of x(t) filtered by the transfer functions is
considered as,

Sy (@) = |Hy(iw)|*|H, (i@)|’S, —w <@ < 4o (7
where the constant power spectral intensities (S,) are evaluated for each soil type in the
numerical analyses. The corresponding filter functions of the |Hg(iw)| (high pass filter) and

|Hr (iw)| (low pass filter) are given by

. 2 1+4E% (w/wg)?
[ty o] = [1-(w@/ wg)?]+485(w/ wg)?

(®)

|H, ()" = /ep” ©)

T [1-(@/wp)?P+4EE @/ wp)?

where o, and &, parameters are ground circular frequency and ground damping ratio,
respectively. The second filter characteristics of ®r and & modify the shape of power
spectrum at very low frequency values. Kanai suggested 15.6 rad/sec for the characteristic
ground circular frequency and 0.6 damping ratio for hard soil type. For various soil types,
the parameters of &; and ®g used in this study are given by literature study [4]. Other filter
parameters are taken into account by &=0.60 and ®=w,/10. In this study, the power spectrum
of each soil type is calculated by using Parseval theorem [33] and Fast Fourier transforms.
The amplitudes of the process are directly obtained for each sample by the area under curve
of Sy(@). This curve is considered by equal frequency interval of Aw and the random phase
angle of @k which has uniform probability density function over the range of 0<@ <27 with
intensity of 1/2x. In initial region of records, acceleration amplitudes generally develop with
an increase tendency up to a maximum level. After following a region assumed as constant,
acceleration traces decrease rapidly and then show little changes in the tail section. In
defining of a filtered process with non-stationary character, the duration characteristics of ti,
ts, t3, t4 and the constants of p and k are studied [34]in detail by Jennings et al. Earthquake
response spectra and the power spectral density functions are simulated for the expected
earthquakes by applying the given procedure.

4. SIMULATION OF EARTHQUAKE MOTIONS

Almost five decades ago, the pioneers of the earthquake engineering such as Housner and
Jennings [35] studied generation of artificial ground motions by using random process. After
the generation of earthquake ground motions, response and ductile spectra were studied and
investigated with for the purpose of non-stationary amplitudes and frequency content of
motion by Hasgiir [31]. Safak et al.[36] presented a model to characterize and to simulate
ground motions by including white noise and squared accelerations. Wavelet method is an
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alternative technique [37]in generation motions by using variations of amplitudes, frequency
content and phase-angle. In this study, the most compatible parameter-values for the time-
modulated function z(t) are obtained by using proper approaches. The non-stationare nature
of the actual acceleration traces can be seen from a general process. As is discussed above,
the acceleration amplitudes that tend to increase up to peak level occur generally within a
small range from the beginning of the quake. Following this specific interval, peak
amplitudes appear during the effective duration (ter) and then acceleration traces decrease
exponentially in tail part. From this point of view, the filtered process having non-stationary
form is obtained by applying an envelope function of z(t) as given in Figure 2a. The curve of
z(t) is specified according to the statistical analysis of the real acceleration traces reflecting
the seismic zone characteristics. In calculation of the parameters of z(t), t; and t», normalized
Arias intensity and effective durations (i, t,) are utilized. In the simulation of accelerations,
the regression coefficients for the exponential functions are evaluated iteratively by the trial-
and error method. In the simulations, k=2.951 and p=0.1665 are computed values for the
envelope function. The parameters of t; and t, are considered as 2.3 sec and 6.5 sec,
respectively.

For analyses, twenty ground motions are generated for various soil types (hard, mild and soft)
and bedrock level by using recorded motion of the 1992 Erzincan-NS-component which has
largest Housner's spectrum intensity (Sly2). For the considered seismic zone, this parameter
may be used as an instrumental intensity to define destructiveness of an earthquake.

z (1) 1000
800
1.0 < ﬂ soft —— mild hard
) T NE 600 ft
(tt1) ! A = 400 ;ZL)K
. . wn
i i 200 -
1 1
' ¥ = 0 5 10 15 20 25 30 35 40
b e !  (rad/s)
a) Time-modulated function b) Filtered power spectra

Figure 2 - Time-modulated function and filtered power spectra

The constant power spectrum intensities are computed depending on soil types as well as for
the smoothed curves of El Centro NS 1940 record [38]. To compare the parameters of the
PSDFs, the same process is implemented for Erzincan NS 1992 earthquake and the results
for both records are given in Table 1.

Thus, the smoothing- process has no considerable influence over the power intensities.
Numerical integrations of PSDF of the El Centro and Erzincan earthquakes are obtained as
0.4726 m?/s* and 0.4875 m?/s*, respectively. The product function of ®i(w) is introduced
here over the frequency limit of s (49.95 Hz) and given for each soil type by the following
relation:
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Table 1- Constant power spectrum intensities

a) El Centro NS 1940 NS record

Soil type ®@; (rad/s) So(cm?/s?) Spsmeothed(cm?2/g3 )
hard 46.08 51.24 51.16
mild 31.50 74.95 74.84
soft 22.57 104.62 104.45
b) Erzincan NS 1992 record
Soil type @; (rad/s) So(cm?/s%)
hard 46.08 52.91
mild 31.50 77.40
soft 22.57 108.04

0y(@) = [2|Hy(@)|" |Hp(@)|*doo

The power spectra of the three soil types are obtained as given in Figure 2b. A high spike is
clearly seen in the soft soil in compared to other power spectra. In Figure 3, the response
spectra of the 20 simulated accelerations are presented depending upon periods for each soil
type. As expected, the peak spectral values are appeared in a wide-interval at higher periods
for the soft soil type. To perform an assessment, the simulated 5 percent damped response
spectra are also illustrated comparatively with design spectrum given by Turkish earthquake
code (TSEC, 2019). There are some differences between the simulated and the design
response spectra, because the simulated spectra are generated based on the power spectrum
density function of a recorded ground motion and the simulated ground motions are filtered
out by different types of filter functions given in the literature as mentioned above.
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Fig. 3b - Generated response spectra for different soil conditions (5 percent damped)

Furthermore, the response and power spectra are comparatively given in Figure 4 for the
recorded (Erzincan NS 1992, 5 percentdamped) and the mean of the simulated motions.
When the consistency of the results is investigated, it is seen that the simulated power and
the acceleration spectra show good accuracy. It means that the simulated ground motions can
represent the expected ground motions for the considered zone. Since the simulated
acceleration and the power spectra are close to those of the recorded ones in acceptable level
of accuracy, it is decided to employ the simulated records in the stochastic dynamic analyses.
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a) response spectra b) power spectra

Fig. 4 - Consistency of the simulated and recorded ground motions

5. FINITE ELEMENT MODEL AND VIBRATIONS OF THE VIADUCT SYSTEM

A multi-span viaduct system with total length of 325m is analyzed for stochastic dynamic
responses. It consists of continuous deck over box-girder (V-shape), laminated rubber
bearings (with steel plates) and pier with a hollow rectangular section. The viaduct has 6
spans and the maximum pier height and span length are 29.1m and 58.2m, respectively. The
elevation of the viaduct, the configuration of bearings and the piers having variable cross-
sections are given in Figure 5. Discretization over the system in 3D is carried on the nodal
points with different mesh intervals by using finite frame elements having 12 degree of
freedoms (DOF). In the finite element model (Figure 5), smaller mesh-intervals are selected

53



Seismic Responses of an Isolated Long-span Bridge using Frequency Domain and ...

in the regions close to the piers where the variation of the cross-section takes place.
Distributed mass of the system is lumped on the discrete nodal points. Equations of
equilibrium of the viaduct system are formed by considering the nodal forces of the lumped
mass system. Establishing finite element model (with desired mesh intervals) and performing
analyses are realized by the developed software of Finite Element Analysis (FEA) as well.

Dynamic stiffness matrix corresponding to the whole viaduct system is obtained in
dimensions of 786x786. Static condensation is executed on the dynamic stiffness matrix to
get a simplified equivalent system. Depending on DOFs of the selected nodal points, the new
reduced dynamic stiffness matrix is found to be of 78x78.For rubber bearings, bilinearized
model is considered for nonlinear hysteretic behavior as given in Figure 6. K., K;, Ky, and

I

|
: L=325m
a. elevation of the viaduct system

A uoz e

e

frame element
b. finite element model
20 m

rubber e rubber
bearing bearing
/1
]
7.0m

c.cross-section of the pier-deck system

Figure 5 - Elevation and cross-section of the viaduct
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Fy are the initial stiffness, post-yield stiffness, effective stiffness and yielding force,
respectively. Kegr represents hysteretic behavior of the rubber bearing. The bearing stiffness
are obtained by following equations:

Q
Kerr =Ky +- (4> 4,) (5.1)
A
Kp = Gz‘_t,. (52)
A
K,, = EC'Z_tT (53)

where A is displacement of rubber bearing and Ay is yielding displacement. The parameter Q
represents the characteristic strength and K is the vertical stiffness. G is the shear modulus
of the rubber and A is the area in plan. }'t; represents the total rubber thickness of a bearing.
The lateral, vertical and rotational stiffness of the bearings are taken into consideration in
three directions as equivalent linear stiffness. In general, rubber bearings are also designed
for shear deformations and these deformations are limited with strain levels up to
approximately 200 percent percent. For the isolator displacement capacity, the shear strains
have been restricted by the value of y=0,70 [39]. In case of severe dynamic vibrations, the
behavior of isolator system may differ from linearity and approximate methods such as
linearization techniques can be iteratively used to consider variations in isolator rigidity. The
coefficients of stiffness matrices are computed based on the mechanical properties of the
installed bearings. For this purpose, the relations as specified in the codes AASHTO [40],
DIN 4141-14[39] and essentials given [41] by Naeim and Kelly are utilized.

Force
Ky 7
/i
FY B> / :
= /i 7
- 6 Ke 1 Keff / i
- i
- i / i
+ L + -
/ A -/ A
I} Y-
1 _L--" Displacement
1 P -
L=

Fig. 6 - Bearing behaviour model

In order to check the validity of the developed algorithm of FEA (Finite Element Analysis),
the deck-displacements of the viaduct system are evaluated under effects of seismic loads
and verified with the results of a software package [42]. The lateral displacements of some
nodal points on the deck are comparatively given in Table 2. From the free vibration analysis,
the first four free vibration periods are obtained by FEA for two directions and the results are
comparatively given with those of SAP2000 in Table 3. Since the free vibration analyses of
the both real and equivalent viaduct system yield acceptable results, dynamic stiffness
matrices of the equivalent model and the algorithms mentioned are adopted to use in the
stochastic dynamic analyses.
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Table 2 - Deck lateral displacements

8x (m)

Node FEA SAP2000

5 2.96x1072 2.98x1072
119 7.94x1072 8.14x1072
253 1.36x1072 1.40x1072
387 1.75%107? 1.81x10?
521 1.88 x1072 1.93x1072
655 1.72x107? 1.75%10%?
775 1.49x107? 1.50x10?

Table 3. Free vibration periods of the viaduct system

Lateral periods (sec)

System matrix T, T, Ts T4

FEA-786x786 1.865 1.548 1.081 0.622
FEA-78%78 1.903 1.574 1.095 0.620
Sap2000 1.884 1.560 1.090 0.625

Vertical periods (sec)

System matrix T4 Ts Ts T,

FEA 786x786 0.330 0.303 0.300 0.285
FEA 78x78 0379 0365 0.352 0.341
Sap2000 0.347 0329 0.308 0.291

6. RESPONSE OF THE VIADUCT SYSTEM

Under effects of the generated non-stationary motions, input excitations and outputs of the
structural system are computed on the basis of soil types and rubber behavior model as well.
Although the viaduct piers having isolators are assumed as in the elastic range under the
considered seismic forces, but influences of the nonlinear behavior of the isolator are only
deterministically studied. While an isolation system reduces the earthquake effects, on the
other hand it tries to keep [11] the behavior of the structure within elastic limits. Additionally,
the statistical parameters of the peak responses are evaluated at the points where may be
critical for the system. For a process having zero-mean, root mean square (rms) value yields
standard deviation and expected mean peak responses can be obtained by way of maximum
response factor which is defined as a ratio of maximum response to standard deviation. Under
effect of non-stationary excitations, the peak response factors are calculated for base
responses (shear forces, moments) by damping ratio of 5 percent. The variations of these
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factors are obtained for the piers situated in half of the system given in Figure 7(a, b) for each
soil type. For the responses at the base of piers, the peak factors are obtained in the range of
3.08~3.29 for bedrock, 2.89~3.18 for hard soil, 2.91~3.24 for mild and 2.97~3.11 for soft
soil. The peak factors of the abutments develop higher than those of the interior piers. For
displacements, these factors appear in range of 2.88~3.04. Generally, the lowest quantities
are found for soft soil condition. As it is seen from the figures, the ranges for shear forces
and bending moments are almost the same because they are base responses of the same nodal
point. For a three-span suspension bridge (770 m in length) considering partially correlated
stationary ground motions, peak factors were found*? in the range of 2.81~3.22 for span
moment, displacement and cable tension. Nonlinear behavior of a system having long spans
is expected to occur in most severe earthquakes and it may cause significant effects on the
seismic responses. However, elastic behavior, as expected in case of moderate or medium
earthquakes, is essentially adopted to overcome the difficulty in the frequency domain
solutions.

If the response results are examined with regard to soil medium, the stiffer soil condition
yields also larger peak factors. Under effect of the simulated motions, the expected peak
responses of the middle pier and an interior pier are separately obtained for 5 percentpercent
damping ratio. The mean values of peak base responses (shear force and bending moment)
are comparatively also presented in Figure 7 for each soil type by considering frequency and
time domain solutions. The response comparisons are illustrated for the piers located at mid-
span and 2" pier. The solutions in frequency domain are obtained by assuming an equivalent
constant intensity for each power spectrum. From the figures, it is observed that the solutions
obtained in frequency domain are lower than those of the time domain for each soil type and
therefore the highest mean values for peak responses appear in time domain solutions
(especially in spectral solutions). Whereas the stochastic solutions mostly yield compatible
results in acceptable level with reference to the time history quantities, large differentiations
are observed for the soft soil case.

As the rigidity of the soil medium increases, the differences in response values become larger
in terms of the solution methods. For example, the results of hard soil are seen as much more
compatible than those of the soft soil. On the other hand, the soft soil condition may cause
significant variations in responses and large differences especially for bending moments. It
should be noted that while the time domain results are achieved by realizing a great number
of solutions for each soil type, the frequency domain results are directly computed by
considering PSDF intensities of the motion considered. The reason of the differences between
the stochastic and time domain methods mainly arises from theoretical basis of the
approaches. Although time domain results are specific for each record, the results of
stochastic analysis are obtained as general solutions for the expected earthquake.

The variations in mean peak values and variances of the pier-base responses are shown for
along the viaduct system in Figure 8. Whereas the mean peak responses exhibit similar lines
in terms of soil variability, distinct increases in mean values and variances of the responses
are observed for soft soil type as shown in figures. While the highest variances of the peak
responses are observed in the soft soil for all cases, the lowest variances appear in case of
bedrock and hard soil as expected. The soft soil case showed relatively large variations due
to its amplifications which depend on filter parameters of the waves in the soil medium.
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Figure 7 - Peak response factors and expected mean-peak responses for soil types with
solution methods

It is derived that the peak values of the soft soil condition increase up to about 2.4 times and
variances increase up to about 7 times with reference to the values of the hard soil. The lowest
variances and mean values come into being at the first pier (no:1) which has the highest
rubber rigidity and it is one of the shortest piers. It is already known that these are the primary
properties to limit of a viaduct system. The deck displacements are studied under the effects
of the non-stationary ground motions as well. The expected mean peak displacements and
variances at the points of each deck-mid-span and pier upperends are given for various soil
conditions in Figure 9. The similar tendencies are observed for deck displacements and
variations appear nearly in symmetric shape except for soft soil ones. The soft soil case
produces very large scatter for response variations.
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While the highest displacements of the viaduct appear in the neighborhoods of mid-span, the
lowest variances are observed in exterior spans for the stiff soil types. Furthermore, the fourth
pier, where the highest variances are observed, is the longest column. From the figures, the
soft soil condition has much more influence on the displacements than the effects of heights
of the piers and bearing stiffness. Large differences between in the response values of the
piers and deck indicate that the mechanical properties of the rubber bearings and the pier
heights significantly affect the lateral displacement configuration of the bridge. This fact
indicates that the peak responses and variances can be limited or controlled by providing soil
stiffness, modifying the rigidity of bearings or designating lengthy of piers.

7. EXTREME VALUE ANALYSIS FOR NON-STATIONARY RESPONSES

The peak responses obtained in previous sections are handled herein with a distribution
model and safety of the response is expressed by exceedance probability functions. For this
purpose, the peak responses are assumed to follow the Rayleigh distribution under effects of
earthquake excitations. Since the simulated earthquakes are considered in non-stationary
form, the responses would appear in a broad interval and their confidence range cannot be
easily defined. Therefore, the scatter of the responses obtained from the analyses is relatively
large. This fact indicates that when a relatively high safety factor is required for ordinary
structures, it cannot be accomplished economically. Deciding on the acceptable level of
safety is a reasonable approach but it is an extremely complex-task. However, ductility
demand can be used* as a design parameter in nonlinear behavior by assuming acceptable
risk for a certain level of exceedance. In the present study, various exceedance probabilities
are considered to evaluate the extreme responses. Since twenty non-stationary earthquakes
are used for each soil type, the parameters of the Rayleigh distribution** values are estimated
by evaluating of the system responses for each ensemble.

The mean value (), the standard deviations (ox) and the distribution parameter (a) of the
peak displacements are given in Table 4 for the cantilever-beam end points (Figure 5, point
A) on the middle-pier. The probability distributions and the exceedance probability functions
derived from the extreme displacements are drawn in Figure 10(a, b) based on the soil types.
The shapes of probability functions of hard and mild soil are to be similar due to close
standard deviation values are to be similar due to close standard deviation values. However,
the probability distributions of the soft soil display larger dispersions over a wide-interval
because of quite high standard deviation and scale parameter.

Table 4 - Statistical parameters of the peak displacements

Soil type X (m) ox (m) a

S1 (hard) 0.173 0.048 0.127
S2 (mild) 0.225 0.064 0.165
S3 (soft) 0.416 0.121 0.306
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Whereas the highest exceedance probabilities yield the close peak displacement values for
all soil types, the response values of the soft soil significantly decompose with larger values
in low risk levels. In other words, as the exceedance probabilities decrease, the extreme
displacements of soft soil case distinctly increase compared to other soil cases. Likewise, the
extreme values of the base shear forces (V¢) and the overturning moments (M;) are evaluated
for some exceedance levels and they are comparatively given in Figure 10 (c, d). From the
figures, the expected peak responses of soft soil case are observed with exponentially
increasing values as the exceedance probabilities decrease. Namely, the similar behavior is
observed for the base responses as well.
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Figurel0 - Probability distributions for peak displacements and forces

Table 5 - Peak displacements (m) for exceedance probabilities

Exceedance level

Soil

type 2 10 50
percent percent  percent

S1 0.355 0.272 0.149

S2 0.462 0.354 0.194

S3 0.856 0.657 0.360
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The expected peak displacements of the deck are computed depending on various exceedance
probability levels (2 percent, 10 percent, 50 percent) that can be used in design codes. The
corresponding displacement values are shown in Table 5. The displacements for the soft soil
case yield much higher values with decreasing exceedance probabilities. Additionally,
corresponding peak base responses (shear forces and moments) are obtained for the
considered risk levels as given in Table 6.

Table 6 - Peak base responses for exceedance probabilities

Ve (KNx10%) M: (kKNm x10%)
Soil type 2% 10% 50% 10%  50% 90%
S1 8183 6278 3444 2,72 1743 9.56
S2 10649 8170 4483 2882 2211  12.13
S3 19774 15170 8323 5341 4097 2248

In case of very strong ground motions corresponding low exceedance probability level (2
percent), the isolation system would most likely yield and then behave in nonlinear form due
to changing stiffness characteristics. Therefore, the structural solutions would require
inelastic behavior model for isolation system. In this case, the solutions in frequency domain
would be more sophisticate and closed-form solutions cannot be applied. Consequently,
analytical/approximate techniques or discrete numerical simulations iteratively should be
utilized to consider nonlinearity. It should be noted that these complex solutions require
numerous and troublesome computations. In order to calculate the 2 percent exceedance
probability of the system outputs, it is necessary to obtain the two important parameters
(shear force and bending moments) by formulas with the given statistical variances. These
values are therefore expressed. For linear behavior, it can be recommended to use the
isolators by taking the displacement limits from the relevant codes. In this study, it is assumed
that nonlinear behavior of the isolators cannot be allowed.

In order to obtain dimensionless values, the peak responses expressed with some exceedance
probabilities are normalized by the values of the hard soil case and mean response. Thereby,
the increase ratios in seismic responses are given by deterministic values for each soil
conditions and exceedance levels. For the base moments normalized by the values of hard
soil (Table 7), the increase ratios in the peak response values are computed as 1.269 for mild
soil and 2.351 for soft soil condition. If the peak responses are normalized by expected mean
values, the increase ratios are computed as shown by Table 8. The results indicate that when
the exceedance probability decreases from 50 percent to 2 percent, the peak displacements
increase about 2.38 times. On the other hand, the peak displacements of the exceedance
probability of 10 percent increase about 1.82 times with respect to expected mean value. As
it is seen from the tables, the increase ratios are independent from soil conditions.

If the peak responses are normalized by expected mean values, the increase ratios are
computed as shown by Table 8. The results indicate that when the exceedance probability
decreases from 50 percent to 2 percent, the peak displacements increase by a factor of about
2.38. On the other hand, the peak displacements of the exceedance probability of 10 percent
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increase about 1.82 times with respect to expected mean value. As it is seen from the tables,
the increase ratios are independent from soil conditions. Furthermore, it is observed that the
ratios of the peak responses corresponding to any two exceedance levels are virtually same
for all type of the responses. This fact yields that when the increase ratios of any soil type are
known, then the extreme response values of other soil types can be predicted by using the
increase ratios corresponding to any exceedance level.

Table 7 - Ratios normalized by hard soil values

Shear force

Soil type 2% 10%  50%
S1 1.000  1.000 1.000
2 1301 1301 1302
S3 2416 2416 2416

Table 8 - Ratios normalized by median values Rewrite table

Soil type Displacement Shear force Moment
2% 10% 50%
Hard 2.375 1.823 1.000
Mild 2.376 1.823 1.000
Soft 2.376 1.823 1.000

The soil-structure interaction effect was not considered. Simulated earthquakes are created
based on the predominant frequency and damping factors of the ground properties. Since this
study focuses on the stochastic earthquake response of the bridge for different ground
conditions, the actual foundation and ground contour were not modeled for simulations. The
study, which was based on the dimensions of a real viaduct, involves substantial simulations
and dynamic analysis calculations that required a lot of computer processing time and
memory. Depending on some parameters, a specific research topic that will cover foundation
and ground interaction could be addressed in the near future.

Although calculations are made according to linear and nonlinear solution assumptions based
on the equality of displacements, nonlinear time history analysis is applied as a solution type,
and in the case of plastic behavior; of course, different results are obtained compared to the
solution results in the linear elastic frequency domain. In terms of the difference of
calculation methods, the same results cannot be expected for the bridge or viaducts due to
energy consumption such as the formation of plastic hinges which are very important under
nonlinear behavior. Especially in this study, the viaduct, which is considered as an example,
is the approach structure to a very important suspension bridge. The performance level in the
regulations foreseen as the design philosophy is the possibility of exceedance 2 percent
during 100- years of economic life and very limited damage in an earthquake with M, >7.
Immediately following the earthquake, it is expected to be opened to service. Therefore, it is
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aimed to keep the ductility demand below the ductility capacity. For this reason, bridge
behavior is expected in the elastic region by using auxiliary seismic isolation equipment in
both design earthquakes and severe ground movements.

8. CONCLUSIONS

The solutions in frequency domain are obtained by applying the linear stochastic method
over a bridge under effects of the simulated earthquakes. In order to achieve proper non-
stationary ground motions, more compatible parameters of the time dependent functions are
considered by using approximate estimates (trial-and-error) to convergence the
characteristics of the original record. The main conclusions of this paper can be drawn as:
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Soft soil site affects adversely the peak responses and the highest values develop due to
the amplification of earthquakes. The soft soil condition increases the mean-peak
responses up to 2.4 times and the variances up to about 7 times according to the values
of the hard soil.

Softer soil condition has produced higher peak response factors. From the analyses, the
peak factors are obtained in the range of 2.88-3.29, In Vanmarcke model [17], these
factors were computed as 3.45 by the quake duration of t=20 sec which is also used in
this study and reliability level of 95 percent. Peak responses and variances can be
limited or controlled by providing soil stiffness, modifying the rigidity of bearings or
designating lengthy of piers.

Exceedance probability functions of the peak responses are in a close relationship for
the soil sets. However, the probability distributions of the soft soil decompose and
display a wider dispersion even for low exceedance levels. The extreme response values
significantly increase at low exceedance probabilities. Furthermore, as the exceedance
probability level increases on soft soil sets, increment in response values become in
exponential way like a spike in contrast to other soil types.

Response values normalized by S1 (hard) soil results also show that the increase ratios
of the peak responses corresponding to any soil type is almost constant (Table 8) for all
exceedance levels. The peak responses become statistically independent from the soil
types when the increase ratios are normalized by the 50 percent exceedance level values
for each soil group (Table 9). Thus, if the increase ratios of any type of linear response
are known for a soil site, then increase ratios of the peak responses can be predicted for
the other soil types by using these known ratios.

While time domain method requires great numbers of solutions for probabilistic
responses, the frequency domain procedures yield directly. The frequency results do not
only reflect the characteristics of the simulated records but also represent general
solutions for expected earthquakes. Therefore, the frequency analyses can represent
expected quakes other than design quake defined by courtesy of damage limitations and
predetermined performance levels assigned by seismic codes.

In case of very strong earthquakes, the isolator would most likely behave in nonlinear
range and frequency domain analyses require more complex solutions including
iterative procedures to consider nonlinearity.
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e The peak response values obtained in this study may be used in design process or
risk/reliability-based assessments for the viaduct system. However, a general inference
for peak responses would require further analyses including different bridge systems.
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Symbols
p(t)
Ry(1))
Sp(®))
v(t)

TF

v}

v}

{v}
Hi(iw)
Ka
Svmva(®)
Dm, Dn
Hy(iw)| , [He(iw)| :
S«(®))
g, &g
or, &
Qkr

tefr

z(t)

: load function

: autocorrelation function

: spectral density function for load
: response function

: transfer function

: acceleration

: displacement

: velocity

: frequency response function

: generalized stiffness

: cross-spectral density function

: modal parameters

filter functions

: power spectral density function for a random process
: ground circular frequency and ground damping ratio
: filters for the power spectrum

: random phase angle

: effective duration

: envelope function
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di(w) : product function
Ke, Ky, Kestr : initial stiffness, post-yield stiffness and effective stiffness
Fy, Q : yielding force and characteristic strength
A, Ay : rubber bearing displacement and yielding displacement
Ky : vertical stiffness.
G,A : shear modulus and rubber area
St : total rubber thickness
E. : elasticity modulus
(x) : mean value
Ox : standard deviation
o : variance
a : distribution parameter
V(i) : Fourier transformation
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Yapilarda Yiiksekte Cahsma Is Giivenligi Denetimini
Kolaylastirmak Icin Genisletilmis Gerg¢eklik ve Yapay
Zekanmin Entegrasyonu Modeli

Hiiseyin E'RYAMAN1
Ertan AKUN?

(0V4

Insaat sahasinda gergeklesen kazalar 6zellikle yiikseklikten diismeler hem 6liimciil hem de
oliimciil olmayan yaralanmalarm 6nde gelen nedenidir. Insaat sektdriinde Yapi bilgi
modellemesi (YBM), Genisletilmis Gergeklik (GG) ve Yapay Zekd (YZ) gibi dijital
teknolojiler, yapim iiretkenligini, verimliligini ve giivenligini artirmak icin degerli araglar
olarak tanimlanmistir. Bu arastirmada, yapim islerinde yliksekte g¢alisma is giivenligi
denetimini kolaylastirmak igin Genisletilmis Gergeklik ve Yapay Zekanin entegrasyonu
modeli 6nerilmektedir. Teorik gergeveye iliskin olarak is siireci modeli ve sistem uygulama
model entegrasyonu gosterilmektedir. Onerilen modelin degerlendirilmesi, hipotezlerin
giivenilirligini, gegerliligini ve katkisinin test edilmesi i¢in bir Yapisal Esitlik Model
geligtirilmigtir.  Arastirma  bulgulari, Onerilen modelde kullanilan teknolojilerin
entegrasyonun is glivenligi denetimine olan olumlu etkisini ve 6nemini dogrulamaktadir.
Onerilen model yiiksek lokasyonda caligan ekiplerin is giivenligi bilgilerini analitik
yeteneklerle dijitallestirir ve karar verme siirecini optimize eder.

Anahtar Kelimeler: Yiiksekte calisma, is giivenligi denetimi, genigletilmis gergeklik, yapay
zeka, entegrasyon modeli.

ABSTRACT

An Integration Model to Facilitate Occupational Safety Inspection through
Augmented Reality and Artificial Intelligence for Working at High Locations in
Buildings

Accidents at the construction site, especially falls from height, are the leading cause of both
fatal and non-fatal injuries. In the construction industry, digital technologies such as Building
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information modeling (BIM), Extended Reality (XR) and Artificial Intelligence (AI) have
been identified as valuable tools to increase construction productivity, efficiency and safety.
In this research, an integration model to facilitate occupational safety inspection through
augmented reality and artificial intelligence for working at high locations in buildings is
proposed. The business process model and system application model integration are shown
in relation to the theoretical framework. A Structural Equation Model was developed to
evaluate the proposed model and test the reliability, validity and contribution of the
hypotheses. Research findings confirm the positive effect and importance of integration of
technologies used in the proposed model on occupational safety auditing. The proposed
model digitizes the occupational safety information of teams working at high locations with
analytical capabilities and optimizes the decision-making process.

Keywords: Occupational safety inspection, augmented reality, artificial intelligence,
integration model.

1. GiRiS

Giliniimiizde, ingaat endiistrisi en tehlikeli yapim islerini igeren sektdrlerden biridir [1].
Aslinda, insaat sektorii diinya is giicliniin sadece yaklagik %7'sini istihdam etmesine ragmen,
oliimlerin %30-40"indan sorumludur. Istatistikler, insaat giivenliginin kalic1 bir kiiresel sorun
oldugunu gostermektedir.

Amerika Birlesik Devletleri'nde (ABD), Calisma Istatistikleri Biirosundan (CIiB) alman
niifus sayimi1 verilerine goére 774 isci insaatta yaralanarak yasamini yitirmistir, bu da 2010
yilinda tiim endiistrilerin %16,5'ini olusturmaktadir. Oliim oran1 100.000 tam zamanl
esdeger isci bagina 9.8'dir ve tiim endiistriler arasinda en yiiksek dordiincii sirada yer
almaktadir. 1990 ve 2000 yillarinda, 26.000'den fazla ABD insaat is¢isi ¢alisirken yasamini
yitirmigtir. [2]. Bu oliimlerin %40" yiiksekten diisme seklindedir. Daha ileri arastirmalar,
yetersiz, kaldirilmis veya diismeye karsi koruma ekipmaninin uygunsuz kullanimi bu
diistislerin %30'undan fazlasina neden olmustur [2]. Cin [3], Birlesik Krallik [1] ve Almanya
[4] gibi diger iilkelerle ilgili istatistikler, ingaat sektoriindeki yiiksek 6liimlii kaza yiizdelerini
dogrulamaktadir ve yiiksekten diismelerin en sik goériilen sebeplerden biri olduguna isaret
etmektedir. Sonug¢ olarak insaat sektOriiniin birgok ingaat firmasmin benimsedigi “sifir
kaza/yaralanma” vizyonundan uzak oldugu bir gercektir [1].

Insaat sektoriinde, is giivenligi konular1 karmasik sosyo-teknik sistemler olarak kabul
edilebilir [6]. Paydaslar arasinda malzeme firetici firmalari, ana yiikleniciler ve alt
yiikleniciler, tasarim personeli, proje ve santiye yoneticileri vardir. Ayrica, genellikle ¢aligsan
is¢i yogunlugunun, bitisik binalarin ve tesislerin, karmasik hava olaylarinin meydana geldigi
santiyeler, ¢cok dinamik bir ¢alisma ortamina neden olur. Bagka bir deyisle, is giivenligi
durumu, bilesenleri dngoriilemeyen dogrusal olmayan etkilesimlere maruz kalan bir sistemin
acil bir 6zelligidir [12]. Bir arastirmada [6], yazarlar [13] tarafindan tanimlanan ve 6zellikle
karmasik sosyo-teknik sistemler disiiniilerek gelistirilen is giivenligi riski yOnetimi
gergevesini varsayarak, bir kule vincin giivenlik sorunlarimi sistemik bir sorun olarak
incelemigler; sonucunda kule ving giivenligini etkileyen faktdrlerin bir listesini
belirlemislerdir.
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Insaat sahasinda gergeklesen kazalar 6zellikle yiikseklikten diismeler hem 6liimciil hem de
6liimciil olmayan yaralanmalarin 6nde gelen nedenidir [14]. Diismeler, bir denge kaybinin
ve dengesizlikten kurtulamamanin neden oldugu durus bozukluguna baglanabilir. Isgiicii
Istatistik Ofisi (BLS), 2017 yilinda 887 &liimiin diismelere, kaymalara ve takilmalara
atfedildigini ve toplam 227.760 o6limciil olmayan igyeri yaralanmasinin diismelerden
kaynaklandigin1 bildirmistir (diisiik seviyeye diisme: 47.180; ayni seviyeden diisme:
142.770; kayma/takilma: 33.720) 6zellikle yiiksek etki orani ile insaat (24.160 diisme) ve
imalat (22.010 diisme) [14]. Mesleki popiilasyonlarda bu kadar yiiksek 6liimciil ve dliimciil
olmayan yaralanmalar rapor edildiginde, ergonomik bir popiilasyonda diismeleri ve diismeye
bagli yaralanmalari 6nlemek i¢in yeni degerlendirme ve egitim metodolojilerinin izlenmesine
ihtiya¢ vardir. Tehlikeli c¢aligma kosullarindan kaynaklanan tehlikeler ve mesleki ve
endiistriyel ¢alisma ortaminda insan viicuduna uygulanan fiziksel talepler, mesleki diisme
riskini artirmaktadir [15]. Ayrica, durus dengesinin degerlendirilmesi hem fizyolojik hem de
bir bireye yerlestirilen biyomekanik streslerin dolayl: bir etkililik dl¢iisiidiir ve durus kontrol
sisteminin genel bir glivenlik durumunu nicellestirir.

Gorsel ylikseklige dayanamama, gorsel uyaricinin, durugsal dengesizlik ve yliksekten diisme
endigesine yol acan bir olay olarak tanimlanir [16]. Durussal dengesizlik, 5 m (16.4 ft.; [17]
yiiksekliklerde ve 20 m (65.6 ft.) yiikseklige kadar artan bir dengesizlik ile rapor edilmistir,
ardindan dengesizlik degisiklik olmayan bir duruma ulagmaktadir [17]. Ayrica, 20 (65.6 ft.),
50 (164 ft.) ve 100 m (328 ft.) irtifalarinda durussal denge ve genel viicut sallanmasi
etkilenmemistir [17]. Oznel yiikseklik dengesizliginin yukariya ve goze bakmadan bagimsiz
oldugu ancak goz-nesne mesafesine bagli oldugu bildirilmistir [17,18]. Daha sonra, 20 m'nin
(65.6 ft.) tizerindeki yiiksekliklerde, gorsel ipuclar1 doygun hale geldiginden ve yiikseklige
tepki olarak durugsal denge gdz-nesne mesafesinin biiyiikliigiiniin bir fonksiyonu gibi
gorlindiigiinden ve karmasik koordineli ve siirekli geribildirim durugsal kontrol
sistemlerinden dolay1 viicut sallanmasinda hicbir farklilik belirgin degildir [17].

Oliimlerin yiiksek say1s1 genellikle giivenlik planlamasi ve proje yiiriitme siiregleri arasidaki
ayrilma gibi gesitli nedenler [2,5], ortiik glivenlik sorunlar1 ve hepsinden 6nemlisi ingaat
projelerinin dinamik ve karmasik yapisi ve siirekli degisim gerektiren giivenlik ihtiyaclaridir
[5]. Insaat giivenligi sorunlan diizgiin bir sekilde karmasik sosyoteknik sistem [6] olarak
tanimlanan, sadece en iyi uygulama yaklasimini benimseyerek dnceden tanimlanmis gibi
iistesinden gelinemez. Tersine, bu tiir sorunlarin cevaplart acil uygulamalar olarak
tanimlanabilir [7].

Insaat sektdrii  genellikle dogast geregi yenilikgi teknolojileri  benimsemede
yapilandirilmamis ve degisen ortaminin zorluklari nedeniyle belirsiz olarak kabul edilir [1,8].
Bununla birlikte, bir¢ok arastirma ¢alismasi [9-11] Giivenlik yonetimi alanindaki Biligim ve
Iletisim Teknolojilerine iliskin uygulanan en son gelismelerin proaktif olarak tehlikeli
senaryolara yanit verebilecegini ve reaktif gilivenlik yonetiminden proaktif gilivenlik
yonetimine gegisi sagladigini gostermektedir.

Tasarim Yoluyla Onleme (TyO), yiiksekten diisme ¢aligmalarmin ana odak noktasidir ve
TyO araglarinin ¢ogu, planlama ve tasarim asamalarmnin baslarinda giivenlik tehlikelerini
belirlemek igcin YBM teknolojisini kullanir. Gelismis TyO teknolojisi, yalmzca kural
denetleme secenekleri saglamakla kalmaz, ayni zamanda tasarimdaki degisiklikleri
birlestirmek i¢cin mekanizmalar igerir. Bu araglar tehlikeleri belirledikten sonra onleyici
tedbirler onerebilir ve kontrol tedbirlerinin uygulanmasini izleyebilir. Zhang ve dig. [2],
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tasarimla ilgili diisme tehlikelerinin planlama siirecinin baslarinda nasil belirlenebilecegini
ve ortadan kaldirilabilecegini aragtirmistir. YBM icin bir eklenti olarak otomatik bir giivenlik
kurali kontrol algoritmast uygulanmis ve diigmeye karsi koruma sistemlerinin manuel ve
otomatik giivenlik modellemesini karsilastiran iki konut projesi iizerinde test edilmistir. TyO
araclarmin dogru kullanimi, tiim proje paydaslarinin, ¢alisanlarin giivenligini artirmak igin
bina tasarimlarini optimize etmek iizere birlikte ¢alismasina olanak tanir. YBM, bilgisayar
tarafindan olusturulan algoritmalarla birlikte, Giivenli Tasarim (GT) elde etmek icin bir
binanin tasarimina veya insaat programina dahil edilmis diisme risklerini belirleyebilir.
Yiksekten diismeyi onlemek igin fiziksel engellerin secilmesi ve uygulanmasi, kurulum
sirasinda SD hedeflerine ulagilmasinit saglamak i¢in tasarimcilarin odak noktasidir [19].

Goh ve Guo [20], aktif diismeye kars1 koruma sistemlerinin tasarimini desteklemek amayla
FPSWizard'1 web tabanli bir sistem olarak onermistir. Hibrit Vaka Tabanlt Akil Yiiriitme
(CBR) ve Kural Tabanli Akil Yiiriitme (RBR) temelli bu tiir sistemlerin tasariminda ve
seciminde son kullanicilara yardime1 olmak icin ¢evrimici bilgiye dayali bir sistem 6nerdiler.
Diger arastirmalar da avantajlara gére se¢menin uygun sekilde uygulanmasiyla (AGS) yalin
diistince kavramlarini kullanmis [21] ve yiliksek binalarda korkuluklar araciligiyla dnleyici
tasarim i¢in Sanal Ortam (SO) Teknolojisini kullanmigtir [22].

Insaat sektdriinde yiiksek bina projelerinin insasi, faaliyetlerin benzersizligi ve dogasmin
yant sira ¢alisma ortaminin karmasikligi ve is giivenligi konularinin hayati 6nem tagimasi
nedeniyle tehlikeli bir meslektir. insaat sektoriinde yiiksekte ¢aligmaya baglh is kazalarinin
artan sayist ve olumsuz sonuglari nedeniyle, yiiksekte caligma standartlari, ekipman,
temizlik/diizen, ¢alisanlar, yonetim faaliyetleri ve egitim/bilgilendirme ¢alismalarina destek
olacak yeni teknolojik yaklasimlarin belirlenmesi ve uygulamaya konulmas: gerekmektedir.
Bu yeni teknolojik yaklagimlara drnek olarak Yapi Bilgi Modellemesi (YBM), Dijital Ikiz
(DI) gibi dijital teknolojiler, ingaat iiretkenligini, verimliligini ve giivenligini artirmak igin
degerli araglar olarak tanimlanmistir. Bu aragtirma, YBM ve insaat sektoriinde fotogrametri,
kiiresel konumlandirma sistemi (KKS), radyo frekansi ile tanimlama (RFT), sanal gergeklik
(SG), artirllmis gergeklik, (AG), genisletilmis gergeklik (GG), Yapay Zeka (YZ) ve insansiz
hava arac1 (IHA) teknolojisi gibi gelisen dijital teknolojilerle entegre ederek yapim islerinde
yiiksekte ¢alismaya bagh is kazasi risklerini azaltmay1 amaglamaktadir. Insaat sektdriinde
yer alan paydaslar ile goriismeler ve anketler yapilarak ve nicel (sayisa)l veri analizi
gergeklestirilmistir. Ayrica, arastirma bulgularinin bir araya getirilerek bir arastirma
cergevesi gelistirilmesi hedeflenmektedir. Yapim islerinde yiiksekte ¢alismaya bagh is
kazalarimi azaltmak i¢in YBM ve GG 'in YZ ve diger dijital teknolojilerle entegrasyonunun
onlemlerini ve gelecekteki ihtiyaglarii ifade etmektedir. Cerceve ayni zamanda sektor
uygulayicilart i¢in etkili ve daha giivenli yapim islerinde yiiksekte ¢alismaya bagl is
kazalarin1 azaltmaya yonelik pratik kilavuzlar sunmay1 amaglamaktadir.

Makalenin organizasyonu sdyledir. Tkinci boliimiinde Insaat Sektériinde Yiiksekte Caligma,
Kazalar ve Olas1 Etkenleri, Yiiksekte Giivenli Calisma ve Denetimi Kolaylastiracak Dijital
Teknolojilerin Onemi ve Is Giivenligi Denetimini Kolaylastirmak i¢in GG Teknolojileri
Uygulamalart ve YZ Teknolojileri sunulacaktir ve literatiirde mevcut arastirmalardaki
eksiklikler ve hedefler vurgulanacaktir. Ugiincii boliimde Materyal ve Metoda iliskin olarak
Genel Arastirma Metodolojisi, Is Siireci Modeli Gelistirilmesi ve Yapilarda Yiiksekte
Caligma Is Giivenligi Denetimini Kolaylastirmak igin GG ve YZ Entegrasyonu Modeli
Gelistirilmesi gosterilecektir. Dordiincii boliimde Gelistirilen Modelin Degerlendirilmesine
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iliskin olarak Hipotezler, Orneklem, Veri Toplama, Olgiitler, Analiz ve sonuglara iliskin
olarak Tamimlayic1 Istatistikler, Korelasyon Analizi, Faktor Analizi ve Giivenilirlik ve
Yapisal Esitlik Modeli (YEM) sunulacaktir. Besinci boliimde Teorik Katkilar ve Yonetsel
Uygulamalar tartigilacaktir. Altinct boliimde sonug ve dneriler sunulacaktir.

2. TEORIK CERCEVE
2.1. insaat Sektoriinde Yiiksekte Calisma, Kazalar ve Olasi Etkenleri

Giiniimiizde yiiksek binalara olan talep siirekli olarak artmakta, bu da kaza ve 6lim
oranlarmin artmasma neden olmaktadir [23]. Birgok iilkede, yiiksek binalarin insasi,
kazalardan dolay1 yiiksek riskli oldugu iyi bilinmektedir [24,25]. Kazalar sadece proje
gecikmelerine ve kalic1 sakatliklara [26] neden olmakla kalmaz, ayn1 zamanda ¢ok biiyiik
kisisel, sosyal ve finansal maliyetlere de neden olur [27,28]. insaat sektdriinde kaza ve 6liim
oranlar1 diger sektorlere kiyasla hala daha yiiksektir [29,30]. Avrupa'da kazalarin yaklasik
%20'si insaat sektdriinde gergeklesmektedir [31]. Benzer sekilde Malezya'da is Saglig ve
Giivenligi Dairesi (ISGD), 2019 yilinda 7984 kaza vakasinin kaydedildigini ve bu rakamin
onceki yillara gore en fazla kaza vakasi oldugu belirtilmistir. Son birka¢ on yilda insaat
sektoriinde is yerindeki yiiksek sayidaki olay ve yaralanmalari azaltmak icin ¢ok sayida
uygulama yapilmasina ragmen, is giivenligi dnemli bir endise olmaya devam etmektedir [31].
Bilir ve Giircanli [32] yaptiklari ¢aligmada yiiksekten diismeyi, en sik goriilen bes kazadan
biri olarak belirtmektedir. Ayrica ¢alismada yiiksekten diismenin ilk sirada yer aldigimi ve
6liimlerin %59,3"linii olusturdugunu dile getirmislerdir.

2.2. Yiiksekte Giivenli Calisma ve Denetimi Kolaylastiracak Dijital Teknolojilerin
Onemi

Modern insaat yonetimi her zaman gelismis dijital teknolojileri benimsemekte ve buna bir
ornek teknoloji de YBM’dir [33]. BIM, insaat sektoriindeki en bilgilendirici teknolojilerden
biri olan dijital bir bilgi yOnetim sistemi olarak hizmet vermektedir [34]. YBM’nin
kullanilmasiyla insaat projelerinin bilgileri ortak veri bilgi sistemi olusturularak bir¢ok
amaca yonelik iceriklerin olusturulmasina katkida bulunur [35]. Ayrica YPM, fotogrametri,
KKS, cografi bilgi sistemi (GBS), RFT, AG ve SG, lazer tarama ve kare kod (KK) gibi farkli
veri yakalama teknolojilerinden gelen verileri entegre etme ve bir proje hakkinda cesitli
kapsamli veri ve bilgiler iretmek igin Ozellikle santiye gilivenliginin iyilestirilmesi
potansiyeline sahiptir [36,37]. Mimarlar ve miihendisler, modelleme yazilimini kullanarak,
yalnizca parametrik ve nesne yonelimli 6zelliklere sahip olmakla kalmayip ayni zamanda
mevcut ve olasi ingaat i¢in gerekli bilgileri de saglarlar [38][33]. Yiiksek binalar agisindan
bakildiginda, YBM, insaatta dijital bina modellerini kullanma potansiyelini gdsteren bir
giivenlik kurali kontrol platformu ile entegre edilmistir [39]. Ek olarak, IHA"lar, is giivenligi
yoneticilerinin santiyeleri ziyaret etmek icin gereken siireyi en aza indirmesini ve yiiksek
binalardaki risklerin tanimlanmasini ve denetlenmesini giiclendirmesini saglayabilmektedir
[40]. Dijital teknolojilerin potansiyel kullanimlari, yiiksek binalardaki is giivenligi
uygulamalarini dnemli 6l¢iide iyilestirebilir. Dijital teknolojilerin destegiyle, etkili bir sekilde
is birligi yapmak i¢in isgiler ve yonetim personeli arasinda ingaat bilgileri degis tokus
edilebilir [41].
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Is giivenligi performans: ve risk faktorlerini belirlemek icin gesitli calismalar yapilmistir
[42,43][37,38]; bununla birlikte, insaat ig¢ileri arasindaki yiiksek Oliim oranlari, gelecege
yonelik politika belirleyicileri icin 6nemli bir kiiresel endise olmaya devam etmektedir [44].
Insaat giivenligi izleme ve denetimi igin belirli dijital teknolojileri entegre etmek amaciyla
yeni bir vaka caligmasi veya prototip yapilmistir [45]. Bununla birlikte, ¢ok sinirli sayida
ampirik ¢aligmalar, mevcut yaklagimlarin veya galismalarin temel olarak veri alisverisi igin
YBM tabanli AG ve SG uygulamalarina ve vaka calismalar1 ve prototipler yoluyla
geligtirilmigtir. Ayrica ingaat giivenligi yonetimi i¢in is giivenligi performansina odaklanan
diger dijital teknolojilerle BIM entegre edilmistir [46]. Ek olarak, insaat giivenligi i¢in kural
kontrol platformunu olusturmak amaglit YBM tabanli 4 boyutlu modelleme kullanilmistir
[47]. Benzer sekilde, makine 6grenimi (MO) tabanli nesne algilama teknigi, insaat giivenligi
ve gozetimi i¢in 3B nokta bulutlardan olusturulan model ile ve bilgisayarli gérme yoluyla bir
platform sunmustur [48]. Ayrica, ¢ok sayida arastirmaci, yiiksek bina ingaat giivenligi alanina
biiyiik katkilarda bulunmustur, ancak bu konuda bazi sinirlamalar vardir. Ornegin, Manzoor
ve dig. [43] yiiksek bina projelerinde kazalara neden olan giivenlik faktorlerini belirlemis,
ancak azaltici ¢oziimler 6nerememislerdir. Thinakaran ve dig. [49], yiiksek bina projelerinin
giivenlik performansini etkileyen giivenlik unsurlarini belirlemis, ancak azaltict 6nlemler
onermemislerdir. Bu nedenle, bu ¢aligmanin amaci, ingaat giivenliginin iyilestirilmesi igin
YBM'i gelismekte olan diger dijital teknolojilerle (AG, YZ) entegre ederek yiiksek bina
projelerinde kazaen giivenlik faktorlerini azaltmaktir.

Is giivenligi teknolojisi, yeterli giivenlik diizenlemelerinin yiiriirliikte olmasim saglamak igin
bina teknolojisiyle ayni hizda ilerlemelidir. Modern insaat ortamindaki belirsizliklerle basa
cikmak ve diisme tehlikelerinin ele alinmasinda etkinligi artirmak i¢in gelismis teknolojik
yardimlar gereklidir. Newaz ve dig. [50] santiyelerde yiiksekten diisme riskini ele alan
teknolojilerin bir incelemesini ve degerlendirmesini ger¢eklestirmistir.

2.3. Yapim islerinde is Giivenligi Denetimini Kolaylastirmak i¢in Genisletilmis
Gerceklik ve Yapay Zeka Teknolojileri Uygulamalar:

Insaat sektdriinde santiyeler, dijital teknolojilerin Nesnelerin Interneti (N) sensorii, IHA, 3B
tarayici, YZ, AG v.b) yaygmhiginin hizla artmasi nedeniyle akilli ¢alisma ortamlarina
doniismiistiir. Santiye analitigi, gorsellestirme ve derin i¢goriiler olusturmak amaciyla insaat
sahasi verilerinin olusturulmasi, toplanmasi, depolanmasi ve analizi ile ilgilenir. Toplanan
veriler YBM'de modellenerek ve planlama ve is giivenligi gibi tiim 6nemli alanlarda saha
performansini optimize etmek i¢in gelismis YZ teknikleri kullanilarak analiz edilebilir.
Winge ve dig. [51] is¢i eylemleri, risk yonetimi, acil denetim, malzeme veya ekipmanin
kullanilabilirligi, yerel tehlikeler, is¢i yetenekleri ve proje yonetimini igeren ingaat kazalarina
neden olan en yaygin yedi faktorii belirlemistir. Bu faktorlerin tiimii, 6zellikle robotik,
bilgisayarla gorme, geligmis veri analitigi ve optimizasyon teknikleri gibi yapay zeka
teknolojileri kullanilarak diger dijital teknolojilerle entegre edildiginde c¢oziilme
potansiyeline sahiptir. Le ve dig. [52] saglik ve giivenlik egitimi i¢in yapay zeka ile
biitiinlesik bir mobil tabanli sanal ger¢eklik ve artirilmis gergeklik teknolojilerini kullanan
bir cerceve gelistirmistir. Kolar ve dig. [53], iki boyutlu (2B) goriintiilerde giivenlik
korkulugu tespiti igin transfer 6grenimi ve derin evrisimsel sinir aglarini uygulamustir.
Otomatik ve akilli gantiye denetimi elde etmek i¢in yerellestirme teknikleri ve goriintii isleme
gibi algilama teknolojilerini kullanmislardir. Fang ve dig. [54], engelleyicilerin giivenligini
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artirmak icin derin 6grenme destekli bilgisayarli gorii teknolojisini kullanan otomatik bir
denetim yoOntemi tanitmistir. Bir hava harekat senaryosu anlama modeli bu hedef insaat
is¢ileri grubu icin yiiksekten diigsme riskini azaltmak icin gelistirilmistir. Yiiksekten diisme
tehlikelerinin 6nlenmesini iyilestirmeye yonelik baska bir cabada, (Rey-Merchan ve dig. [55]
Bluetooth uygulamasini degerlendirmistir. Santiyelerdeki Bluetooth Diisiik Enerji (BDE)
izleme sistemleri ve BIM, radyo frekansi tanimlama ve kiiresel konumlandirma sistemi gibi
teknolojilerin bir kombinasyonu kullanilarak (BDE) smirlamalarinin nasil asilabilecegi
tartigtlmisgtir.

Alizadehsalehi ve dig. [56] insaat sahasinda biitiinlesik bir YBM/IHA modelinin is
giivenliginin yonetimindeki etkinligini gostermistir. Sidani ve dig. [57] otomatik kural
denetimi ve AG/SG'yi benimseyen YBM tabanli bir giivenlik sisteminin genel ¢ergevesini
gelistirmistir Harichandran ve dig. [58], dijital ikizlerden bilgi akisi yoluyla SG egitim
oyunlarin1 dinamik olarak gilincellemek i¢in kavramsal bir ¢er¢eve dnermektedir. Ogunseiju
[59], iscilerin duruslar1 ve bunlara karsilik gelen dijital temsilleri arasinda iki yonli
haritalama yoluyla kas-iskelet sistemi yaralanmalarin1 azaltmak icin dijital bir ikiz ¢erceve
Onermistir. Kaarlela [60] saha dis1 giivenlik egitimi i¢in dijital ikizler ve sanal gerceklik
ortamlarini geligtirmistir. Choi [61], derin 6grenme ve dijital ikiz nesil kullanarak giivenlik
bilincine sahip insan-robot igbirligi i¢in entegre bir karma gergeklik sistemi gelistirmistir.
Ramos-Hurdato [62] insaat giivenligi denetimi igin artirilmis gergeklik aracinin dagitimi i¢in
bir 6neri sunmustur. Wu ve dig. [63] DI, Derin Ogrenme (DO) ve Karisik Gergeklik (KG)
teknolojilerini yeni gelistirilmis gercek zamanli gorsel uyari sistemine entegre ederek insaat
is¢ilerinin giivenlik durumlarint proaktif olarak belirlemelerini ve kazalardan kaginmalarini
saglamay1r amacglamigtir. Wolf ve dig. [64] insaat gilivenligi egitimi ve Ogretiminde
kisisellestirilmig geri bildirim i¢in artirtlmis sanallikta tehlike tanimayi arastirmistir. Recal
ve Demirel [65] ikili ve ¢ok smifli is kazasi siddetinin tahmininde makine &grenimi
yontemlerinin karsilagtiritlmasini yapmuglardir. Kazar ve Comu [66], iskele ve kalip
faaliyetleri icin sanal bir giivenlik egitim araci gelistirmistir. Teizer ver dig. [67] DI is
akisindaki {i¢ temel adinmu tanimlayan Insaat Giivenligi i¢in Dijital Ikiz konseptini ana
hatlariyla belirtirmistir: (1) tehlike 6nleme igin giivenli tasarim ve planlama, (2) proaktif
tahmin ve uyart i¢in risk izleme ve kontrol ve (3) kisisellestirilmis veya proje tabanli grenme
i¢in siirekli performans iyilestirme.

Tablo 1.’de yapim islerinde is giivenligi denetimini kolaylastirmak i¢in kullanilan dijital
teknolojileri uygulamalarinin bir dzeti goriilmektedir.

Tablo 1 - Yapim islerinde is giivenligi denetimini kolaylastirmak icin kullanilan
dijital teknolojilerin bir literatiir ozeti

No Baglik Teknoloji/Metod Referans
1 Tehlike tahmini igin risk yayma sistemleri Bulanik dinamik Bayes  Guo ve dig. [68];
ag1

Biligsel giivenilirlik ve 15 ve dig. [69]
hata analizi yontemi

(BGHAY) ve karmasik

ag teorisi.
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10

11

12

13

15

16

17

YBM kullanarak yapim modellerinin ve
cizelgelerin otomatik giivenlik kural
kontrolii

Yapim Giivenligi risk faktorlerinin
YBM’de entegrasyonu

Konum ve durus verisi fiizyonunun
kullanilmast igin proaktif is¢i giivenlik riski
degerlendirmesi

Degistirilmis ~ Ogretme-Ogrenme-Tabanli-
Optimizasyon (OOTO) algoritmasina dayal
risk tahmini ve kontrol sistemi

Insansiz Hava Araglarmin (IHA)
kullanilmasi,

Otomatik Diisme Tehlikesi izleme
Ingaat iscilerinin tepkileri izlemek icin
fizyolojik sensorlerin kullanilmasi

Geligmis giivenlik alarmi ve izleme i¢in
goriintii isleme

Konum verilerine dayali olarak iscilerin
giivenligini analiz etmek i¢in sensor tabanli
izleme sistemi

Giyilebilir teknoloji kullanan gergek
zamanli diismeye karsi koruma sistemleri
Diismeye kars1 koruma tasarimina yardimeci

olmak i¢in YBM tabanli sanal simiilasyon
ve modelleme

Diismelerin dnlenmesi igin bir bilgi
sisteminin ontoloji modeli

Gilivenlik egitimi i¢in mobil tabanli Sanal
Gergeklik (SG) ve Artirilmig Gergeklik
(AG) kullanma.

3B YBM Simiilasyonu Kullanilarak Ingaat
Santiyesinde Giivenlik Egitimi

Insaat tehlikesi tanimlama egitimi icin SG
tabanli gz izleme teknolojisinin
kullanilmasi

Diismeyi 6nleme tedbirlerine iligkin
bilgisayar goriisii destekli denetim

Yapay Zeka (YZ) tekniklerini kullanarak
Akilli Kisisel Koruyucu Donanim
geligtirme

Karakter tabanl aglar

ag1

Insaat kazas1 neden

sistemi (IKNS) modeli

YBM

YBM

Veri flizyonu

YZ

HA

Sensor

Gorilinti isleme

Sensor

Giyilebilir teknoloji

YBM

Ontoloji Modeli

SG-AG

YBM

SG goz izleme

Bilgisayar goriisii

YZ

Liu ve dig. [70]

Zhang ve dig.
[71]

Abed ve dig.
[19]; da Rocha
Leao ve dig. [72]

Kim ve dig. [73]
Darko ve dig.[74]

Chen ve dig. [75]

Liu ve dig. [76]

Alizadehsalehi ve
dig. [56]

Subedi ve dig.
[77]
Wang [78]

Park ve dig. [79]

Hayat ve Shan [80]
Tekbas ve Guven
[81]; Lu ve dig.

[82]
Park ve Liu [83]

Shi ve dig. [84];
Xu ve Zeng [85]

Ahn ve dig. [86]

Chihming ve dig.
[87]

Fang ve dig. [88]

Labedz ve dig.
[89]
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18  Ikili ve ¢ok smifl1 is kazas1 siddetinin MO Recal ve Demirel
tahmininde makine dgrenimi yontemlerinin [65]
karsilastirilmasi

19  iskele ve kalip faaliyetleri i¢in sanal bir SG Teizer ver dig.
gilivenlik egitim aract [67]

20  Bulanik kano modunu kullanarak is saglig YZ Uzun ve Cebi,
ve giivenligi 6nlemlerinin etkinliklerine [90]

gore smiflandiriimast

2.4. Literatiirdeki Arastirma Eksiklikleri ve Hedefler

Goriintiiye dayali yontemlerle ilgili olarak, yiiksekte ¢alisma ile ilgili farkli senaryolarda is
giivenligi risklerini tanimlamak zordur. Dinamik 3B modelleme ile santiyelerin tek basina
bilgisayar gorlintiileme teknikleri araciligiyla gergek zamanli olarak yeniden
yapilandirilmasi, bu asamada hala zor bir gbrevdir ve bu, g¢alisanlart mekansal iligkili
tehlikeleri sezgisel olarak belirlemeye zorlar. Bu amagla, bu caligma izlenen nesnelerin
uzamsal konumunu YPM'in geometrik bilgilerine dayali olarak belirleyebilen GG ve YZ'yi
entegre eder. Bu entegrasyon sadece mekansal baglam bilgisi saglamakla kalmaz, ayni
zamanda nesneler arasindaki mekénsal iliskiyi de elde eder. YBM modellerini girerek ve
giincelleyerek, ilgili ortamda tehlikeler bulunabilir ve bu da tehlike tanimlamasinin
saglamligini artirir.

Yazarlarin bildigi kadariyla, yiiksekte calismaya iliskin olarak saha g¢alisanlari i¢in ortam
goriislerinde gercek zamanl giivenlik bilgileri saglamak i¢in mekansal baglama duyarl bir
yontem eksikligi vardir. Sonug¢ olarak, son yillarda literatiirde yapilan arastirmalar
incelendiginde, insaat sektoriinde yiiksekte calismaya bagli is kazalarinin 6nlenebilmesi ve
giivenli ¢alisma ve denetimi kolaylastiracak YBM, DI, GG, YZ gibi dijital teknolojilerin
entegrasyonu ile ilgili bir calismaya rastlanmamistir. Gergeklestirilen bu caligmada,
Ongoriilen arastirma sorular1 ve ortaya konulan problemlerin ¢dziimiine yonelik sunulan
model ile literatiire ve sektore yiiksekte ¢aligmaya bagli is kazalarinin onlenebilmesi ve
giivenli ¢aligma ve denetimi kolaylastirmaya yonelik katkilar saglanmasi hedeflenmektedir.

Arastirma sorusu 1: Yapim islerinde yiiksekte ¢calismaya bagl is kazalarinin 6nlenebilmesi
ve giivenli calisma ve denetimi kolaylastiracak hangi dijital teknolojiler uygulamalari
mevcuttur?

Aragtirma sorusu 2: Yapim islerinde yiiksekte ¢alismaya iliskin is giivenligi denetimini
kolaylastirmak icin Genisletilmis Gergeklik ve Yapay Zekanin Entegrasyonu Modeli nasil
gelistirilebilir?

Aragtirma sorusu 3: Yapim islerinde yiiksekte ¢alismaya iliskin is giivenligi denetimini
kolaylastirmak icin gelistirilen Genisletilmis Gergeklik ve Yapay Zekanmn Entegrasyonu
Modeli Is Siireci Modelinin degerlendirilmesi nasil gerceklestirilebilir?

Yapim islerinde yiiksekte ¢alismaya iliskin is glivenligi denetimini kolaylastirmak i¢in GG
ve YZ'nin entegrasyonu, sorunu ¢ozebilir ve hem odak hem de ortam goriis kanallar
araciligiyla ayni mekanda calisanlara ve ilgili yoneticilere gorsel uyarilar saglayabilir. Bu
calismanin amaci, birden fazla dijital teknolojiyi entegre ederek yukarida belirtilen aragtirma
boslugunu kapatmaktir.
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3. MATERYAL VE METOT

Bu boéliimde genel arastirma metodolojisi, ig siireci gelistirilmesi ve yapilarda is giivenligi
denetimini kolaylagtirmak icin GG ve YZ entegrasyonu modeli gelistirilmesi konulari

anlatilacaktir.

YAPILARDA I$ GOVENLIGI DENETIMINI KOLAYLASTIRMAK ICIN
GENISLETILMIS GERCEKLIK VE YAPAY ZEKANIN ENTEGRASYONU
MODELI
Problem Tanm - Ingaat Sektoriinde Yitksekte Galigma
- Yapmm Islerinde Yiiksekten Diigmeler
- — . ve Olas: Etkenleri
© Literatiir Ozeti - I5 Givenlizi Kanununda Yiksekten
a Diigme
-« - Yiksekten Diigme Risk Kontrol
8 Metotlan
- Yiksekte Giivenli Caligma ve
Denetimi Kolaylagtiracak Dijital
Teknolojilerin (YBM, DI, SG-KG-AG-
GG. YZ) Onemi
4
g | i Sitreci Modeli
B I
?)g Sistem Uygulama Model
é Entecrasyonu
<
~
2%
cf
25
88 Literatiir taramas: ve sektor — -
5.8 uzmanlan tarafindan Yapisal Esitlik Modeli
54 dogrulanmasi
< Yénetimsel uygulamalar Senuglar, galismann
_E, yararlan ve ileriki
:E‘ ¢aligmalar

Sekil 1 - Arastirma metodolojisi

3.1. Genel Arastirma Metodolojisi

Genel aragtirma metodolojisi On asama, Tasarim ve uygulama, Onerilen modelin
degerlendirilmesi ve son olarak da Yayginlagtirma siire¢lerini igerir. Sekil 1. Genel arastirma
metodolojisi siireglerini gdstermektedir. On asamada problem tanimi yapilarak literatiir 6zeti
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sunulmaktadir. Tasarim ve uygulama asamasinda ig siireci modeli ve sistem uygulama model
entegrasyonu gosterilmektedir. Onerilen modelin degerlendirilmesi asamasinda literatiir
taramasmin sektér uzmanlar1 tarafindan dogrulanmasi ve Yapisal Esitlik Modelinin
gelistirilmesi ele alinmaktadir. Yayginlastirma asamasinda yonetimsel uygulamalar,
sonuglar, ¢alismanin yararlari ve ileriki ¢alismalar sunulmaktadir.

3.2. Is Siireci Modeli Gelistirilmesi

Yapim iglerinde yiiksekte ¢aligma is giivenligi denetimini kolaylastirmak i¢in GG ve ZK’nin
entegrasyonuna yonelik Is Siireci modeli gelistirilme siireci su adimlardan olusmaktadir.
Literatiirdeki ¢alismalar ve aragtirma eksikliklerinden derlenerek bir kavramsal cergeve
gelistirilmistir. Kavramsal ¢er¢evede planlanan is siireclerinin tanimlanmasi, is akislarmin
sire¢ hedefleri dogrultusunda optimizasyonu, durumsal ve mantiksal modellemenin
belirlenmesi, izlenmesi ve iyilestirilmesi stratejik yaklagimi benimsenmistir. Bu yaklasima
gore de Is Siirecinin ana bilesenleri olan Referans Bilgileri, YBM Is Birligi Siireci ve Bilgi
Paylasim1 olusturulmustur.

TASARIM EKIBi+YUKLENICI 1$ GUVENLIGI UZMANI KONTROL/ONAY

5
=) HAYR
@ YUKSEKTE
2 YUKSEKTE CALISMA CALISMAILE
YAPISAL MODELLEME ILGILIRISKLER
AYRINTI DUZEYI AD 300
SEVIYESINDE TASARIM VE
2 3B MODELLER (TUM EVET
DISIPLINLER)
IS AKTIVITEST
43 MODELLER | 1§ GUVENLIGE
GNSLETH.\H$ YAPAY ZEKA G q 'Y
(35—15 PROGRAMD _ GERGEKLI | DEGERLENDRME  |—» @>
YUKSEKTE
CALISANLAR VE
‘ x \L'\KD\'ELER SL'REC SONU AAKINELERIN EVET
ANALIZI
C”““‘"‘“ EK[P\LANL AR

YUKSEK LOKASYONDA
CALISAN EKIPLERIN I§
GUVENLIGI TEDBIRLERT

Sekil 2 - Yapim islerinde Yiiksekte Calisma Is Giivenligi denetimini kplaylastzrmak icin
genisletilmis gerceklik ve yapay zekanin entegrasyonuna yonelik Is Stireci Modeli

BILGI PAYLASIMI | I YBM i$ BIRLIGI SURECT

Is Siireci Modeli gelistirilmesi referans bilgilerin olusturulmas: ile baslar. Tasarim Ekibinin
projeye iliskin olarak AD 300 seviyesinde (Detayli tasarim) 3B modelleri (tiim disiplinler)
gelistirmeleri ve yiiklenicinin de yiiksekte ¢aligma ortami (mekansal 6zellikler ve mevcut
sartlar, is¢i ve ekipmanlarin durumu ile ilgili riskler v.b) yapisal modellemesini
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gerceklestirmesi ile bu risk bilgilerini iceren dokiimanlar Is Giivenligi Uzmaninin kontroliine
ve onayma sunulmaktadir. AD 300 seviyesinde (Detayl1 tasarim) belirli unsurlarin, kesin
miktar, boyut, sekil, konum ve yonelim ile tanimlandigi dogru modelleme miimkiin
olabilmektedir. Tiim bilgiler onaylandiktan sonra YBM Is Birligi siireci devreye girmektedir.
4B Modellerin gelistirilmesini (is¢i ve makine-ekipmanlarm aktivitelerine iliskin Is
programlari) takiben calisanlarin ve makine-ekipmanlarin gergek konumlari ile ¢aligma
ortamindaki etkilesimini gosteren GG modellerinin olusturulmasi ve yiiksekte g¢alisma
ortaminda olusabilecek muhtemel risk faktorlerinin tahminini igeren YZ modiilii
entegrasyonu ile Is Giivenlizgi Uzmam tarafindan yiiksekte calisma is giivenligi
degerlendirmesi yapilir. Bu degerlendirmede Yiiksekte ¢aligma ile ilgili “Calisma yapilacak
alanin zeminden yiiksekligi”, “Caliyma yapilacak zeminin egimi”, “Calisma yapilacak
zeminin yapis1”, “Ekiplerin ¢aligma suresi” ve “Ortam sartlar1” (Bakiniz Sekil 4., Tablo 2)
gibi risk unsurlar1 dikkate almir. TyQ’ye destek olarak 3B YBM modellerden yararlanarak,
yiiksekten diisme caligmalarinda muhtemel giivenlik tehlikeleri belirlenmis olur. Bu
degerlendirme uygun bulunursa yiiksek lokasyonda calisan ekiplerin ve is gilivenligi
tedbirleri dokiimantasyonu ilgili paydaslarla paylasilir. Sekil 2.’de Yapilarda Yiiksekte
Calisma Is Giivenligi denetimini kolaylastirmak igin genisletilmis gerceklik ve yapay
zekanin entegrasyonuna yonelik Is Siireci Modeli gosterilmektedir.

3.3. Yapilarda Is Giivenligi Denetimini Kolaylastirmak icin Genisletilmis Gerceklik ve
Yapay Zekanin Entegrasyonu Modeli Gelistirilmesi

Literatiirdeki caligmalar ve arastirma eksikliklerinden derlenerek olusturulan kavramsal
cerceve dogrultusunda gelistirilen ve yapim islerinde yiiksekte g¢alisma is gilivenligi
denetimini kolaylastiran GG ve ZK’nin entegrasyonu uygulamasi BIM Collaborate (YBM Is
Birligi) yazilimi ortaminda gerceklestirilmistir. YBM Is Birligi yazilimi, ortak bir platformda
tim disiplinlerin ve paydaslarin bir araya gelerek is slireclerinin (tasarim, planlama, yapim
yonetimi is akiglarinin) koordinasyonuna imkan tanimaktadir. Yiiksekte caligma is giivenligi
denetimi ile ilgili tanimlanan siireglerin sira ile gergeklestirilmesi gerekmektedir. Gorsel
(3B+4B) ve tabular bilgilerin kesin ve dogrulugunun saglanmasi i¢in onay mekanizmasi bu
ortak platformda ¢aligmanin en 6nemli 6zelligidir.

Gelistirilen modelin alman 6nlemlerin etkinligine iliskin yiiksekten diisme kazalari1 dahil
olmak {izere “risk kontrol hiyerarsisi” ¢ercevesinde bir degerlendirme yapilarak asagida
belirtilen sistematik bir yaklagim benimsenmistir:

*  Tehlikenin ortadan kaldirilmas1 (Ornegin, yiiksekte elle tasima islerinin tagmabilir ving
mekanik araglarla desteklenmesi, vb.)

*  Riskin azaltilmasi (Ornegin, yiiksekte ¢aligma sirasinda isgilerin dikkatini dagitacak
unsurlari minimize edilmesi vb.)

= Iscilerin tehlikeden uzak tutulmasi (Ornegin, yiiksekte calisma sirasinda kisilerin riskli
bolgelere girisine izin verilmemesi, vb.)

= Tehlikenin gembere alinmas1 (Ormegin yiiksek yerlere korkuluk yapilmas1 vb.)

* (Calisanlarin maruziyetlerinin azaltilmasi (Ornegin bir kisinin 8 saat maruz kalmasi
yerine 4 kisinin her birinin ikiger saat yliksekte ¢calismaya maruz kalmasi, vb.)
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* I metodunun iyilestirilmesi (Ornegin yiiksekte 6lgme islerinin dijital araglarla
yapilmasinin artirilmasi, vb.)

* Kisisel Koruyucu Donanim Kullanimi (Ornegin baret, eldivenler, koruyucu gozliikler,
koruyucu giysiler, emniyet kemeri, vb. kullanimr)

YBM’ de gelistirilen 3B modeller (tim disiplinler) ile siire¢ baglamaktadir. Yiiksekte
calisma ortamini ve muhtemel risk tanimlama siirecini canlandiracak olan 4B modellerin
gelistirilmesi ile tim katilimcilarin (tasarimcilar, planlamacilar, is giivenligi denetim
uzmanlar1) biraya gelecegi ve bu modellerin giincel olarak paylasilacagi bir Ortak Veri
Ortami olusturulur. Yer ve zamandan bagimsiz olarak bu modellere erisim ve muhtemel risk
olusumuna iliskin is gilivenligi denetimini kolaylastiracak uzaktan karar verme miimkiin
olabilmektedir. Ortak bir platformda ele alinan yiiksekte ¢calisma risklerine iliskin tiim veriler
YZ modiiliinde islenerek kendi kendine 6grenen bir algoritma ile yiiksek lokasyonda galisan
ekiplerin is giivenligi tedbirleri olusturulur ve karar vericilerin onayina sunulur. Sekil 3.’de
Ortak Veri Ortaminda s Giivenligi Denetimini Kolaylastiran Genisletilmis Gergeklik ve
Yapay Zekanin Entegrasyonu Modeli gosterilmektedir.

Primary model
Clash with

Group by

°
(7]
o
o
o
o
o.
Q.

[ 1364 CLASHES (1 Selected)

e
pE—)

, Basic Wall [1060214)
Basic Wall (1073527)

»

1clash with 1 other model

Basic Wall [1074045)

* 1 clash with 1 other model -
: @ R TASARIMCILAR

*fJroe0ocaxReo0

AUTODESK o / aa \
AUTOCAD PLANT 30 =
=" A PLANLAYICILAR () e () 1sGuvenLial o
: DENETIM .
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=
— = ‘ ¥ Yapay Zeka Yuksek lokasyonda
B VYA ) B U ulamasi Calisan Ekiplerin Is
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. s1mie  Ortak bir platformda i " "
B Genisletilmis il Ed Geri donumlerin ve goruslerin
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Tasarimcilar ve Planlayicilar Denetleyiciler/Kontrol Karar variciler

Sekil 3 - Ortak Veri Ortaminda Is Giivenligi Denetimini Kolaylastiran Genigletilmis
Gergeklik ve Yapay Zekanin Entegrasyonu Modeli
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4. GELiISTIiRILEN MODELIN DEGERLENDIRILMESi
4.1. Hipotezler

Kapsamli literatlir incelemesine, literatiirdeki arastirma eksikliklere ve hedeflere, ve
gelistirilen Is Siireci Modeli (ISM) semasina dayali olarak, bu arastirmadaki dért ana yon
arasindaki hipotezlendirilmis iliskiler Yapisal Esitlik Modeli (YEM) ile Sekil 4.’de
gosterilmektedir: Yiiksekten Diisme Risk Belirleme Bilgileri, 4.Boyut (Is planlamasi) Yap1
Bilgi Modelleme Sistemi, Yiiksekte Giivenli Calisma ve Denetimi Kolaylastiran
Genigsletilmis Gergeklik ve Yapay Zeka Uygulamalari Entegrasyonu, Otomatik Yiiksekte
Giivenli Calisma ve Denetimi izlenmesi ve Kontrolii. Gelistirilen kavramsal cerceve (ISM)
ile baglantili olarak olusturulan YEM’deki degiskenler ve gostergeler sistematik olarak
literatiirdeki ilgili ¢alismalardan (Bakiniz Tablo 1.) yararlanilarak belirlenmistir.

1=0.80 ’PB geometrik nesne tabanh model yaratilmas: |

u=0.81 ’EB)'exle;ikven I
u=0.80 |p [3B Parametnk ozelliklerin tamtilmasn
u=0.82 (# |Veri swralama ve suuflandima
u=0.83 |y [Verilerden s progz |
u=0.84 b [Veri baglantis |
u=0.86 |p HB goruntileme ve simillasyon
%=0.85 sma yapilacak alamn zeminden yikseklig | ol g e
7=0.80 [#[Calisma yapilacak zeminin eZimi
=081 pp|Calima yapilacak zeminm yapisi :m;:g‘s::l
3:=0.79 | [Ekiplerin caligma suresi |
#=0.78 #[Ortam sartlan | B
e . e
Bila']en'eme Denetimi Izlenmesi ve
Kontroli
Hl H4
=0.82 |p [Cevresel durum verisi
e
= <k =034 {» [(bn dneiome
g
pross o33 o o |
p=0.83 a=0.78 ’
pss o ]
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p=0.78 a=0.34 (»Denetim iyet
b7 030 (> i ]
[Kendi kendine ozrenme p=0.81 055 ’
e ~r st | P vim
o7
fobm e 07

Sekil 4 - Hipotezlendirilmis Yapisal Esitlik Modeli
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Asagidaki hipotezler, bu iliskilerin teorik arka plani ile birlikte, yapisal dlgiileri ve diger
degiskenler arasindaki iliskiyi agiklamayir amaclamaktadir. Bu, asagidaki hipotezlerin
gelistirilmesine yol acar:

* Hipotez 1 (H1): Yiiksekten Diisme Risk Belirleme Bilgileri, Yiiksekte Giivenli Calisma ve
Denetimi  Kolaylagtiran  Genigletilmis  Gergeklik ve Yapay Zeka Uygulamalan
Entegrasyonunun gercgeklestirilmesini ve simiilasyonunu kolaylastirir.

* Hipotez 2 (H2): 4.Boyut (Is planlamasi) Yap: Bilgi Modelleme Sistemi, Genisletilmis
Gergeklik ve Yapay Zeka Uygulamalart Entegrasyonunu gelistirir.

* Hipotez 3 (H3): 4.Boyut (Is planlamas1) Yapi Bilgi Modelleme Sistemi Olusturulmasi
Otomatik Yiiksekte Giivenli Calisma ve Denetimi Izlenmesi ve Kontrolii performansini
destekler.

* Hipotez 4 (H4): Yiiksekte Giivenli Calisma ve Denetimi Kolaylastiran Genisletilmis
Gergeklik ve Yapay Zeka Uygulamalar1 Entegrasyonu simiile edilen verileri zenginlestirir ve
Otomatik Yiiksekte Giivenli Caligma ve Denetimi Izlenmesi ve Kontrolii performansini
giiclendirir.

4.2. Orneklem

Yukarida agiklandigi gibi, aragtirmanin dogasinin bir 6nceki béliimde tiiretilen teorik modeli
test etmek oldugu aciktir. Bu nedenle, pozitivist bir epistemolojik konum benimsenmis ve
daha spesifik olarak, dl¢iilen degiskenler arasindaki iliskilerin derecesini belirlemeyi igeren
bu aragtirmanin hedeflerini karsilamak ig¢in en uygun olan nicel arastirma metodolojisi
olusturulmustur. Daha fazla bilginin iletilmesine izin vermek ve aragtirmaci ile katilimcilar
arasinda daha iyi bir etkilesimi desteklemek igin bilgisayar destekli anket (CSAQ)
yapilmistir. Farkli cografi bolgelerde ¢alisan insanlarin farkli deneyimleri oldugundan, bu
aragtirmada farkli gelismis ve gelismekte olan iilkelerde calisan uygulayicilarin gortislerini
toplamak amaglanmustir. Bu calismada, ABD, BAE, Isvec, Danimarka ve Kanada'da bulunan
ingaat igleri, altyap1 ve insaat projeleri ile ugrasan miiteahhitlik ve miithendislik danigmanlik
sirketlerinde c¢alisan profesyonellerin goriiglerine bagvurulmustur. Anket kapsaminda
hedeflenen alanlar, ingaat yonetiminde en yogun ve en aktif bolgeleri olusturmaktadir.
Orneklem sadece biiyiik sirketleri igermektedir. Sirketin biiyiikliigiinii, profesyonel personel
say1s1, yillik ingaat projelerinin sayist ve ABD dolar cinsinden proje biitgesi belirler. 100—
200'den fazla g¢aligan1 olan, yilda 10-25 proje yiiriiten ve degeri 5 milyon ABD dolarinin
tizerinde tipik bir proje insa eden bir miiteahhitlik sirketi biiyiik, 25-50'den fazla ¢aligani olan
bir mithendislik danigmanlik sirketi ise biiyiik olarak tanimlanir. Yilda 25-50 proje yiiriiten
ve degeri 5 milyon ABD Dolari'nin tizerinde olan tipik bir projeyi tasarlamak ve kontrol
etmek bilyiik olarak tanimlanmaktadir.

4.3. Veri Toplama

Bu calismada kullanilan ornekleme yontemi Snowball orneklemesidir. Bu o6rnekleme,
olasilikli olmayan 6rnekleme teknikleri siifina girer. Olasiliksiz 6rnekleme plani, temsili bir
orneklem elde etmek i¢in kullanilabilir ve yanitlayicilarin tiim popiilasyondan rastgele
secilmedigi, daha ¢ok arastirmaya katilmaya istekli olup olmadiklarina gore secildigi
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durumlarda uygun oldugu kabul edilmistir. Olasiliksiz 6rnekleme teknikleri, aragtirmacilarin
rastgele secim gerektirmeden daha biiyiik bir popiilasyondan 6rnekler almasini igerir [91].
Ampirik veriler bir CSAQ anketi yoluyla toplanmustir. Katilimcilara e-posta yoluyla
gonderilen CSAQ anket baglantisi, katilimeilarin belirlenmis bir web sitesine gittikleri ve
anketi ¢gevrimigi olarak doldurduklart bir web anketi i¢erir. CSAQ anketi, gériismenin hizini
yavaglatarak yanitlayanlara diisiinmek i¢in daha fazla zaman vererek daha dogru yanitlar
verir. En yiiksek raporlama seviyeleri CSAQ anketi i¢indir [92]. Katilimcilarla temaslarin
sayis1 artmig, geri donils oranlari tizerinde 6nemli bir etkiye sahip olmakta, bu da anketin
gecerliligini artirmaktadir [93]. CSAQ anketi ABD, BAE, Isvec, Danimarka ve Kanada'daki
miiteahhitlik ve miihendislik damigmanlik sirketlerine uygulanacaktir. Anket uygulamasi
sirasinda, aragtirmaya katilmak icin toplam 500 kisiyle iletisime gegilmistir. Daha sonra
arastirma hedefleri, arastirmanin kesinlikle bilimsel ve gizli oldugu ve anoniminkilerinin
saglandig1 konusunda tam olarak bilgilendirilmislerdir. Arastirmaya toplam 319 kisi
katilmistir. Bu da iletisim kurulan firmalardan %63'lik bir yanit oranina tekabiil etmektedir.
Katilimcilardan, 1'den (kesinlikle katilmiyorum) 5'e (kesinlikle katiltyorum) kadar besli
Likert oOlcegine dayali olarak her bir ifadeye katilma derecesini derecelendirmeleri
istenmistir. Anket arastirmasi i¢in sirketlerdeki iletisim personeli, bu siireg¢ ve teknolojilerle
ilgili Gist yonetim veya iist yonetim veya ilgili uzman kisilerdir ve bu nedenle, bu kisilerin
bilgi diizeyinin gegerli yanitlar tiretmesi beklenmistir. Katilimcilar Proje Miidiirleri, Yapim
Yoneticileri, Is Giivenligi Uzmani, 4B planlamacilart ve YBM Yoneticileri olacaklar ve
katilimeilar girketlerinde bu resmi unvanlara sahiptirler. Tablo 2, diinyanin farkli
bolgelerinden farkli mesleklere sahip ankete katilanlarin yiizdelerini gostermektedir.

Tablo 2 - Ankete katilanlarin bolgelere, gecmise ve mesleklere gore dagilimi

Katilimcimin Gegmisi ve Meslegi Toplam
) N Proje Yapim Is 4B YBM
Tecriibe (Yil)  Ulke Miidiirii Yoneticisi |Giivenligi | Planlamaci | YOneticisi
(PM) (YM) Uzman
19.43% 15.67% 18.80% | 23.19% 22.88%
ABD 24 14 22 24 18 102
BAE 10 12 10 8 15 55
[svec 12 10 9 14 14 59
>20 yil
[Danimarka 9 6 8 12 9 44
K anada 7 8 11 16 17 59
Toplam 62 50 60 74 73 319

4.4. Olgiitler

Degiskenlerin 6l¢iimii, degerlendirmenin dogruluguna ve tutarliligia olan giiveni artiran,
coklu madde yontemi uygulanarak olusturulmustur. Her madde “besli Likert dlcegi” ile
degerlendirilmistir. Tablo 3, degiskenleri 6lgmek igin kullanilan tiim 6geleri gostermektedir.
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Tablo 3 - Faktor analizi ve tutarlilik testi

<. Faktor |Cronbach
Grup Degiskenler Yiikleri a
. Calisma yapilacak alanin zeminden yiiksekligi 0.81
dY}lksekt,elli Calisma yapilacak zeminin egimi 0.79
b:lsirr?:n?es Calisma yapilacak zeminin yapist 0.80 0.79
bilgileri Ekiplerin calisma suresi 0.78
Ortam sartlari 0.77
3B geometrik nesne tabanli model yaratilmasi 0.79
3B yerlesik veri 0.80
4 Boyut Yap1 3B parametrik 6zelliklerin tanitilmast 0.79
Bilgi Veri siralama ve siniflandirma 0.81 0.80
Modelleme Verilerden is programi yaratilmasi 0.82 ’
Sistemi Veri baglantist 0.83
4B goriintiileme ve simiilasyon 0.85
Cakigma tespiti 0.83
Veri entegrasyonu 0.82
Veri baglantisi 0.79
Akilli karar verme 0.83
Operasyon optimizasyonu 0.82
Veri analizi 0.84
Geri doniis saglama 0.78
Genisletilmi Dijital haritalama 0.79
Gergiklik o [ Dijital fiizyon 0.77
Yapay Zekﬁ Teshls 0.77
Uygulamalari | _Bilgi islem 0.76 0.81
Entegrasyonu Kendi kendine 6grenme 0.80
Sonug tahmini 0.78
Yeniden tasarim 0.76
Algilama 0.78
Cevresel durum verisi 0.81
Fiziksel veri toplama 0.82
Uzaktan denetleme 0.84
) Uzaktan karar verme 0.86
OEomatlk Veri yonetimi 0.82
égkse]ﬁe Izleme suresi 0.77
uvent izleme kalitesi 0.81
Calisma - —— 0.82
Denetimi Izleme maliyeti 0.78
izlenmesi ve Otomasyon 0.87
Kontrolii Pratiklik 0.85
Denetim memnuniyeti 0.83
Tletisim kalitesi 0.79
Is birligi performansi 0.81
Potansiyel gelisim 0.80
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Sonuglar, tiim faktorlerin (0,7-0,9) arasinda degisen yiikler oldugunu ve tiim Cronbach alfa
degerlerinin (0,70’ten biiylk) yeterli oldugunu gostermektedir. Yiiksekten diisme risk
belirleme bilgileri bes farkli degiskenle Ol¢iilmiistiir: Calisma yapilacak alanin zeminden
yiiksekligi, Calisma yapilacak zeminin egimi, Calisma yapilacak zeminin yapisi, Ekiplerin
calisma siiresi ve Ortam sartlar1. Olgek yiiksek gecerlilik ve giivenilirlik gostermistir (o =
0.79). 4B Yap1 Bilgi Modellemesi (YBM), sekiz farkli degiskenle 6l¢lilmiistiir: 3B geometrik
nesne tabanli model yaratilmasi, 3B yerlesik veri, 3B parametrik 6zelliklerin tanitilmasi, Veri
siralama ve smniflandirma, Verilerden is programi yaratilmasi, Veri baglantisi, 4B
goriintiileme ve simiilasyon, Cakisma tespiti. Olcek yiiksek gecerlilik ve giivenilirlik
gostermistir (o = 0.80). Genisletilmis Gergeklik ve Yapay Zeka Uygulamalar1 Entegrasyonu
14 farkli degiskenle Slgililmiistiir: Veri entegrasyonu, Veri baglantisi, Akilli karar verme,
Operasyon optimizasyonu, Veri analizi, Geri doniis saglama, Dijital haritalama, Dijital
fiizyon, Teshis, Bilgi islem, Kendi kendine 6grenme, Sonu¢ tahmini, Yeniden tasarim ve
Algilama. Olgek yiiksek gecerlilik ve giivenilirlik gostermistir (o= 0.81). Otomatik Yiiksekte
Giivenli Calisma Denetimi izlenmesi ve Kontrolii 14 farkli degiskenle dl¢iilmiistiir: Cevresel
durum verisi, Fiziksel veri toplama, Uzaktan denetleme, Uzaktan karar verme, Veri yonetimi,
Izleme siiresi, izleme kalitesi, Izleme maliyeti, Otomasyon, Pratiklik, Denetim memnuniyeti,
Iletisim kalitesi, Is birligi performansi, ve Potansiyel gelisim. Olgek yiiksek gegerlilik ve
giivenilirlik gostermistir (o = 0.82).

4.5. Analiz ve Sonuclar

Ongoriilen modeli (Sekil 3' de gosterilen) test etmek ve incelemek igin Lineer Yapisal
Iligkiler (LISREL) 8.8 istatistiksel yazilim paketi kullanilmustir. {lk olarak “Tanimlayict
istatistikler ve Pearson korelasyon katsayilar” hesaplanmis, ardindan YEM analiz edilmistir.
YEM, yapisal bir teorinin bazi fenomenler tizerindeki etkisinin analizi i¢in bir hipotez testi
yaklagimi benimseyen istatistiksel bir metodolojidir. YEM'in temel adimlari, “teoriye dayali
bir modelin belirlenmesi, yapilarin nasil dl¢lileceginin belirlenmesi, veri toplanmasi ve genel
model uyum istatistiklerini ve parametre tahminlerini i¢eren verilerin analizini” igerir. Bu
analiz, gizli degiskenler ve gozlenen degiskenler arasinda nedensel iligkiler kurar.

Tablo 4 - Tammlayici istatistikler ve Pearson Korelasyonanalizi

Degiskenler Ortalama | SS 1 2 3 4

Yiiksekten diisme risk belirleme
bilgileri

4B Yapi Bilgi Modelleme (BIM)
Sistemi

4.80 0.86 | 1.000

4.81 0.87 | 0.643** 1.000

Genisletilmis Gergeklik ve Yapay

sk skskosk
Zeka Uygulamalar1 Entegrasyonu 4.83 0.89 1 0692 0.724 1.000

Otomatik Yiiksekte Giivenli
Calisma Denetimi Izlenmesi ve 4.85 0.90 | 0.761*** | 0.778*** 1 0.796*** | 1.000
Kontroli

*p< 0.1, ¥*p<0.05, ***p<0.01, n=319
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Model, gizil degiskenlerin veya varsayimsal yapilarin nasil gézlemlenen degiskenlere bagh
oldugunu veya bunlar tarafindan nasil gosterildigini belirtir. Yap1 modelinin gegerliligini ve
varsayilan nedensel iliskilerin gercek verilere uygunlugunu ve uyumlulugunu 6lgmek i¢in
“Uygunluk lyiligi indeksi (GFI)”, “Ayarlanmis Uyum Indeksi (AGFI)”, “Karsilastirmali
Uyum Indeksi (CFI)”, “Normlanmis Uyum Indeksi (NFI)”, “Normsuz Uyum Indeksi
(NNFI)” ve “Kok-Ortalama-Kare Yaklagim Hatas1i (RMSEA)”, ve “Ki-kare”nin “Serbestlik
Derecesi’ne (¥2/df) orani kullanilmistir. “Uygunluk indeksleri, varsayilan modelin ampirik
verilere uyup uymadigimi degerlendirir, bu nedenle modelin gegerliligi ve giivenilirliginin
onemli gostergeleridir. Sekil 4. standartlastirilmig yapisal katsayilart temsil eden bu
calismada kullanilan varsayimsal modelin sonug¢larimi goéstermektedir. Degiskenlerin
katsayilarinin bilyiikliigii, onlarin goreli 6nemini yansitir.

4.5.1. Tanmimlayici Istatistikler ve Korelasyon Analizi

Tablo 4, iligkilerin anlamlilik diizeyini degerlendirmek amaciyla ¢aligma degiskenleri i¢in
ortalamalar1 ve standart sapmalar1 ve ayrica faktorler arast korelasyon matrisini
gostermektedir. Bu caligmada test edilen bagimli ve bagimsiz degiskenler arasindaki iliskileri
dogrulamak i¢in Pearson korelasyon analizi kullanilmigtir. Tiim yapilar birbiriyle iliskilidir
ve “Yiksekten diigme risk belirleme bilgileri”, “4B Yap1 Bilgi Modelleme (YBM) Sistemi”,
“Genisletilmis Gergeklik ve Yapay Zekd Uygulamalart Entegrasyonu” ve “Otomatik
Yiiksekte Giivenli Calisma Denetimi Izlenmesi ve Kontrolii” iizerine odaklanir. Bir iliskinin
onemi bir “p degeri” ile ifade edilebilir. “p degeri < 0.05 oldugunda, iki derecelendirme grubu
arasindaki iligkinin anlamli oldugu kabul edilir”. “Yiiksekten diisme risk belirleme bilgileri”,
“4BYap1 Bilgi Modelleme (YBM) Sistemi”, “Genisletilmis Gergeklik ve Yapay Zeka
Uygulamalar Entegrasyonu” ve “Otomatik Yiiksekte Giivenli Calisma Denetimi Izlenmesi
ve Kontrolii” degiskenlerini temsil eden faktorler arasinda dikkate deger ve pozitif dogrusal
iliskilerin oldugu korelasyon matrisi inceleme noktalaridir.

4.5.2. Faktor Analizi ve Giivenilirlik

Yiksekten diisme risk belirleme bilgileri, 4B Yapi1 Bilgi Modelleme (YBM) Sistemi,
Genigsletilmis Gergeklik ve Yapay Zeka Uygulamalar1 Entegrasyonu ve Otomatik Yiiksekte
Giivenli Calisma Denetimi izlenmesi ve Kontrolii degiskenlerindeki temel boyutlar:
belirlemek igin faktdr analizi kullanilmustir. Yapilarin degiskenleri ampirik olarak
dogrulanmis ve temel bilesen analizi yoluyla test edilmistir. Tablo 3, sonuglarin bir 6zetini
gostermektedir. 0,5'ten biiyiik degerler kabul edilebilir olarak kabul edilir. “Cikarilan
faktorlerin her birinin giivenilirligi, Cronbach alfalari kullanilarak bu faktorlerin i¢ tutarlilik
acisindan kontrol edilmesiyle belirlenir”. "Cronbach's alpha (a), 0,7 degerinin minimum
kabul edilebilir deger oldugu her bir faktér igindeki degiskenler arasindaki ortalama
korelasyona dayanmaktadir". Tablo 4, “Cronbach's alpha” degerlerinin incelenmesinin,
yapilar i¢in tim o giivenirlik katsayilarmin kabul edilebilir diizeyde giivenirlige sahip
oldugunu ortaya koydugunu gostermektedir. “4B Yap:1 Bilgi Modelleme (YBM) Sistemi”,
“Genisletilmis Gergeklik ve Yapay Zeka Uygulamalar1 Entegrasyonu”, “Otomatik Yiiksekte
Giivenli Calisma Denetimi izlenmesi ve Kontrolii” yapilari sirastyla 0.80, 0.81, 0.82
degerleri ile en yiiksek giivenilirlik katsayilarina o sahiptir. 0.87,0.86 ve 0.85 degerleri ile
“Otomasyon”, “Uzaktan karar verme”, “Pratiklik” degiskenleri, ile “Uzaktan denetleme”,
“Cakigma tespiti”, “Veri entegrasyonu”, “Fiziksel veri toplama” degiskenleri de 0.84, 0.83,
0.82 degerleri ile sirasiyla en yiiksek faktor yiiklerine sahiptir.
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4.5.3. Yapisal Esitlik Modeli

Son yillarda, YEM, sosyal bilimlerde, dogrulayici faktdr analizi ve yol analizini
birlestirmenin destegi ile, ¢oklu gozlemlenen degiskenler tarafindan 6lgiilen gizli bir yapiya
izin veren, etkin bir analitik ara¢ olarak ortaya ¢ikmustir. Sekil 4’te gdsterilen hipotez modeli,
bagimli ve bagimsiz degiskenler arasindaki iliskileri gostermektedir. Model, “Yiiksekten
diisme risk belirleme bilgileri”, “4B Yap1 Bilgi Modelleme (BIM) Sistemi”, “Genisletilmis
Gergeklik ve Yapay Zeka Uygulamalart Entegrasyonu” ve “Otomatik Yiiksekte Giivenli
Calisma Denetimi Izlenmesi ve Kontrolii” arasindaki varsayimsal iliskileri gdstermektedir.
Orneklem (n = 319) varsayimsal iliskileri test etmek icin kullanilmistir. Ongériilen model,
kabul edilebilir model uyumunu gdsteren istatistikler kullanilarak test edilmis ve “6nemli bir
Ki-kare istatistigine” sahip oldugu gdsterilmistir (y2 =167.46, df =91; p <0.01).

4.5.3.1. Uyum Iyiligi Testi

Model yapilari (hipotezler) ile modelin uyum iyiligi arasindaki iliskileri test etmeye yardimci
olan yol analizlerini gerceklestirmek i¢in SEM teknikleri kullanilmistir. Sonugclar, ilgili
yapilar lizerindeki tiim standartlagtirilmis ytiklemelerin 0,5'ten (p <0.001) biiyiik oldugunu
gostermistir. Modelin genel uyumu anlamli olmustur (x2 = 167.46 ile df =91; p <0.01). Elde
edilen uyum 1iyiligi istatistikleri, karsilastirmali uyum indeksi (CFI) = 0.929, GFI = 0.916,
AGFI = 0911, NFI = 0.921, NNFI = 0.920 ve ortalama karekok yaklagiklik hatasinin
(RMSEA) = 0.063 oldugunu ortaya koymustur. Farkl: testlerin kullanilmasinin nedeni, genel
olarak, indekslerin biiyiik ¢ogunlugu iyi bir uyum gdsteriyorsa, muhtemelen iyi bir uyum
oldugundandir. GFI, AGFI, CFI, NFI ve NNFI'nin sonuglar1 0.90 esik degerini agmistir ve
varsayilan model iyi bir uyum ortaya koymustur. 3'iin altindaki serbestlik derecelerine dayali
model uyum istatistiklerinin orani, yeterli bir model uyumunu gostermektedir (}2/df =
1.840). Sekil 4'teki varsayimsal model bu nedenle verilere ¢cok yakin olarak siniflandirilabilir.
Tablo 5, varsayilan model i¢in uyum iyiligi dl¢imlerinin sonug¢larini listelemektedir. Genel
uyum iyiligi 6l¢iimlerinin tiimii, varsayimsal model icin ¢ok uygun uygunluk yargilarini
gostermektedir.

Tablo 5 - Varsayilan model i¢in genel uyum iyiligi él¢iimleri

Istatistik Uygunluk Kriterleri Degerler U;;gal;gi}:k
12 p<0.01 167.46 (p = 0.000 <0.01) Evet
RMSEA <0.08 (<0.05 is mitkemmel 0.063 Evet (yi)

ve<0.08 iyi)

GFI >0.90 0916 Evet
AGFI >0.90 0911 Evet
NFI >0.90 0.921 Evet
NNFI >0.90 0.920 Evet
CFI >0.90 0.929 Evet
¥2 ldf <2.00 1.840 Evet
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4.5.3.2. Hipotez Testi

I'den 4'e kadar olan Hipotezleri test etmek icin “LISREL 8.8” yazilimi kullanilmistir.
Varsayimsal modelde, Yiiksekten diisme risk belirleme bilgileri ile Genigletilmis Gergeklik
ve Yapay Zeka Uygulamalar1 Entegrasyonu (H1), 4B Yap1 Bilgi Modelleme (YBM) Sistemi
ile Genisletilmis Gergeklik ve Yapay Zeka Uygulamalar1 Entegrasyonu (H2), 4B Yap1 Bilgi
Modelleme (YBM) SisOtemi ile Otomatik Yiiksekte Giivenli Calisma Denetimi Izlenmesi ve
Kontrolii (H3), Genisletilmis Gergeklik ve Yapay Zeka Uygulamalari Entegrasyonu ve
Otomatik Yiiksekte Giivenli Caligma Denetimi izlenmesi ve Kontrolii(H4) iliskileri tahmin
edilmistir. liskilere iliskin hipotezler “iliskili t istatistiklerine” dayali olarak test edilmistir.
1.65, 1.98 veya 2.576'y1 asan “t degerleri” sirasiyla 0.05 ve 0.01 seviyelerinde anlamli kabul
edilmistir. Yiiksekten diigme risk belirleme bilgileri, 4B Yap1 Bilgi Modelleme (BIM)
Sistemi ve Genisletilmis Gergeklik ve Yapay Zekd Uygulamalar1 Entegrasyonu, Otomatik
Yiiksekte Giivenli Caligma Denetimi Izlenmesi ve Kontrolii énemli dl¢iide ve olumlu bir
sekilde etkilenmistir (p < 0.05) (H1 = 0,81, t degeri = 4,69, H2 = 0,82, t degeri = 4,70
degerleriyle) , H3 = 0,83, t degeri = 4,75 ve sirastyla H4 = 0,84, t degeri = 4,78). Boylece
I'den 4'e kadar olan Hipotezler desteklenmistir.

Tablo 6 - Yapisal esitlik modeli i¢in parametre tahminleri

Varsayimsal model Parameter t-
katsayisi degeri

Model iligkileri

H1: Yiiksekten diisme risk belirleme bilgileri — Genisletilmis Gergeklik 0.81** 4.69
ve Yapay Zeka Uygulamalar1 Entegrasyonu

H2: 4B Yap1 Bilgi Modelleme (YBM) Sistemi —Gergeklik ve Yapay 0.82%* 4.70
Zeka Uygulamalari Entegrasyonu

H3:4B Yap1 Bilgi Modelleme (YBM) Sistemi — Otomatik Yiiksekte 0.83%** 4.75
Giivenli Calisma Denetimi izlenmesi ve Kontrolii

H4: Genisletilmis Gergeklik ve Yapay Zeka Uygulamalari 0.84%** 4.78

Entegrasyonu—Otomatik Yiiksekte Giivenli Calisma Denetimi
Izlenmesi ve Kontrolii

Fit Indices: y?>=167.46, df= 91, x? /df~1.840GFI=0.916, CFI=0.929, AGFI=0.911, NFI=0.921,
NNFI=0.920, RMSEA=0.063
**p<0.05, and ***p< 0.01.

Tablo 6. varsayilan modelin parametre tahminlerinin sonuglarint listeler. Standartlagtirtlmis
parametre tahminleri géz 6niine alindiginda, sonuclar dort hipotezli iliskinin anlaml1 ve kabul
edilmis olarak siniflandirildigini gostermektedir. Genisletilmis Gergeklik ve Yapay Zeka
Uygulamalar1 Entegrasyonu-Otomatik Yiiksekte Giivenli Calisma Denetimi izlenmesi ve
Kontrolii” 0,84 parametre katsayist ile en yiiksek dneme sahiptir ve Genigletilmis Gergeklik
ve Yapay Zekd Uygulamalarinin Yiiksekte Giivenli Calisma Denetimi Izlenmesi ve
Kontroliine katkida bulundugunu ortaya koymaktadir. “4B Yap1 Bilgi Modelleme (YBM)
Sistemi-Otomatik Yiiksekte Giivenli Caligma Denetimi Izlenmesi ve Kontroli” 0,83 yol
katsayist ile ikinci en yiiksek dneme sahipti ve 4B Yapi Bilgi Modelleme (YBM) Sisteminin
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Yiiksekte Giivenli Calisma Denetimi Izlenmesi ve Kontroliinii gelistirmek icin bir tesvik
sagladigin1 ortaya koymaktadir. Tablo 7, degiskenlerin “standartlagtirilmis yapisal
katsayilarin1”, Yiiksekten diisme risk belirleme bilgileri, 4B Yap1 Bilgi Modelleme (BIM)
Sistemi, Genigletilmis Gergeklik ve Yapay Zeka Uygulamalari Entegrasyonu, Otomatik
Yiiksekte Giivenli Calisma Denetimi Izlenmesi ve Kontrolii ve goreceli dnemini yansitan
biiyiikliikleri temsil eden iliskilerini listeler. “4B goriintiileme ve simiilasyon”, “Calisma
yapilacak alanin zeminden yiiksekligi”, “Cakisma tespiti”, “Otomasyon”, “Akilli karar
verme”, “Uzaktan denetleme”, ve “Denetim memnuniyeti” degiskenleri 0.86, 0.85, 0.85,
0.85, 0.84, 0.84, ve 0.84 degerleri sirasiyla en yiiksek faktor yiikiine sahiptir. En 6nemlisi,
yapisal modeldeki yiiksek parametre katsayi degerleri ampirik modelleme g¢aligmasini
dogrulamaktadir.

Tablo 7 - Parametreler ve iliskileri

Degiskenler Gostergeler Parametre |Standartlagtirilms
yapisal katsayi
Calisma yapilacak alanin zeminden yiiksekligi A 0.85
Yiiksekten Calisma yapilacak zeminin egimi A 0.80
diisme risk -~
belirleme Calisma yapilacak zeminin yapist A 0.81
bilgileri Ekiplerin ¢alisma suresi A 0.79
Ortam sartlari A 0.78
3B geometrik nesne tabanli model yaratilmasi n 0.80
3B yerlesik veri u 0.81
4. Boyut Yapi 3B parametrik 6zelliklerin tanitilmast u 0.80
Bilgi Veri siralama ve smiflandirma n 0.82
Modelleme Verilerden is programi yaratilmasi [ 0.83
Sistemi P
Veri baglantisi [ 0.84
4B goriintiileme ve simiilasyon u 0.86
akisma tespiti .
Cak piti [ 0.85
Veri entegrasyonu B 0.82
Veri baglantisi 0.80
8
Akall karar verme B 0.78
Operasyon optimizasyonu B 0.83
Veri analizi B 0.85
Geri doniis saglama B 0.79
Dijital haritalama B 0.80
Genisletilmis | Dijital fliizyon B 0.78
Gergeklik ve Teshis B 0.78
Yapay Zeka ey o B 0.7
Uygulamalari - -
Entegrasyonu | Kendi kendine 6grenme B 0.81
Sonug tahmini B 0.79
Yeniden tasarim B 0.77
Algilama B 0.79
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Cevresel durum verisi o 0.82
Fiziksel veri toplama o 0.83
Uzaktan denetleme a 0.84
Uzaktan karar verme o 0.82
Otomatik Veri yonetimi o 0.83
Yiiksekte Izleme suresi o 0.78
Giivenli izleme kalitesi o 0.82
Calisma - —
Denetimi Izleme maliyeti o 0.79
izlenmesi ve Otomasyon o 0.85
Kontrol Pratiklik a 0.81
Denetim memnuniyeti o 0.84
[letisim kalitesi a 0.80
Is birligi performansi o 0.85
Potansiyel gelisim o 0.81

Hipotez 1: Yiksekten diisme risk belirleme bilgilerinin Genisletilmis Gerg¢eklik ve Yapay
Zeka Uygulamalar1 Entegrasyonunu kolaylastirdigini 6ne siirer. Sekil 4’te gosterildigi gibi
varsayllan modeldeki iligkileri tanimlayan 0.81°lik katsayisi istatistiksel olarak pozitif ve
6nemlidir. H1, Calisma yapilacak alanin zeminden yiiksekligi, Calisma yapilacak zeminin
egimi, Calisma yapilacak zeminin yapisi, Ekiplerin c¢alisma suresi ve Ortam sartlarinin
Genisletilmis Gergeklik ve Yapay Zeka Uygulamalarina veri teskil ederek gorsellestirme,
modelleme ve kendi kendine 6grenme yoluyla riskleri tahmin etmeye yonelik olarak
kullanilmas: ve analizi ile entegrasyon siireci dnemli dl¢iide iyilestirilebilir.

Hipotez 2: 4B Yap1 Bilgi Modelleme (YBM) Sisteminin Genisletilmis Gergeklik ve Yapay
Zeka Uygulamalar1 Entegrasyonunu gelistirdigini one siirer. Sekil 4’te gosterildigi gibi
varsayilan modeldeki iliskileri tanimlayan 0.82’lik katsayisi istatistiksel olarak pozitif ve
onemlidir. Bu, denetlenecek isin planlandigr gibi iist diizey bircok boyutlu (nB)ve
genisletilmis gerceklik modeli mevcut oldugunda, modele dahil edilen dnceki verilerden
otomatik ilerleme izleme icin yararlanilabilecegini ve kendi kendine 6grenme yoluyla
muhtemel olusabilecek risklerin tahmin edilebildigini onermektedir. Gelistirilen 4B modelin
dogru bilgiye dogru zamanda ve kesin yerde erisim sagladig1 seviye, karar verme ve bir
projenin baslangicinda olusturulmus risk planina gére 6nceden tanimlanmig parametrelere
uygun olarak yiiriitilmesini saglamasi agisindan ¢ok onemlidir. Planlandigi gibi yiiksekte
calisma ortaminda olusabilecek muhtemel risk bilgilerin gosterebilmek igin iletisim ve
raporlama yontemlerini kolaylastiran tutarli bir platform saglamaktadir.

Hipotez 3: 4B Yap1 Bilgi Modelleme (YBM) Sisteminin Otomatik Yiiksekte Giivenli Calisma
Denetimi Izlenmesi ve Kontroliine katki koydugunu varsaymaktadir. Sekil 4'te gosterildigi
gibi, varsayilan modeldeki iliskileri tanimlayan 0.83'liik katsayusi istatistiksel olarak pozitif ve
onemlidir. Bu, dijital yapim isleri modelini vurgulayan ve genisletilmis gerceklik modeliyle
entegre olan 4B YBM'de yiiksekte giivenli calisma denetimi izlenmesi ve kontroliine,
degisiklikleri senkronize etmeye ve proje ilerledikce varliklarin degisen gercekligi ile onlari
giincel tutmaya yardimei oldugunu 6nermektedir. Genisletilmis gergeklik modelleri, YBM
sistemlerine Onemli bir analitik avantaj sunmaktadir. Cesitli kaynaklardan gelen verileri
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toplayarak ve bunlar1 bir nB modeliyle birlestirerek, yapim ekibi iiyeleri her bir bilesene
onemli erisim bilgileri elde edebilecektir. Genisletilmis gerceklik yeteneklerinin yardimiyla,
4B YBM modelleri, temsil ettikleri fiziksel varliklarin otomatik olarak giincellenen temsilleri
"canli" hale getirmek iizere gelistirilmistir. 4B YBM, genisletilmis ger¢eklik modellerinin
gerektirecegi bilgilerin ¢cogunu iceren bir nB sanal proje modeli olusturmaktadir.

Hipotez 4: Yiiksekte Gilivenli Calisma ve Denetimi Kolaylastiran Genisletilmis Gergeklik ve
Yapay Zeka Uygulamalar1 Entegrasyonu simiile edilen verileri zenginlestirdigini ve
Otomatik Yiiksekte Giivenli Calisma ve Denetimi Izlenmesi ve Kontrolii performansini
giiclendirdigini varsaymaktadir. Sekil 4'te gosterildigi gibi, varsayilan modeldeki iliskileri
tanimlayan 0.84'lik katsayi istatistiksel olarak pozitif ve Onemlidir. Bu, Genisletilmis
Gergeklik ve Yapay Zeka Uygulamalarinin Otomatik Yiiksekte Giivenli Calisma Denetimi
Izlenmesi ve Kontrolii i¢in miikemmel bir ara¢ olusturmasini dnermektedir. Lazer tarayict,
dijital kamera ve/veya senyorlerden alinan ger¢ek zamanli veriler dahil edilerek, gergek
calisma kosullarina dayali gercek zamanli yiiksekte gilivenli ¢aligma denetimi analizi
gerceklestirilebilir. Genigletilmis ~ Gergeklik  Uygulamalari, ingaat  projeleri
bilesenlerinin/sistemlerinin  standartlagtirilmig  bir semantik temsilini kolaylastiran
prosediirler, teknolojiler ve veri semalar1 saglarken, Yapay Zeka, otomatiklestirilmis ingaat
projesi yliksekte gilivenli ¢alisma denetimi igin veri akislarindan yararlanarak karmasik
yonetim ve optimizasyon siirecinin daha biitiinsel siire¢ odakl bir karakterizasyonunu saglar
ve muhtemel risk olusturan aktiviteler hakkinda tahminde bulunur. Bu sistem, proje
paydaslarina otomatik yiiksekte gilivenli c¢alisma denetimi izlenmesi ve kontroliinii
kolaylastirarak {istiin performans saglar.

5. TARTISMA VE UYGULAMALAR
5.1. Teorik Katkilar

Kazalar1 6nlemeye yonelik mevcut 6nlemler, toplu koruma kapsaminda bile tek basina yeterli
goriilmemektedir. Bu baglamda santiyede is sagligi ve giivenligi risklerini azaltmanin en
onemli yolunun risk degerlendirme ekipleri tarafindan igyerinin kendi kosullarinin
degerlendirilmesi ve koruma tedbirlerinin belirlenmesinde ortak akil olusturulmasindan
gectigini sOylemek miimkiindiir [94]. Emniyet kemerleri gibi geleneksel yontemler 6ncelikle
risk etkilerini azaltmada faydali olsa da, yiiksekten diisme olaylarinin mevcut kayitlari,
cagdas dinamik bir ¢alisma ortaminda cesitli diisme tehlikeleriyle bas etmede geleneksel
yontemlerin  yeterli olmadigint gostermektedir [95]. Modern insaat ortamindaki
belirsizliklerle baga ¢ikmak icin, diigme sorununu ele almadaki etkinligi artirmak igin
gelismis teknolojik yardimlara ihtiyag vardir. Yeni teknolojilerin dogru kullanimi, bu tiir
yontemlerin uygulanmasini kolaylastirabilir ve yiiksekten diigme risklerinin basarili bir
sekilde tahmin edilme sansimi artirabilir [96]. Son teknolojiler, santiyelerde c¢alisma
durumlarinin  degerlendirilmesine ve tahminde bulunulmasina katkida bulunabilir.
Uygulayicilarin kritik riskleri ortaya ¢ikmadan once planlama asamasinda erken dahil
etmelerine izin verir. Modern teknolojilerin uygulanmasi santiyelerde diisme tehlikelerinin
etkin yonetimine yonelik (1) sinirli proje biitgesi dikkate alinarak donanim ve yazilim
tedarikinin yliksek maliyeti, (2) ingaat personelini yiiksekten diisme tespit teknolojisinin nasil
kullanilacagr konusunda egitmek i¢in zaman ve biitce ayrilmast [97] ve (3) giyilebilir
aygitlari kullanirken ¢aliganlarin ¢evikliginin azalmasi [54] gibi zorluklarla iligkilidir. Yeni
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teknolojilerin uygulanmasiyla ilgili maliyetlere ve sinirlamalara ragmen, otomatik tahmin ve
diisme tehlikelerinin kontroliine proaktif bir yaklagim getirebilmektedirler [98].

Yiiksekten diigme risk tahmini, tehlikelerden kaginmaya yonelik uygun kontrol 6nlemlerinin
uygulanmasi ile zamaninda 6nlemeyi saglamaktadir. Bilgisayar destekli dnleyici tasarim gibi
gelismis teknolojiler, bu siireci kolaylagtirmaya ve yiiksekten diisme risklerini azaltmak igin
gerekli degisiklikleri uygulamaya yardimci olur. Ornegin, gorsellestirme ve simiilasyon
teknolojileri, tasarimcilari insaat asamasinda olasi diisme tehlikelerini degerlendirme
konusunda desteklemek i¢in kapsamli bir ara¢ takimi saglamaktadir [99]. Cesitli tehlikeleri
belirlemek, iliskili riskleri degerlendirmek ve kontrolleri etkin bir sekilde takip etmek igin
platformlar ve yazilimlar gelistirilmistir. Yap1 Bilgi Modellemesi (YBM) ve ilgili araglardaki
son geligmeler, otomatik diisme tehlikeleri degerlendirmesine olanak tanir ve uygun dnleyici
tedbirlerin gelistirilmesine yardimer olur. Algoritmalar, diismeyle ilgili olasi giivenlik
risklerini belirlemek i¢in bina modellerini ve ¢izelgelerini otomatik olarak analiz eder [51].
Arasgtirmacilar, is giivenligi risklerini BIM'de degerlendirmek ve risk azaltma stratejileri
onermek icin 4B YBM'i kullanmaktadirlar. 4B YBM, riskli caligma bolgelerinde planlanmig
farkli gorevlerin iistlenme risklerini gorsellestirmek icin proje planlama siireci boyunca
yardimet olur. Is giivenligi risklerinin gercek zamanli izlenmesi, yiiksekten diisme kazalari
riski altinda olan ¢alisanlar1 alarma gegirmeye yardimci olur. Gergek zamanli izleme, olasi
riskler ortaya c¢ikmadan ve calisanlari etkilemeden Once tespit etmek igin gereklidir.
Alizadehsalehi ve dig. [56], tehlikeli durumlart tahmin etmek ve diisme Onleme
mekanizmalarini tetiklemek i¢in YBM ve IHA'na dayali hibrit bir yaklagim gelistirmiglerdir.
Gelistirilen model, yiiksekten diisme riskleri i¢in uygun azaltma stratejilerini benimsemede
tasarim ve insaat asamalari arasinda gii¢lii bir iliski oldugunu gostermistir.

5.2. Yonetsel Uygulamalar

Tablo 8.’de yonetsel uygulamalara 6rnek olarak otomatik yiiksekte giivenli caligsma denetimi
izlenmesi ve kontrolii siirecinde genigletilmis gergeklik ve yapay zeka uygulamalar
entegrasyonunun gerceklestirilmesine yonelik 4.Boyut Yap1 Bilgi Modelleme Sisteminin
olusturulmas, ilgili gereksinimler ve beklenen yararlar gosterilmektedir. Yapimda gorev alan
ilgili yoneticiler ve uzmanlar, Is Giivenligi Uzmani, 4B Planlamaci, ve YBM Y éneticisi, is
programinda planlanan iglere iligkin olarak is giivenligi yonetimi kapsaminda sahada 3B lazer
tarama teknolojisi kullanilarak fiziksel veri toplama asamasindan baslayarak, 3B nokta
bulutu (mimari) olusturulmasi ve 3B-4B modellerinin yaratilmasi, sonrasinda [oT sebeke ag1
aracilig1 ile yapilan aktivitelere iliskin is giivenligi bilgilerinin kolay bilgi paylasim gibi
yararlar elde etme imkéanina sahiptirler. SG/AG/GG araglar1 ve yazilimlar1 kullanilarak
uzaktan denetleme amacli 4B modeller yardimiyla yiiksekte c¢alisma ortaminin canli
goriintiiye (calisan ekiplerin) entegrasyonu saglanir ve otomatik ¢calisma ortami is giivenligi
risk tespiti gerceklestirilmis olur. Siireclerin otomasyonu saglanarak 4B-GG modeli
olusturulur ve veri entegrasyonu gerceklestirilir. Otomatik GG modeli olusturulmasi ile
otomatik GG caligma ortami ig giivenligi risk goriintilleme saglanmis olur. Boylelikle
uzaktan karar vermeye destek olacak olan Al algoritma ile GG modeli ve YZ yazilim
kullanilarak verilerin analizi yapilir. Bunun sonucunda entegre 4B-GG modeli 6grenmesi ve
iterasyonu gerceklestirilerek muhtemel kaza erken uyar1 imkani saglanmis olur.
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Tablo 8 - Yapilarda yiiksekte ¢alisma is giivenligi denetimini kolaylastirmak igin
genisletilmis gerceklik ve yapay zekanin entegrasyonu érnek siireg, gereksinimler ve

yararlar
Otomatik Genisletilmis 4.Boyut Gereksinimler Siire¢ Yararlar
Yiiksekte Gergeklik ve Yapr Bilgi
Giivenli Cahsma  Yapay Zeka Modelleme
Denetimi Uygulamalari Sistemi
izlenmesi ve Entegrasyonu
Kontrolii
. . 3B Nokta 3B-4B Is giivenligi
Fiziksel veri Lo . bilgilerinin
3B lazer tarama Bulutu NI ag1 modellerinin oo
toplama . kolay bilgi
(Mimari) yaratilmast
paylasimi
4B Yiiksekte
¢alisma
Uzaktan SG/AG/GG . SG/AG/GG ~ orammncanli Otomatik
4B modeli goriintliye calisma
denetleme araglari yazilimi .
(¢aligan ortami is
ekiplerin) giivenligi risk
entegrasyonu tespiti
Otomatik GG
. 4B-GG GG Otoma.tlk GG (;ahsma'
Otomasyon Veri Entegrasyonu . modeli ortami is
modeli uygulamasi - oL
olusturma giivenligi risk
goriintiileme
Yz . Entegre 4B-
Uzaktan karar algoritma GG modeli Muhtemel
Veri analizi ile GG YZ yazilimu e . kaza erken
verme . Ogrenmesi ve A
modeli ve . uyar1 imkani
o iterasyonu
verileri

5.3. Simirlamalar ve Ileriki Arastirmalar

Bu caligma, gelecekteki arastirmalar icin baslica firsatlar sunan sinirlamalara sahiptir. ilk ve
en biiyiik sinirlilik, anket i¢in kullanilan &rneklemin sinirli sayida olmasidir. ikincisi, sadece
yonetsel bakis acisina odaklanmak ve diger paydaglarin goriislerini dikkate almamak da
yapim isleri giivenligi dogasi geregi sirlidir. Ugiinciisii, gerceklestirilen ankette yapilarda
yiiksekte calisma is glivenligi denetimini kolaylastirmak i¢in genigletilmis gerceklik ve yapay
zekanin entegrasyonuna iliskin olarak sinirli sayida faktor degerlendirilmistir. Son olarak, bu
aragtirmanin 6rneklemini insaat sektoriinde teknolojik olarak gelismis iilkelerin (ABD, BAE,
Isveg, Danimarka, Kanada) firmalarinda calisan yéneticiler olusturmaktadir. Gelecekteki
calismalar, bulgularin daha genis baglamlarda daha fazla dogrulanmasi igin farkl kitalardaki
tilkelerde ¢alisan kiiresel yoneticileri igermelidir.

6. SONUC VE ONERILER

Bu c¢alismada, yapim iglerinde yiiksekte ¢caligma is giivenligi denetimini kolaylastirmak i¢in
Genisletilmis Gergeklik ve Yapay Zekanin entegrasyonu modeli onerilmektedir. Teorik
cerceveye iliskin olarak is siireci modeli ve sistem uygulama model entegrasyonu
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gosterilmektedir. Onerilen modelin  degerlendirilmesi, hipotezlerin  giivenilirligini,
gecerliligini ve katkisinin test edilmesi icin bir Yapisal Esitlik Model gelistirilmistir.
Arastirma bulgulari, 6nerilen modelde kullanilan teknolojilerin entegrasyonun is giivenligi
denetimine olan olumlu etkisini ve énemini dogrulamaktadir. Onerilen model yiiksek
lokasyonda caligan ekiplerin is giivenligi bilgilerini analitik yeteneklerle dijitallestirir ve
karar verme siirecini optimize eder. Yiiksekten diisme riskleri tahmini agisindan, yapilan
calismalarin ¢ogunlugu, yiiksekten diisme risklerinin yonetimini gelistirmek igin gergek
zamanli algilama ve izleme mekanizmalarint dikkate almistir. Yiiksekten diisme onleme
caligsmalari, 6zellikle YBM kapasitelerinden yararlanarak tasarim yoluyla otomatik 6nlemeyi
(TyO) vurgulamaktadir. Ayrica, yiiksekten diisme risk azaltma konusundaki arastirmalarin,
ingaat is¢ilerinin uygun sekilde korunmasini saglamak igin bilgisayar destekli kullanimina
giderek daha fazla odaklanmak durumundadir.

Bu arastirma gelecekteki yapilarda yiiksekte ¢alisma is glivenligi denetimini kolaylastirmak
icin genisletilmis gerceklik ve yapay zekanin entegrasyonu ve is giivenligi konusunda
otomatik olarak uzaktan karar vermeye destek olacak caligmalar igin bir yol haritasi
saglayabilir.
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Bu calisma kapsaminda Izmir’de yer alan 4 1siksiz kavsaktan toplanan verilerden
yararlanarak, farkli manevralar i¢in bagintilar gelistirilmeye calisilmistir. Caligmada, kritik
aralik kabul degerinin, diisiik ana yol hacim degerleri altinda 6nemli oranda degiskenlik
gosterdigi; ancak ana yol trafik akimi yiiksek degerlere ulagtiginda siiriiciilerin daha kisa
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ABSTRACT
A New Approach for Acceptance of Critical Gap at Unsignalized Intersections

Within the scope of this study, it is aimed to develop relations for different maneuvers by
using the data collected from four different unsignalized intersections in izmir. In the study,
it is observed that the critical gap acceptance value varies significantly under main arterials
involving low volumes of traffic, however, when the highway traffic flow reaches high
values, drivers accept shorter gaps. In determining the gap acceptance value it is observed
the maneuver of the driver trying to find an appropriate gap at the intersection is more
effective than the maneuver of the driver entering the intersection. Another output of the
study is that driver behaviors are more effective, especially at main arterials having low
traffic flow, and it is determined that the actual values observed in the field can be achieved
by adding behavioral differences to the investigated models.

Keywords: Unsignalized intersections, critical gap, capacity.

1. GiRiS

Farkli dogrultudaki tasit hareketlerinin 1siksiz trafik isaretleri ile diizenlendigi kavsaklar
denetimsiz ve 1siksiz esdiizey kavsak adini alirlar. Isiksiz esdiizey kavsaklarin
diizenlenmesinde, kavsaga baglanan yollardan birisi, hacim ya da geometrik 6zelliklerine
gore digerlerinden daha 6nemli kabul edilir ve “ana yol” adin1 alir. Digeri ya da digerleri
“yan yol” olarak adlandirilirlar [1]. Ana yol iizerinde seyreden araglar kavsakta ilk gegis
hakkina sahip araglardir ve trafik giivenligi a¢isindan yan yolda seyreden araglar igin kavsak
yaklagimlarina “DUR” ya da “YOL VER” mesajli trafik isaretleri yerlestirilir. Yan yolda
hareket eden tasit siiriiciileri kavsaga yaklasirken hizlarmi azaltip ve/veya durup ana yolu
gozlemek ve ana yoldan kavsaga yaklasan tasit var ise ilk gecis hakkini bunlara birakmak
zorundadir. Bu davranis, ayn1 zamanda kavsagin kapasite ve basarimini etkileyen en énemli
unsur olarak da 6n plana ¢ikmaktadir. Her ne kadar 1s1ksiz kavsaklarin DUR veya YOL VER
levhalart ile yonetilmesi uluslararasi kabul goérmiis bir yontem olsa da, giiniimiizde, 6zellikle
ilkemizde, bu isaret levhalariin bulunmadig1 veya yol kademelenmesi dikkate alinmayarak
yerlestirildigi uygulamalara siklikla rastlanmaktadir. Bu uygulamalar, kavsak kapasitesini ve
basarimint etkilemektedir. Kavsak geometrilerindeki farkliliklar da, kavsak basarimini
etkileyen diger bir unsur olarak 6n plana ¢ikmaktadir. Bu baglamda, iilkemizdeki 1siksiz
kavsaklarin kapasite ve basarimlarinin dogru bir sekilde belirlenmesi biiyiikk Onem
tagimaktadir. Giiniimiizde 151ks1z kavsaklarin kapasite ve basarimlarinin belirlenmesinde ii¢
ana yontem kullanilmaktadir:

1. Analitik (Davranigsal) yontem veya daha bilenen adiyla kritik aralik kabuli
yontemi,

2.  Geometrik veya ampirik yontem,
3. Eklenik engelleyici akimlar (EEA) yontemi [1,2,3,4].

Analitik (davranigsal) yontem, daha ¢ok ana yoldaki ve yan yoldaki siiriiciilerin
davranislarin1 dikkate alan bir yontem olarak one ¢ikmaktadir. Yontem ayrica kritik aralik
kabul yontemi (critical gap acceptance method) olarak da bilinmektedir. Bu yo6ntemin
temelleri, ilk olarak [5] tarafindan yayalarin karsidan karsiya gegisleri igin gelistirilen
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gecikme modeline dayanmaktaysa da yontemin ilk olarak tanimlandigi ¢alisma Tanner
tarafindan 1962 yilinda yaymlanmistir [2]. Kritik aralik kabul yonteminin temelinde yapilan
kabuller asagidaki sekilde tanimlanabilir:

e Yan yoldan kavsaga yaklasan bir tasit siiriiciisii i¢in kavsak icinde ii¢ ¢cesit manevra
s6z konusudur. Bunlar; saga doniisle ana yoldaki yakin serit akimina katilmak, sola
doniisle ana yoldaki yakin serit akimini kesip uzak serit akimina katilmak ya da her
iki ana yol akimini da kesip karsiya gegerek karsidaki yan yola girmek seklinde
olabilir. Bu manevralar sirasiyla kisaca katilma, kesip katilma ve kesip gegme olarak
belirtilir [1].

e  Yan yol siiriiciileri i¢in katilmak veya kesip gegmek istedikleri ana yol akimindaki
tasitlardan, 6nde bulunan tasitin arkasi ile onu izleyen tasitin onii arasindaki aralik
“Araya Giris Aralig1 (GAP)”olmaktadir.

* Ayrica yan yol tasitinin kavsaga vardigi anda kavsaga en yakin ana yol tasiti ile
arasindaki uzaklik ise “One Giris Aralig1 (LAG)” olmaktadir.

Yan yoldan 1s1ks1z kavsaga yaklasan bir siiriicli, ana akim i¢ine ancak kendisi i¢in giivenli
gordiighh “7T” gibi bir zaman cinsinden aralik degerine esit veya daha biiyiik bir aralik
buldugunda katilabilecektir [6]. Araligin biiyiikligii, olasi en az gecikme igin segilen en
giivenli, en kisa zaman cinsinden aralik degeri olarak da ifade edilebilir. Her siiriiciiniin kabul
ettigi aralik degeri birbirinden farkli olabilir. Bir siiriicliniin kabul ettigi bir aralik degerinden
¢ok daha uzun bir aralik degerinin bagka bir siiriicii tarafindan kabul edilmemesi sik goriilen
bir olaydir [1]. Her siiriicii kabul edecegi aralig1, kisinin kendisi tarafindan ve ¢ogu zaman
stirtictiliik tecriibesine bagli olarak belirledigi bir karar verme siireci sonucunda segmektedir.
Bu secimde siiriicliniin yasi, cinsiyeti, fiziksel durumunun yani sira karakteri de énemli bir
rol oynamaktadir. Bazi arastirmacilar, siiriiclilerin ayni kavsakta farkli davraniglarda
bulunduklarin1 da 6ne stirmektedirler [1, 6, 7]. Baz1 arastirmacilar ise, kavsag: sik kullanan
siiriiciilerin, edindikleri aligkanliklar sonucunda daha kisa araliklar1 kabul ettiklerini
belirtmektedirler [8]. Ancak dzellikle ikincisi, gdzlemlenmesi ¢ok gii¢ oldugundan kesinlik
kazanmamustir. Suriiciiler arasindaki davranig farkliligi, asagidaki sekilde tanimlanabilir [7]:

e  Eger bir siiriicii hep ayn1 araligi kabul ediyorsa bu siiriiciiniin davranisi tutarli olarak
tanimlanabilir. Aksi takdirde, tutarsiz bir siiriicii olarak tanimlanir.

e  Eger siiriiciilerin sectikleri aralik degerleri biitiin siiriiciileri kapsayacak bir dagilima
aitse bu siiriiciiler homojen, eger degilse homojen olmayan siiriiciiler olarak
tanimlanirlar.

Yukaridaki agiklamalar 1s1ginda siiriicii davranislar1 dort sekilde modellenebilmektedir [7]:
1. Homojen ve tutarli: Her siiriicii sabit bir aralik kabuliine sahiptir.

2. Homojen ve tutarsiz: Siiriicii, durma ¢izgisine her geldiginde, dagilima ait farkl bir
aralik degeri segmektedir

3. Homojen olmayan ve tutarli: Her siiriiciiniin kabul ettigi sabit bir aralik degeri vardir
fakat bu aralik degerlerinin dagilimu bir siiriici grubu igin ifade edilmektedir.

4. Homojen olmayan ve tutarsiz: Siiriiciilerin tutarsizligia bagl olarak, her siiriicii
veya bir grup siiriicii, ayr bir kritik aralik dagilimina sahiptirler.
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Yapilan ¢alismalar, homojen olmayan ve tutarsiz siiriici davranisinin, gergek olaylar1 daha
iyi karakterize ettigini gostermistir. Ancak bu tip siirlicii davraniglarinin modellenmesi ¢cok
giictiir. Bu yiizden yapilmisg olan ¢alismalarda siiriiciilerin, homojen ve tutarli olduklari kabul
edilmistir. Bu kabule gore, belirli bir “7”” degerinden kisa ana yol araliklarinda hi¢bir yan yol
stiriiciisii kavsaga girmeyecek, daha uzun araliklarda ise yan yol siiriiciilerinin tiimii kavsaga
girecekleridir [1,7]. Bu durum, genel aralik kabulii fonksiyonuyla tanimlanabilir [6, 7]:

G(t) = P (herhangi bir siiriiciiniin kabul edecegi aralik > f) (1

G(t), bir araligin kabul edilme olasilig1 olup normal sartlarda G(#) dagilimimnin ortalamasi
veya medyani, kritik aralik degeri olarak kabul edilmektedir. Her ne kadar siiriicii davranist
homojen olmayan ve tutarsiz olarak kabul edilse de burada siiriicii davraniginin homojen ve
tutarli oldugu g6z oniine alinarak yapilmaktadir [7]. Karar verme durumunda g6z oniinde
bulundurulmasi gereken nokta, G(#)'nin "¢" degerinin bir 6n giris aralig1 m1 yoksa araya giris
araligini mu belirttigidir. Bu durumda segilen araligin kritik araya giris aralig1 (7) veya kritik
One giris aralig1 (77) olup olmadigmin belirlenmesinde de karsilagilmaktadir. Bu karigikligin
Onlenebilmesi i¢in kritik 6ne girig aralig1 ve araya giris araliklarinin birbirlerine esit oldugu
kabul edilmistir. Kavsaga, olusan bir aralikta girebilecek arag¢ sayisi, araligin biiyiikliigiine
ve yan yoldan giren araglarin takip araliklarina (7)) baghdir. Eger tali akimdaki araglar
arasindaki zaman cinsinden aralik degerinin sabit oldugu kabul edilirse, model asagidaki
sekilde basite indirgenebilir:

T =T+n-1)T, (2)

Burada; T(n), sadece ve sadece "n" sayida yan yol akimdaki aracin girebilecegi kadar biiyiik
aralik degerini, 7y, takip araligin1 gostermektedir. Boylece "¢" araliginda kavsaga girebilecek
arag sayisi (V) asagidaki sekilde tanimlanabilir:

N, =1+ ({t—-T)/T, 3)

Kritik aralik kabul degeri, dogrudan araziden dlciilebilen bir deger degildir. Toplanan
verilerin, biiro ortaminda degerlendirilmesiyle elde edilebilen; kavsagi kullanan siiriiciilerin
biiyiik kismi tarafindan kabul edilecegi diisiiniilen bir parametredir. Bu sebeple, kritik aralik
kabul yonteminin bulunmasi amaciyla ¢ok sayida ¢alisma yapilmustir.

Literatiirde en fazla bilinen yontem Raff yontemidir [9]. Bu yontem en basit sekliyle, ana
yoldaki tagitlar arasindaki zaman cinsinden araliklardan, yan yoldaki siiriiciiler tarafindan
reddedilen ve kabul edilen degerlerinin olasilik dagilim fonksiyonlarinin kesistigi degerin
kritik aralik kabul degerini verdigi kabuliine dayanmaktadir. Diger bir degisle, kabul edilen
araliklarin olasilik dagilim fonksiyon degeri ile (F(a)); reddedilen araliklarin olasilik dagilim
degerlerinin (£(r)) toplaminin 1" oldugu kabuliine dayanmaktadir.

Seigloch, yan yolda siirekli kuyruk bulunmasi durumunda kritik aralik degerinin
hesaplanabilecegini one siirmistiir [10, 11]. Bu yontemin uygulanabilmesi i¢in, yan yolda
siirekli olarak en az bir ara¢ bulunmasi gerekmektedir. Yontem su sekilde tanimlanabilir:

e Araligin genisligi "t" ve bu aralikta kavsaga giren arag sayisi "n" kaydedilir.
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n.n

e Sadece "n" sayida siiriicii tarafindan kabul edilen araliklar i¢in ortalama aralik
degeri "E(t)" hesaplanir.

e Ortalama aralik degeri bagimli degisken olarak kabul edilerek; bu araliklarda
kavsaga giren arag sayisiyla aralarinda dogrusal regresyon yapilir.

e  Dogrunun egimi "7,", aralik eksenini kestigi nokta "z," olarak kabul edilirse; kritik
aralik degeri "7, asagidaki bagitidan hesaplanabilir [11]:

T =ty +Ty/2 (4)

Ancak yan yolda her zaman kuyruk goriilmeyebilir. Bu durumda kritik aralik degeri, takip
ve aralik kabulii degerlerinin dagilimlarinin bulunmasi suretiyle hesaplanabilir. Yan yolda
bulunan bir siiriict, bir tek giris araligi kabul edecek ve kavsaga girecektir. Fakat ayni siiriici,
birden fazla aralig1 da reddedebilir. Bu durumda, reddedilen araliklarin en biiyiigiiniin dikkate
alinmasi uygun olacaktir [1, 6, 11].

Hewitt [12], oncelikli bir kavsak noktasinda ana yola giriste siiriiciiler tarafindan 6nce
reddedilen ve sonra kabul edilen aralik degerlerini kullanarak siirticiilerin kritik araliklarinin
olasilik dagilimini tahmin eden bir yontem gelismistir. Miller [13], kritik aralik degerlerinin
bulunmasi i¢in aralarinda maksimum olasilik yonteminin en iyi sonug verdigi 9 adet yontemi
karsilagtirilmigtir. Miller haricinde Troutbeck [14] ve Tian v.d. [15] siiriiciilerin kritik
araliklarinin bulunmasi i¢in maksimum olasilik teknigini kullanmgtir. Troutbeck [14] kritik
aralik kabul yontemini kullanilarak Avustralya’da trafik ¢evreleri iizerinde agir araclarin
etkisini incelemistir. Abou-Henaidy v.d. [16] tarafindan Kanada’da siiriiciiler tarafindan
araliklarin reddedilme ve kabul edilme olasilig1 bulunurken logit modelden yararlanilmistir.
Radwan ve Sinha [17], logit analizini kullanarak farkli uzunluklardaki aralik kabullerinin
kiimiilatif olasiligin1 modellemislerdir. Hamad ve Easa [18], Solberg ve Oppenlander [19]
ise kavsaklarda aralik degerlerinin bulunmasinda probit model, Raff analizi ve Bissell
yontemini uygulamislardir. Brilon v.d. [20], Dutta ve Ahmed [21] ¢aligmalarinda, farkli
yontemleri karsilagtirmis ve maksimum olasilik yonteminin (MOY) gdzlemlere en uygun
sonuglart verdigini belirtmiglerdir. MOY ayrica kritik araligin bulunmasi i¢in diger
aragtirmacilar tarafindan da [22, 23, 24] kullanilmistir. Wu [25, 26], kritik aralik tahmini igin
reddedilen ve kabul edilen araliklara dayanan olasilik dengesi yontemini (ODY') kullanmustir.

Vasconcelos, v.d.[27], yuvarlak ada kavsaklarda kritik takip aralig1 ve takip siirelerini elde
eden farkli yontemlerini karsilagtirmistir. Calismada Raff, ODY ve MOY'lerine dayali olarak
elde edilen kapasiteler tutarli bir sekilde dogruyken, Siegloch ve Logit yontemlerine gore
elde edilen kapasitelerin daha az tatmin edici basarim gosterdigi saptanmistir. Ulkemizde
Gedizlioglu [1] aralik kabulii degerlerinin Lognormal ve Erlang dagilimlarn ile
tanimlanabilecegini bulmustur.

Sinha ve Tomiak [28] caligsmalarinda dlgiilen zaman araliklarin1 tanimlamak i¢in manevra
tiriine ve arag¢ tiiriine gore degisiklik goOsteren yeni bir terim olan "Section Gap" i
sunmuslardir. Madanat vd. [29] kuyruga katilma ile kavsak durma noktasina varma arasinda
gecen siireyi agiklayan yeni bir parametre olarak kuyruk gecikmesini 6nermistir. Caliskanelli
ve Tanyel [30] benzetim programi yardimiyla bir “T” kavsakta Dur, Yol Ver Ve Kontrolsiiz
denetim kosullar i¢in ana yol araglarinin gecikmelerini hesaplayan bagmtilar dnermistir.
Ozan v.d. [31] denetimsiz esdiizey kavsaklarin performanslarini iyilestirecek Onerilerde
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bulunmuglardir. Velan ve Van Aerde [32] kritik araligi zamanla dogrusal olarak azalacak
sekilde modellemistir. Calismanin amaci bekleme siiresi bazi esik degerlere ulagtiginda daha
diistik oncelikli hareketi araya giris olmadiginda bile karsi akima dogru yol almaya
zorlamaktir.

Zohdy vd. [33] logit modelleri kullanarak bekleme siiresinin ve yagmur yogunlugunun
stiriiciilerin aralik kabul etme davranisi iizerindeki etkilerini incelemistir. Devarasetty vd.
[34], cesitli trafik ve geometrik 6zellikler kullanarak, lojistik regresyon yoluyla siiriiciilerin
aralik kabulii davranisimi modellemistir. Vasconcelos vd. [35] manevralarin geometrik
ozelliklerini ve arag-siiriicii 6zelliklerini hesaba katan bir model Onermistir. Serag [36]
stirtictilerin agresif davranislarinin araya giris ve dne giris tizerindeki etkilerini inceleyen bir
ikili logit model olusturmustur. Liu vd. [37] diiz hareket eden siiriiciilerin 1s1kl1 olmayan bir
kavsakta karsidan karsiya gecen baska bir aracla karsilastiklarinda kararlarini etkileyen ana
unsurlart da incelemistir. Ayrica, karar davranisini analiz etmek i¢in bulanik teori yontemi,
uzman sistem, petri ag1 ve yapay sinir ag1 gibi ¢esitli matematiksel yontemler uygulanmistir
[38, 39, 40, 41]. Ashalatha ve Chandra [42] kritik aralik, takip siiresi ve isgal siiresini elde
etmek amaciyla aralik kabulii i¢in etki alani INOFOGA) kavramini gelistirmislerdir. Mohon
ve Chandra [43] tarafindan ise karma trafik kosullarinda kritik araligin bulunmasi igin kavsak
alanindaki bir aracin isgal siiresine dayali yeni bir yontem Onerilmistir.

Literatiirden de anlasilacagi iizere kritik araligin belirlenmesi igin farkli ydntemler
onerilmektedir. Bu nedenle, kritik aralik degerlerini etkileyen parametrelerin iyi
degerlendirilmesi gerekmektedir. Kavsak geometrisi ve trafik akim kosullari degistiginde
yan yolda bekleyen siiriiciilerin ana yolda kabul edecekleri aralik degerleri de farklilik
gosterebilir. Ozellikle ana yol trafik akimi arttikca yan yol siiriiciilerinin kabul edecekleri
araliklarin kisalacaglr ve bunun sonucunda ana yoldaki tasitlarin da gecikmeye maruz
kalacaklar1 beklenebilir. Bu calismada ana yoldaki trafik akimmnin kritik aralik kabulii
iizerindeki etkisi irdelenmeye calisiimistir. Bu amagla gozlemler, izmir’de belirlenen 4 adet
1s1ks1z kavsakta, sabah/zirve saat trafiginde video kamera yardimiyla gerceklestirilmistir.
Gozlemci ekip tarafindan veriler elde edilirken kavsaklarin geometrik durumlari ve ana yol
ile yan yolda yer alan siiriiciilerin manevra tiirleri dikkate alinmistir. ilk asama olarak Wu
[25, 26] tarafindan olasilik dengesi yontemi kullanilarak kritik aralik kabul degerleri elde
edilmistir. Calismanin ikinci asamasinda ise farkli trafik akimi kosullarinin kritik aralik kabul
degerleri tizerindeki etkisi irdelenmistir. Sonraki asamada farkli manevra tiirleri igin kritik
aralik kabul degerleri kantil regresyon yontemiyle belirlenmeye ¢alisilmistir. Son agsamada
ise stirticii tipleri ve manevra tiirlerinin yer aldig1 genel bir bagint1 sunulmaya ¢alisilmistir.
Sunulan bagint1 yardimiyla gelecekte yapilacak olan ¢aligmalarda kritik aralik degerlerinin
daha saglikli hesaplanmasi saglanarak i1siksiz kavsaklarin kapasite ve performanslarin
arttirilmas1 amaglanmaktadir.

2. GOZLEM YAPILAN KAVSAKLAR

Calisma kapsaminda Izmir’de yer alan dort 1siksiz kavsakta gdzlemler yapilmustir.
Kavsaklarin ikisi Buca, birisi Bayrakli ve birisi de Karsiyaka il¢esinde yer almaktadir (Sekil
1). Kavsaklarin geometrik 6zellikleri Tablo 1’de verilmistir. Gozlemler, sabah ve/veya aksam
zirve saatlerinde, agik hava kosullarinda video kamera ile gerceklestirilmistir. Elde edilen
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video ¢ekimleri daha sonra biiro ortaminda gozlem ekibi tarafindan izlenerek veriler
toplanmustir.

e

¢)Buca Mezarlik (Google Earth, 2021) d) Nursultan Nazarbayev (Google Earth, 2015)
Sekil 1 - Gozlem Yapilan kavsaklar

Tablo 1 - Gozlem Yapilan Kavsaklarin Geometri Ozellikleri

Serit Doniig
Genigligi  Serit  yaricapi
Kavgak Yaklasim Kolu Hareket Egim (%) (m) sayisi (m)
6753/19. Sokak Sola Donls 0,07 3,0 1 13
Bilent Ecevit Caddesinden
! . v . I . Sola Donlis 0,005 3,0 1 26
Biilent Ecevit Gelip 6753/19.Sokaga Gidis
6753/19. Sokak Saga Donus 0,07 3,0 1 39,11
Bilent Ecevit Cad Saga Donus -0,0663 3,0 2 15,2
Buca Heykel 0,005 3,0 1
Cevik Bir 255.Sokak Sola Donls 0,005 5,0 1 10,6
Ozmen Cad 0,005 3,0 1
Mezarhk 61.Sokak 0,035 4,0 1
Adatepe Gelisgi Sola Donls -0,02 33 2 27
Nursultan Nazarbayev
Adliye Gelisi Sola Donlg 0,005 33 1 25
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Ik asama olarak ana yoldaki tasitlar arasindaki takip araligi degerleri toplanmugtir. Daha
sonra yan yoldaki tasitlarin kavsak girisine geldikleri anla, kavsaga girdikleri anlar
kaydedilmistir. Her iki veri grubu birlikte degerlendirilerek yan yol siiriiciilerinin kavsaga
giris icin kabul ve reddettikleri zaman cinsinden takip aralig1 degerleri tespit edilebilmistir.
Kabul edilen aralik degerlerinin istatistiksel 6zellikleri, verilerin tanimlanmasi ve modelleme
asamalarinda dnemli bir yere sahiptir. Kabul edilen araliklarin dagilimlarinin genel olarak
saga ¢arpik dagilimlara uydugu bilinmektedir [1]. Calisma kapsaminda toplanan verilerin
uydugu dagilimlar ve dagilim parametreleri Tablo 2’de yer almaktadir. Tablo 2’den de
goriilebilecegi gibi, yan yol siiriiciilerini kabul ettikleri araliklar Lognormal ve Weibull
dagilimlari ile tanimlanabilmektedir.

Tablo 2 - Aralik Kabul degerlerinin uydugu istatistiksel dagilimlar

Kavsak Yaklagim Kolu Hareket Dagihm Lokasyon Pr. Sekil Pr. Olgek Pr. Esik Pr.
6753/19. Sokak Sola Doniis Weibull 1,041 44,461
6753/19. Sokak Sola Donus Lognormal 1,801 0,827
Billent Ecevit Z:'“e;t;;:;ggdk‘iz Z?ji: Sola Dénils Weibull 0,903 42,000
6753/19. Sokak Saga Donls Weibull 0,937 46,283
Bulent Ecevit Cad Saga Donus Lognormal 2,326 0,736 -1,707
Buca Heykel Lognormal 1,601 0,888 -0,477
Cevik Bir 255.Sokak Sola Donis Lognormal 1,328 0,714
Ozmen Cad Weibull 1,041 11,647
Mezarlik 61.Sokak Lognormal 1,585 0,840
61.Sokak Lognormal 0,543 0,800 1,331
Adatepe Gelisi Sola Donis Weibull 0,901 17,043 0,008
Adliye Gelisi Sola Donus Lognormal 2,185 1,221
Nursultan Nazarbayev Adatepe Gelisi Sola Doniis Weibull 1,105 25,627 0,062
Adliye Gelisi Sola Donus Lognormal 2,037 0,949
Adatepe Gelisi Sola Donus Weibull 0,911 79,196 0,122

Siiriiciilerin kabul ettikleri zaman cinsinden takip aralig1 degerleri 6zellikle ana yoldaki trafik
akiminin ve yan yol talebinin diisiik olmas1 durumunda cok biiylik degerler alabilmektedir.
Yan yolda bekleyen bir siiriicli, kuyruk baskist olmadigi durumlarda (arkasinda baska
tasitlarin bulunmamasi durumunda); giivenlik ve siiriis konforu agisindan goreceli olarak
daha uzun araliklar1 bekleyerek kavsaga girebilmektedir. Ancak ¢aligmalar, 12 saniyeden
daha biiyiik araliklarin yan yolda bekleyen siiriiciiler tarafindan fark edilemeyecegini; ana
yoldan kavsaga yaklasan tasitlarin, yan yoldaki siiriicii tarafindan goriillemeyecegini
vurgulamaktadir [27]. Calismada yan yoldaki bir siiriicii tarafindan kabul edilebilecek en
biiyiik aralik degeri 12 saniye olarak kabul edilmis ve bu degerin iizerindeki veriler analiz
kapsami diginda birakilmstir.

Kritik aralik kabul degerlerinin ortalama ve varyanslart Wu [25] tarafindan 6nerilmis olan
yontem kullanilarak bulunmustur. Yontem, kabul edilen ve reddedilen araliklarin
olasiliklarinin dengesi prensibine dayanmaktadir. Yontem, kabul edilen ve reddedilen
araliklarin olasilik dagilim fonksiyonlarinin arasinda, kritik aralik kabul degerlerine ait bir
baska olasilik dagilim fonksiyonu egrisi oldugunu kabul etmis ve bu fonksiyonun
degerlerinin agagidaki baginti yardimiyla hesaplanabilecegini belirtmistir:

Fr(t) = Fg(£)/(F(t) + 1 = Fg(t)) (%)

112



S. HIZARCI, S. TANYEL, S. DUNDAR, I. GOKASAR, B. SENGOZ, A. TOPAL

Burada Fry, kritik aralik kabul degerlerine ait olasilik dagilim fonksiyonunu; Fkg), kabul
edilen araliklara ait olasilik dagilim fonksiyonu; Fry , reddedilen araliklara ait olasilik
dagilim fonksiyonunu gostermektedir. Bu yontem de siiriiciilerin homojenligi ve tutarliligina
bakilmaksizin biitiin reddedilen ve kabul edilen aralik degerleri dikkate alinarak kritik aralik
kabul degerine ait ampirik bir olasilik dagilim fonksiyonu hesaplanmaktadir. Wu [25], kritik
aralik kabul degerlerinin bulunmasi i¢in de bir Excel tablosu 6nermistir. Caligma kapsaminda
kullanilan Excel Tablosunun bir 6rnegi Sekil 2°de goriilmektedir. Tablonun 10. ve 11.
kolonlarinin toplamlar sirasiyla kritik aralik kabul degerlerinin ortalamasini ve varyansini
vermektedir. Elde edilen sonuglar Tablo 3’te sunulmustur. Ayrica her manevra tiiriinii
engelleyen manevralar ve bu manevralara ait hacim degerleri verilmistir.

0 1 2 3 4 5 6 7 8 9 10 11
Tahmin | Tahmin
Aralik Kabul edilen edilen tiabul OYF*Aral o’
Aralik No ) veya red Nied Niabul Fred Frabul IfAK ) VKAK ) ) K

degerleri | degerleri

nin ODF | nin OYF
290 7.169 r 279 11 0.808696 | 0.478261 | 0.714286 | 0.003079 | 7.169000 | 0.022072 | 0.158234
291 7.169 r 280 11 0.811594 | 0.478261 | 0.717391 [ 0.003106 | 7.169000 | 0.022264 | 0.159610
292 7.177 r 281 11 0.814493 | 0.478261 | 0.720524 | 0.003133 | 7.173000 | 0.022471 | 0.161184
293 7.179 r 282 11 0.817391 | 0.478261 | 0.723684 | 0.003160 | 7.178000 | 0.022684 | 0.162825
294 7.279 k 282 12 0.817391 | 0.521739 | 0.740741 | 0.017057 | 7.229000 | 0.123302 | 0.891348
295 7.289 r 283 12 0.820290 | 0.521739 | 0.743802 [ 0.003061 | 7.284000 | 0.022296 | 0.162402
296 7.359 r 284 12 0.823188 | 0.521739 | 0.746888 | 0.003086 | 7.324000 | 0.022604 | 0.165553
297 7.359 r 285 12 0.826087 | 0.521739 | 0.750000 | 0.003112 | 7.359000 | 0.022901 | 0.168532
298 7.608 r 286 12 0.828986 | 0.521739 | 0.753138 | 0.003138 | 7.483500 | 0.023484 | 0.175741
299 7.608 k 286 13 0.828986 | 0.565217 | 0.767717 | 0.014578 | 7.608000 | 0.110913 | 0.843826
300 7.618 Kk 286 14 0.828986 | 0.608696 | 0.780669 | 0.012953 | 7.613000 | 0.098608 | 0.750704
301 7.729 r 287 14 0.831884 | 0.608696 | 0.783582 | 0.002913 | 7.673500 | 0.022352 | 0.171522
302 7.729 r 288 14 0.834783 | 0.608696 | 0.786517 | 0.002935 | 7.729000 | 0.022683 | 0.175315
303 7.776 r 289 14 0.837681 | 0.608696 | 0.789474 | 0.002957 | 7.752500 | 0.022923 | 0.177709
304 7.776 r 290 14 0.840580 | 0.608696 | 0.792453 [ 0.002979 | 7.776000 | 0.023166 | 0.180138
305 7.781 r 291 14 0.843478 | 0.608696 | 0.795455 | 0.003002 | 7.778500 | 0.023349 | 0.181619
306 7.998 r 292 14 0.846377 | 0.608696 | 0.798479 | 0.003025 | 7.889500 | 0.023862 | 0.188260
307 8.045 r 293 14 0.849275 | 0.608696 | 0.801527 | 0.003048 | 8.021500 | 0.024447 | 0.196098
308 8.055 r 294 14 0.852174 | 0.608696 | 0.804598 | 0.003071 | 8.050000 | 0.024721 | 0.199007
309 8.16 r 295 14 0.855072 | 0.608696 | 0.807692 | 0.003095 | 8.107500 | 0.025090 | 0.203413
310 8.408 r 296 14 0.857971 | 0.608696 | 0.810811 | 0.003119 | 8.284000 | 0.025834 | 0.214006
311 8.457 r 297 14 0.860870 | 0.608696 | 0.813953 | 0.003143 | 8.432500 | 0.026501 | 0.223467
312 8.457 r 298 14 0.863768 | 0.608696 | 0.817121 [ 0.003167 | 8.457000 | 0.026784 | 0.226516
313 8.457 r 299 14 0.866667 | 0.608696 | 0.820313 | 0.003192 | 8.457000 | 0.026994 | 0.228286
314 8.457 k 299 15 0.866667 | 0.652174 | 0.830258 | 0.009946 | 8.457000 | 0.084112 | 0.711332
315 8.528 r 300 15 0.869565 | 0.652174 | 0.833333 | 0.003075 | 8.492500 | 0.026115 | 0.221779

Sekil 2 - Ornek Excel ¢alisma tablosu

Ortalama ve varyans degerlerinin birkag gdzlem noktasi haricinde, trafik giivenligi agisindan
risk yaratabilecek oranda diisiik oldugu goriilmektedir. Bu degerler, ana yolda nispeten
yiiksek trafik akimi g6zlenmesi durumunda, ¢ok kisa araliklarin bile siiriiciiler tarafindan
kabul edilebilecegini gostermektedir ki, sinirli 6ncelik ve/veya aralik zorlama kosullarinin
ortaya ¢ikmasmin ana nedeni de budur. Ozellikle yiiksek ana yol hacimleri altinda yan
yoldaki siiriiciiler uzun siire beklemelere maruz kalabilmekte ve ana yoldaki tasitlart
yavaglamaya veya durmaya mecbur ederek kavsaga giris yapabilmektedirler. Bu da, aslinda
kritik aralik degerinin, ana yol hacmi arttik¢a diisebilecegini gostermektedir.
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3. ARALIK KABULU DEGERININ ENGELLEYICi AKIM VE KAVSAK
GEOMETRIiSINE BAGLI DEGiSiMi

Yukarida aciklanan bulgular, aslinda literatiirde yer alan, ana yoldaki trafik hacmi arttik¢a
yan yolda bekleyen siirliciilerin daha kisa araliklar kabul etme egiliminde olduklari
yoniindeki genel yaklagimlarla ortiismektedir. Ana yoldaki trafik akiminin ¢ok diisiik olmasi
durumunda yan yoldaki siiriiciiler, kendileri i¢in daha giivenli oldugunu diisiindiikleri ¢ok
daha uzun bir aralig1 tercih edebilmektedirler. Diger yandan ana yol hacmi artik¢a, yan
yoldaki siiriiciiler kavsaga giris yapabilmek uzun siire beklemek zorunda kalacaklar ve bunun
sonucunda reddettiklerinden daha kisa bir takip araligini bile kabul ederek kavsaga giris
yapabileceklerdir. Trafik akimina bagli olarak siiriiciilerin kabul ettikleri araliklarin
modellenmesi i¢in daha fazla sayida veriye ihtiya¢ duyulmaktadir. Bu amagla, veri sayisinin
arttirtlmasi igin farkli bir yaklagim tercih edilmistir. Bu amagcla ilk 6nce Kyte v.d. [44]
tarafindan Onerilmis ve daha sonra Chandra v.d. [45] ile Tanyel v.d. [46]’nin ¢aligmalarinda
da kullanilmis olan asagidaki yontem tercih edilmistir.

Yan yoldaki bir siiriiciiniin kavsak DUR veya YOL VER cizgisine geldigi an ¢y, kavsaga
girdikleri an ise #; olarak adlandirilirsa siiriicliniin maruz kalacag1 gecikme:

D=t,—t, (6)

bagmtisi ile bulunabilir. Siiriiciiniin bekledigi siire boyunca yoldan gegen tasit sayist “N”, N’
inci tagitin yoldan gectigi an ise ¢y ile tanimlanirsa siiriiciiniin yan yolda bekledigi siire
boyunca karsilastig1 engelleyici akim degeri agsagidaki sekilde hesaplanabilir:

Engelleyici akim = N/(ty — to) @)

Siiriictiniin kavsaga girmek icin kabul ettigi zaman cinsinden aralik degeri de kaydedilerek
tiim siirticiiler ve farkl trafik akim kogullar1 i¢in kabul edilen aralik degerleri elde edilebilir.
Bdylece, veri sayisi biiyilik oranda arttirilmig olur.

Calisma kapsaminda, veriler:

1. Kavsaktan dogru gegen tasitlar;
2 Kavsaktan saga donen tasitlar;
3. Kavsaktan sola donen tasitlar;
4 Ana yoldan sola donen tasitlar

olarak 4 (dort) grupta toplanmistir. Analizlerde, 12 saniyeden daha biiyiik olan degerler
dikkate alimmamustir. Calismada engelleyici akim ile siiriiciilerin kabul ettikleri aralik
arasinda egrisel bir iliskinin oldugu goériilmiistiir. Bu iliskinin, Horton’ un sizma denklemi ile
tanimlanabilecegi kabul edilmigtir. Horton [47]'un sizma bagmtisi formiilii asagida
verilmigtir:

Y = Yar + Wase — Yar)e ™ )
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Burada “y”, tahmin edilmek istenen degiskeni, yay, de8iskenin alt limit degerini; yig,
degiskenin st limit degerini, K bir katsayry1 ve “x” bagimsiz degiskeni ifade etmektedir.
Kritik aralik kabul degerleri i¢in bagint1 asagidaki sekilde yazilabilir:

Ty = Trare + (Tiise — Trare)e <€ 9

Bagintida Tiar, kritik aralik kabul degerlerinin alt sinirini (saniye); T, kritik aralik kabul
degerinin iist sinirini (saniye), 7, kritik aralik kabul degerini (saniye); ve gc engelleyici akim
degerini (tasit/saniye) ifade etmektedir. Farklit manevra tiirleri i¢in denklem parametreleri, R
programinda [48] olusturulan bir model yardimiyla bulunmustur. R programi istatiksel
hesaplama i¢in kullanilan bir program dilidir. R programinda olusturulan modelde En Kiigiik
Kareler yonteminden yararlanilmistir. En Kiiglik Kareler Yontemi hatalarin karelerinin
toplamini en aza indiren bir yontemdir ve analizlerde en sik kullanilan yontemlerden biridir.
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Sekil 4 - Ana yoldan sola donen tasitlara ait aralik kabul degerleri
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Analizler; sola donen 352 tasit , saga donen 127 tasit, ana yoldan sola donen 268 tasit ve
dogru gecen 581 tasit yani toplam 1328 veri iizerinde gerceklestirilmistir. Analizler
sonucunda elde edilen katsay1 degerleri Tablo 4'te verilmistir. Sekil 3~6'da manevra tiirlerine
ait veriler ve dl¢climlenmis Horton degerleri goriilmektedir. Sekil 7'de ise, tiim manevralar

icin elde edilen fonksiyonlarin karsilagtirmasi yer almaktadir.
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Sekil 6 - Kavsaktan dogru gegen tasitlara ait aralik kabul degerleri

Tablo 4 - Farkli manevra tiirlerine ait Horton Fonksiyonu katsayilari

Manevra Talt Tiist Tkr
(saniye)  (saniye) (saniye)

Sola Doniis 1,47 13,42 4,99 5,23

Ana yoldan Sola Déniis 2,67 12,69 4,79 5,82

Saga Doniis 0,62 17,63 5,63 5,29

Dogru Gegis 2,00 10,99 3,86 5,33
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Sekiller incelendiginde, engelleyici akim ile stirticiilerin kabul ettikleri aralik arasinda egrisel
bir iligski oldugu net olarak goriilmektedir. Sekillerde farkli manevra tiirleri ele alinsa dahi
stirtictilerin toplamda %47 sinin engelleyici akim karsisinda ayni aralik kabul degerlerini
kabul ettigi soylenebilir. %47 disinda kalan siiriiciilerin manevra tiirlerine gore kabul ettigi
aralik degerleri degiskenlik gostermektedir. Ozellikle kavsaktan dogru gegen siiriiciilerin
engelleyici akim karsisinda kabul ettikleri degerleri farklilik gostermektedir. Calismanin
ileriki boliimlerinden bu durum ayrintili incelenmistir. Engelleyici akimin ana yolda trafik
hacminin diisiik oldugu durumlarda yan yol siiriiciilerinin kabul ettikleri aralik siirelerinin
arttig1 anlagilmaktadir. Diger yandan, ana yoldaki trafik hacmi arttik¢a, ¢cok kii¢iik araliklarin
bile siiriiciiler tarafindan kabul edilebildikleri sonucuna varilabilmektedir. Bu sonuglar, ana
yolda diisiik trafik akim1 olmasi durumunda yan yol siiriiciilerinin daha uzun ve dolayisiyla
daha giivenli araliklar1 tercih ettiklerini gostermektedir. Ancak ana yoldaki trafik akimi
arttik¢a yan yol siiriiciilerinin sabirsizlandiklar1 ve yan yoldaki bekleme siireleri arttik¢a daha
kisa araliklar1 kabul ettikleri s6ylenebilir.

Sekiller ve Tablo 4 incelendiginde kritik aralik kabul degerinin (7kr ) manevra tiirlerine gore
degiskenlik gosterdigi goriilmektedir. Elde edilen kritik aralik kabul degerleri literatiirdeki
verilerle uyum saglasa dahi gézlem verilerinin sayilari manevra tiirlerine gore degiskenlik
gosterdigi i¢in Horton fonksiyonu yardimiyla kurulan modelden tespit edilen kritik aralik
(Tkr) degerlerinin manevra tiirlerine gore degisimi hakkinda kesin bir yargiya
varilamamaktadir. Ozellikle Sekil 6 incelendiginde ayni engelleyici akim altinda kavsaktan
dogru gegis yapan bir yanyol siiriiciisiiniin kabul ettigi aralik degerlerinde farkliliklar oldugu
tespit edilmistir. Bu nedenle, Horton fonksiyonu yardimiyla kurulan modelin ozellikle
kavsaktan dogru gecen tasitlara ait verilerin agiklanmasinda yeterli gelmeyecegi tespit
edilmistir. Sekil 7°de farkli manevra tiirleri i¢in modelden elde edilen engelleyici akima bagl
kabul edilen aralik degerlerine ait grafik yer almaktadir. Sekil 7 incelendiginde siirticiiler
farkli manevra tiirleri gergeklestirse dahi yaklasik olarak aymi davranist benimsedigi
goziikmektedir. Asagida yan yoldaki siiriiciilerin kabul ettikleri aralik degerlerinin hangi
parametrelerden etkilenebilecegi ile ilgili daha detayli bir analiz yer almaktadir.
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Ana yoldaki engelleyici akim degerinin, yan yol siirliciilerinin kabul araliklarmi etkiledigi
aslinda beklenen bir sonug olarak kabul edilebilir. Ancak aralik kabul degerleri, manevra tiirii
(MNV) ve/veya engelleyici akim kadar (Qeng), engelleyici manevra (Op.MNV) (6rnegin ana
yoldan sola donen tasitlar i¢in, kars1 yonden dogru ge¢is yapan tasitlar, yan yoldan sola donen
tasitlar v.b.), ana yol serit sayist (N); serit genisligi (SG); yolun egimi (G); donilis yapan
tasitlarin takip ettikleri yoriingenin egrilik yarigapt (//R) gibi parametrelerin de etkili
olabilecegi 6ngdriilmiistiir. Bu amagla ilk adim olarak bagimsiz degiskenler arasinda ¢oklu
baglantilik (Multicollinearity) olup olmadig1 arastirilmistir. Tablo 5’te bagimsiz degiskenler
arasindaki korelasyon (iliski; ilgilesim) degerleri goriilmektedir. Tablodan da goriilebilecegi
gibi manevra (MNV) tiirii ile egrilik yarigcapinin (//R); serit sayis1 (N) ile egim (G) ve egrilik
yarigap1 (//R) ile serit genisligi (SG) degerlerinin ayni baginti igerisinde yer almalarinin
uygun olmayacagi anlasilmaktadir. Model arastirmasi yapilirken bu olumsuzluklar gz
ontinde bulundurulmustur.

Tablo 5 - Bagimsiz degiskenler arasindaki korelasyon (iliski; ilgilesim) degerleri

Engelleyici
Manevra Manevra Egim Serit Genigligi  Serit Sayisi
Engelleyici Manevra -0,282
0,000
. -0,017 -0,025
Egim
0,000 0,360
Serit Genisligi 0,374 -0,428 0,001
0,000 0,000 0,000
X 0,472 0,124 -0,696 -0,132
Serit Sayisi
0,000 0,000 0,000 0,000
1/R 0,665 -0,147 0,047 0,702 0,177
0,000 0,000 0,084 0,000 0,000

Modelde manevra ve engelleyici manevra degiskenleri, kukla degisken olarak analizlere
katilmislardir. Kavsaktan diiz gegis yapan tasitlar icin “0”; saga donenler icin “1”; sola
donenler igin “2” ve ana yoldan sola donenler i¢in “3” degerleri modelde kullanilmistir.
Analizler yine R programi yardimiyla gerceklestirilirmistir. Engelleyici akim ile yan yol
stiriiciilerinin kabul ettikleri araliklar arasinda tstel bir iligki oldugu bilinmektedir. Diger
bagimsiz degiskenler ise dogrusal olarak modele katilmislardir. Yapilan analizler sonucunda
en iyi sonug agagidaki bagnti ile elde edilmistir.

T = 0,935 + 0,199p. MNV + 0,109N + 12,534e(~00010ng) R? = 0,468 (10)
Bagintidan da goriilebilecegi lizere, yan yoldan kavsaga giris yapan siriiciilerin kabul
ettikleri araliklar, engelleyici akim; uygun aralik bulmaya calistiklar1 engelleyici manevra

tiirli ve ana yol serit sayisina bagli olarak degisebilmektedir. Sekil 8’de gozlemlenen ve
modelden elde edilen aralik kabul degerleri, engelleyici akima bagl olarak gdsterilmektedir.
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4. ARALIK KABULU DEGERININ KANTIiL REGRESYON iLE MODELLENMESI

Yapilan analizlerden de goriilebilecegi gibi, yan yolda bekleyen bir siiriicliniin ana yolda
kabul edecegi aralik degeri, biiylik oranda ana yoldaki trafik akimina (engelleyici akima),
engelleyen akimin niteligine (manevra tiiriine) ve belirli bir oranda da ana yoldaki serit
sayisina bagli olarak degisiklik gosterebilmektedir. Ancak Sekil 8’den de goriilebilecegi gibi,
elde edilen bagmtilar, kapasite ve kavsak basarimi analizi i¢in kullanilabilecek degerler
vermekteyse de, gézlem verilerinin 6nemli bir kismini agiklamada yetersiz kalmaktadir.
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Sekil 9’da, gozlem degerleri ile modelden elde edilen degerler arasindaki farklarin,
engelleyici akima bagl degisimleri goriilmektedir. Sekilden de agikga anlasilabilecegi gibi,
model ile gozlemler arasindaki farklar, engelleyici akimin 1000 tasit/saat’ ten daha diisiik
oldugu kosullarda daha fazladir. Ancak engelleyici akim 1000 tasit/saat’ i astik¢a, model ile
gozlemlenen degerlerin birbirlerine oldukga yaklastiklar1 sdylenebilir. Bu durum asagidaki
sekilde agiklanabilir:

e Diisiik engelleyici akimlarda, yan yol siiriiciileri tarafindan kabul edilen araliklar,
stiriicti davraniglarina bagli olarak farklilik gostermektedir. Saldirgan olarak
tanimlanabilecek olan bir siiriicli, daha uzun ve giivenli bir aralik yerine ¢ok daha
kisa bir aralig: tercih ederek kavsaga girerken; yavas olarak tanimlanabilecek bir
stirticii, ¢ok daha uzun bir aralig1 bekleyebilmektedir.

e Ancak engelleyici akim arttik¢a, bekleme siiresinin de uzamasiyla birlikte tiim
stirticiiler kisa araliklarda kavsaga girmeye c¢alismaktadirlar. Diger bir degisle
siiriicii davraniglart homojen hale gelmektedir.

Calisma kapsaminda gozlem verileri ve model arasindaki farkliliklarin Kantil Regresyon
yardimiyla daha iyi agiklanacag: tespit edilmistir.

Kantil regresyon Koenker ve Bassett (1978) [49] tarafindan gelistirilen, serilerin normal
dagilmadig1r durumlarda kullanilan bir regresyon modelidir. Kantil regresyon en kiigiik
kareler ve medyan regresyonuna alternatif olarak kullanilan yontemlerden biridir. En kiiglik
kareler yontemi hatalarin karelerinin minimize edilmesine dayali bir yontemken kantil
regresyon hatalarin mutlak degerlerinin minimize edilmesine dayali bir yontemdir. Kantil
regresyon medyan regresyonun aksine bagimli degiskenin sadece medyan kantilini
aciklamakta kalmayip ayni zamanda bagimli degiskene ait farkli kantil degerlerini de tahmin
etmektedir. Kantil regresyon asirt degerlere karsi kararli bir yontemdir. .

Kantil regresyon birden fazla bagimsiz degisken oldugunda da kullanilmaktadir. Kantil
regresyonun ¢oklu dogrusal regresyonundan farki; degiskenlerin normal dagilmasi sartinin
olmamasidir. Kantil regresyonda degiskenlerin normal dagilim gostermesi durumunda goklu
dogrusal regresyon analizleri ile ayni sonucu vermekte olup degiskenlerin normal
dagilmadig1 durumlarda daha anlamli sonuglar vermektedir.

Yukarida da bahsedildigi iizere kantil regresyon aykiri degerlere bagl kalmadan regresyon
modelini olusturmaktadir. Bu ¢alismada degiskenlerin aykir1 deger igerip igermedigine dair
istatistikte yaygin olarak kullanilan Shapiro-Wilk testi kullanilmistir. Shapiro-Wilk testinin
sifir hipotezi dagilimm normal dagilim olmasidir. Eger p-value degeri, 0,05 anlamlilik
diizeyinin altina diiserse, o dagilimin uygun olmadig1 sdylenebilir. Yapilan ¢alismada p
degeri 0.05’in altina diistigii i¢in hipotez reddedilmistir yani kullanilan degiskenlerin aykir
deger icerdigi tespit edilmistir. Bu nedenle analizlerde kantil regresyon kullanilmas: uygun
gorlilmistiir.

Kantil regresyon bagimsiz degiskenlerin farkli kantil degerlerinde bagimli degisken
tizerindeki etkisini incelemektedir. Kantil regresyon degerleri O ile 1 arasinda degiskenlik
gosteren degerlerdir. Ornek olarak, kantil degerinin 0.25 olmas1 demek dagilimimin yiizde
%25 ini agiklayan degerlerin kantil regresyon tarafindan tahmin edilecegi anlamina
gelmektedir [50].

Calisma kapsaminda kullanilan kantil regresyon modeli asagida yer almaktadir. Yukarida da
deginildigi lizere, engelleyici akim ile kabul degerleri arasindaki eksponansiyel iliski vardir.
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Regresyon modeli kurulurken engelleyici akim ve kabul degerleri arasindaki eksponansiyel
iliski ve degiskenler arasindaki korelasyon g6z oniinde bulundurulmustur. Asagida yer alan
regresyon modeli yardimiyla analizler gerceklestirilmistir.

T = Sabit + BIMNV + B20p. MNV + B3N + B4SG + f5e(F6Qeng) (11)
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Sekil 10 - Aralik kabul degerleri ve engelleyici akimin kantillere bagl degisimi

Kantil regresyon analizleri ilk asamada; literatiirde sik olarak kullanilan 0.25, 0.50, 0.75
kantil degerleri kullanilarak gerceklestirilmistir. Sekil 10°da 0.25, 0.50, 0.75 kantil degerleri
yardimiyla kabul degerleri ve engelleyici akim arasindaki iliski goriilmektedir. Engelleyici
akim ve yan yol siiriiciileri tarafindan kabul edilen aralik degerleri arasindaki iligkinin
kantiller arasinda farkliliklar gosterdigi agik¢a goriilmektedir. 0.25 kantil de, diisiik
engelleyici akim altinda yan yol siirticiilerinin daha uzun ve giivenli araliklar yerine daha kisa
araliklarla kavsaga girdigi goriilmektedir. 0.75 kantilde ise diisiik engelleyici akim altinda
yan yol siiriiciilerinin kendilerini giivende hissettikleri daha uzun araliklar tercih ettigi
goriilmektedir. 0.50 kantil degerinde gbzlem verileri ve model verilerinin birebir uyumlu
oldugu ortalama degerler goriilmektedir. Kantil degerleri arasindaki farkliliklar siiriicii
davranislarina benzetilebilir. 0.25 kantili saldirgan siiriiciiyii, 0.50 kantilin normal siiriiciiyti
ve 0.75 kantilin yavas siiriicliyiil temsil ettigi modelden de agikga goriilmektedir.

Asagida yer tabloda 0.25(saldirgan siiriicii),0.50(normal siiriicii) ve 0.75(yavas siiriicii)
kantillerin parametrelerine ait katsayilari ve anlamlilik diizeylerine ait bilgiler
bulunmaktadir. Manevra ve Serit Genisligine ait sirasiyla Bl ve B4 katsayr tahminleri
istatiksel olarak anlamsiz oldugu i¢in modellerde yer almamustir. Engelleyici akim (Qeng),
(Op.MNV) ve ana yol serit sayis1 (N) istatiksel olarak anlamli bulundugu i¢in modellerde yer
almigtir. Asagida yer alan tabloda 0.25, 0.50 ve 0.75 kantil degerlerine ait veriler yer
almaktadir.
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Tablo 6 - Farkli kantil degerlerinde bagimsiz degiskenlere ait veriler

Kantil Aciklayici
Degiskenler Kat Sayi Standart Hata tistatistigi p degeri
Sabit 1.450 0.220 6.590 0.000
OpMnv 0.007 0.001 1.625 0.000
0.25 N 0.028 0.010 2.929 0.003
Qen; 13.587 1.324 10.264 0.000
Qen; 0.002 0.000 9.011 0.000
Sabit 2.670 0.222 12.025 0.000
OpMnv 0.020 0.004 1.682 0.005
0.50 N 0.044 0.009 3.631 0.000
Qen; 21.858 1.435 15.231 0.000
Qen; 0.003 0.000 12.891 0.000
Sabit 1.122 0.468 2.790 0.004
OpMnv 0.025 0.004 2.478 0.001
0.75 N 0.079 0.003 3.456 0.000
Qen; 14.212 0.574 24.762 0.000
Qen; 0.001 0.000 5.797 0.000
OpMNV N
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Sekil 11 - Farkli kantil degerlerinde parametre katsayilarinin degisimi
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Yukarida yer alan sekillerde kullanilan parametrelere ait katsayilarin sadece ¢eyreklik
kantillerin tizerinde degil, diger kantil degerleri tizerindeki degisimi goriilmektedir. Sekil
11°de kantil degerleri yatay eksende gosterilerken, parametrelere ait katsayilardaki degisim
araliklar1 diisey eksende gosterilmektedir. Turuncu ve mavi ¢izgi katsayilarin sirasiyla %95
ve %5 giliven araligini, gri ¢izgi ise katsayilart gdstermektedir. Sekiller incelendiginde;
Engelleyici manevranin siiriiciilerin Kabul degerleri iizerinde pozitif bir etkiye sahip oldugu
ve engelleyici manevranin etkisinin arttik¢a siiriiciilerin kabul ettigi aralik degerlerinin de
arttigl tespit edilmistir. Saldirgan siiriiciiler(0.25) daha kisa araliklari tercih ettigi igin
engelleyici manevranin etkisi bu tip siiriiciilerde daha az hissedilirken yavas siiriiciilerin
engelleyici manevraya bagli olarak bekleme siirelerinin arttigi anlasilmigtir. Engelleyici
akimin etkisi ise farkli kantilerde farkli sekilde hissedilmektedir. Sekiller yorumlanirken
engelleyici akim ile kabul degerleri arasinda eksponansiyel bir iliskinin oldugu
unutulmamas1 gerekmektedir. Buna gore; kantil degerleri arttikca engelleyici akiminda
etkisinin arttig1 sdylenebilir . Ancak unutulmamasi gereken nokta sudur ki engelleyici akim
arttikca stirticiilerin kabul edecekleri bekleme siiriileri diismektedir. Ayrica diisiik engelleyici
akimlarda, yan yol siiriiciileri tarafindan kabul edilen araliklar, siiriicii davraniglarina baglh
olarak farklilik gostermektedir. Serit sayisinin  kantil degerleri iizerindeki etkisi
incelendiginde, diisiikk kantil degerlerinden yiiksek kantil degerlerine dogru gidildikge serit
sayis arttikga siiriiciilerin kabul edecekleri aralik degerleri de artmaktadir.

Calisma kapsaminda anlagilacag tizere kantil degerlerinin siiriicii davraniglarini niteledigi
tespit edilmistir. Her bir kantil degeri ayn1 bagimsiz degiskenler yardimiyla modellense bile,
bagimsiz degiskenlerin bagimli degisken tizerindeki etki diizeyleri her bir kantil degerinde
farklidir. Bu nedenle, ¢alisma kapsaminda elde edilen bagintilarin gelecekte 1s1ksiz kavsaklar
ile ilgili yapilacak olan ¢alismalara altlik saglamasi amaciyla siiriicii davranis tiplerinin de
dikkate alindig1 genel bir modelle sunulmaya ¢alisilmistir.

Akgelik [48], SIDRA TRIP programinda 5 (bes) farkli siiriicii tipi tanimlamistir: ¢ok
saldirgan, saldirgan, normal, yavas ve ¢cok yavas. Bu calismada da, benzer bir yaklagimin
stiriicii davraniglarinin aralik kabul degerinin tahmininde etkili olabilecegi diisiiniilmiistiir.
Calismada siiriiciilerin saldirganlik diizeylerini belirleyici bir anket ¢calismasi yapilmamuistir.
Bu sebeple genel bir yaklagimla farkli siiriicii davraniglarini tanimlayabilecek araliklar
belirlenmeye c¢alisilmistir.

0 1 2 3 4
GOK SALDIRGAN SALDIRGAN NORMAL YAVAS COK YAVAS

Al | I 2 L,

Sekil 12 - Farkl stiriicii davraniglarin tammlamak igin kullanilan aralik degerleri.
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Siiriicii tiplerinin de dahil edildigi model olusturulurken, sadece ¢eyreklik kantillere bagl
kalinmamaistir ayn1 zamanda farkli kantillere gore kurgulanan modellerde degerlendirilmistir.
SIDRA programinda yer alan 5 farkli siiriicii tipi referans alindig1 icin siiriicii tipleri
olusturulurken gozlem verilerini en iyi kurgulayan 5 adet kantil degeri dikkate alinmustir.
Siiriicti tiplerini niteleyen aralik degerlerinin seg¢iminde ise , gdzlem verileri ve segilen
modeller arasindaki kalintilarin minimum oldugu diger bir degisle gdzlem verilerinin en iyi
aciklandigi aralik degerleri dikkate alinmis olup siiriicii tipleri kukla degiskenler yardimiyla
bagimsiz degisken olarak modele dahil edilmistir. Siiriici tiplerini tanimlayan kukla
degiskenlere ait sekil yukarida yer almaktadir.

Kurgulanan regresyon modelinde bagimsiz degiskenler olarak engelleyici akim (Qeng),
manevra (MNV) ,engelleyici manevra (Op.MNV), ana yol serit sayist (N) , serit genisligi (SG)
ve siiriicii tipi (S7) degerlendirmeye alinmistir. Regresyon analizi daha dncede deginildigi
gibi R programi yardimiyla gerceklestirilirmistir. Yapilan analizler sonucunda en iyi sonug
asagidaki baginti ile elde edilmistir.

T = 0,371 + 0,0200p. MNV + 0,002N + 13,78¢(~0001Qeng) 4 1538ST (10)

Bagintidan da goriilebilecegi iizere, yan yoldan kavsaga giris yapan siiriiclilerin kabul
ettikleri araliklar, engelleyici akim, uygun aralik bulmaya calistiklar1 engelleyici manevra
tiirii, ana yol serit sayis1 ve siiriicii tipine bagl olarak degisebilmektedir. Sekil 13’den de
goriilebilecegi gibi, siriicii tipleri dikkate alindiginda modelin daha fazla veriyi
tanimlayabilecegi anlasilmaktadir. Nitekim model, siiriicii tipleri de eklendiginde
gozlemlenen verileri neredeyse tam dogrulukla hesaplayabilmektedir (Sekil 14).

14

Cok Yavas

/ Yavas

o
N

=
o

Normal
Saldirgan

Cok Saldirgan

Aralik Kabul Deegeri (saniye)

/

0 500 1000 1500 2000 2500 3000
Engelleyici Akim (tagit/saat)

Sekil 13 - Siiriicii tipleri de dikkate alinarak elde edilen aralik kabul degerleri ile gozlenen
degerlerin engelleyici akima bagh degisimi
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Hesaplanan Kabul Degerleri(saniye)

[y
N

oy
o

[y
E=3

y =0.8633x + 0.8393
R*=0.889

0 2 4 6 8 10 12 14
Gozlemlenen Kabul Degerleri (saniye)

Sekil 14 - Siirticii tipleri de dikkate alinarak hesaplanan kabul degerleri ile gozlemlenen

kabul degerleri arasindaki iliski

5.SONUC VE ONERILER

Caligsmada, 151ks1z kavsaklarda siiriiciilere ait aralik kabul degerlerinin hesaplanabilmesi i¢in
yeni bir yaklasim gelistirilmeye c¢alisilmistir. Calismadan elde edilen sonuglar asagidaki
sekilde siralanabilir:

1.
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Siiriiciilerin aralik kabul degerlerinde en 6nemli etken, siiriiciilerin uygun aralik
aradiklar1 akimm hacmidir. Engelleyici akim degeri arttikca, siiriiciilerin kabul
ettikleri aralik degeri de diigmektedir.

Siiriiciilerin kabul ettikleri aralik degerinin belirlenmesinde, siiriiciilerin yapacaklari
manevra etkili olsa da, esas belirleyici etkenlerden birisinin engelleyici manevra
degeri oldugu anlagilmistir. Bundan sonraki g¢alismalarda 1siksiz kavsak dizayn
edilirken engelleyici manevranin etkisi goz 6niinde bulundurulmalidir.

. Diger dnemli bir parametre ise ana yoldaki serit sayisidir. Serit sayisi arttikga,

surticiiler daha uzun araliklar beklemek zorunda kalmaktadir.

Siiriicii davranisinin da dnemli bir etken olabilecegi, ¢alisma kapsaminda bir kez
daha vurgulanmistir. Siiriiciilerin %47 si manevra tiirleri farkli olsa dahi ayni
engelleyici akim karsisinda ayni davranisi sergilemektedir. Kavsaklarin performans
diizeyini yavag/saldirgan davranig gosteren siiriiciilerin etkileyebilecegi sonucuna
varilmistir. Ozellikle diisiik ana yol hacimlerinde degisken aralik kabul degerleri
farkl: siiriicti davranislarini isaret etmektedir.
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5. Engelleyici akim hacmi arttik¢a siiriiciilerin kabul araliklarindaki farklilik
azalmakta; tiim stirtictiler kisa araliklarda kavsaga giris yapmaya ¢aligmaktadirlar.

Caligma sonuglari, dort kavsak verisi ile sinirlidir. Kavsak sayist arttik¢a, geometrinin aralik
kabul degerleri tiizerindeki etkisi daha saglikli bir sekilde anlagilabilir. Yapilacak
calismalarda, siirliciilerin davranig 6zelliklerinin de belirlendigi arastirmalar, gergek kosullari

daha iyi tanimlayan modeller elde edilmesinde dnemli yararlar saglayabilecektir.

Tesekkiir

Bu calisma kapsaminda kullanilan veriler TUBITAK 118M637 nolu arastirma projesi
kapsanminda elde edilmistir. Yazarlar destegi nedeniyle TUBITAK ’a tesekkiir eder. Birinci
yazar, doktora tez galismalari kapsaminda verdigi destek nedeniyle Dokuz Eyliil Universitesi
Fen Bilimleri Enstitiisiine tesekkiir eder.

Semboller

1/R : Doniis yapan tasitlarin takip ettikleri yoriingenin egrilik yaricapi
E(t) 1 "n" sayida siiriicii tarafindan kabul edilen araliklar i¢in ortalama aralik degeri
F(a) : Kabul edilen araligin olasilik dagilim fonksiyon degeri

F(r) : Reddedilen araligin olasilik dagilim degeri

Fry : Kritik aralik kabul degerlerine ait olasilik dagilim fonksiyonunu
Fxu : Kabul edilen araliklara ait olasilik dagilim fonksiyonu

Fry : Reddedilen araliklara ait olasilik dagilim fonksiyonunu

G : Yolun egimi

G@) : Bir araligin kabul edilme olasilig1

K : Bir katsay1

K : Kritik aralik kabul degerlerinin alt sinirini (s)

MNV  : Manevra tiiri

n : Kavsaga giren tasit sayis1 (tasit)

N : Siiriictiniin bekledigi siire boyunca yoldan gegen tasit sayisi (tasit)
N, :"¢" araliginda kavsaga girebilecek arag sayisi (tasit)

Op.MNYV: Engelleyici manevra

N
ST
SG
t

: Serit sayis1
: Siiriici tipi
: Serit genigligi (m)

: Araclar arasindaki zaman cinsinden aralik degeri (s)

127



Isiksiz Kavsaklarda Kritik Aralik Kabulii Icin Yeni Bir Yaklasim

t
to
tq

Iy

Ty
T,
T

Tx
Tksijt

Valt
Viist

gc
Qeng

AT

[1]

[2]

128

: Dogrunun aralik eksenini kestigi nokta

: Yanyoldaki bir siiriiciiniin kavsak DUR veya YOL VER cizgisine geldigi an (s)
: Kavsaga girilen an (s)

: N’inci tasitin yoldan gectigi an (s)

: Yanyoldan ana yola katilmaya caligan araglarin, ana yoldaki araglar arasinda kabul
edebilecekleri en uygun zaman cinsinden aralik degeri (s)

: Yanyoldan kavsaga giris yapan araglar arasindaki takip araligi degeri (s)
:Dogru egimi

: Kritik 6ne giris aralig1 (s)

: Secilen araligin kritik araya giris aralig1

: Kritik aralik kabul degeri (s)

: Kritik aralik kabul degerinin st sinirt1 (s)
: tahmin edilmek istenen degisken

: Degiskenin alt limit degeri

: Degiskenin iist limit degeri

: Engelleyici akim degerini (tasit/s)

: Engelleyici akim (tasit/sa)

: Bagimsiz degisken

: Gozlenen degerler ile model arasindaki fark
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ABSTRACT

This paper describes the investigation into stormwater control measures of a 3,425 m?
commercial centre of 61% of which were tarred surfaces and targeting these surfaces, areas
from 10 to 34% of which were permeable roads of various coverage areas of permeable roads
of various surface areas were modelled using Storm Water Management Model version 5.0.
Testing the permeable roads for very-short duration storms ranging from 5 to 15 minutes, it
was found that the catchment area contributing water for detention purposes played a major
role in stormwater control. Other than that, the orifice outlet attached to the storage facility
was major factor in determining the flow.

Keywords: Drainage, hydrograph, urban runoff, post-development, pre-development,
sustainable development.

1. INTRODUCTION

Located in the equatorial region, Sarawak receives 3,000 mm of rainfall anuually. Urban
stormwater drainage system over the region is separated into two distinct systems, namely
the major drainage system which is designed to 50- or 100-year Average Recurrent Interval
(ARI), and minor drainage system which is designed to 10-year ARI design storms [1], [2].
This paper reports the stormwater control over a commercial centre surrounded by parking
spaces and roads which is clasified as a minor drainage system (Figure 1).

According to a local study [3] conducted from December 2019 to February 2020 in
conjunction with the Northeast Monsoon, it was reported that 90% of the recorded rainfall
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were below 20 mm, 5% between 20-30 mm, 4% between 30-40 mm and 1% between 40-50
mm. The values of 10-year ARI design storms for 5-, 10- and 15-min are estimated as 23,
36 and 46 mm, as intense rainfalls. As such, the minor drainage system should be tested
against the very-short duration design storms.

Parking Lot

azaseses Carriage Way

Outlets
to

Parking Lot Drain

Top view Front view Side view Outlets to
Drain

Figure I - Case study in commercial centre, (a) Study area and indication of permeable
road at the parking spaces and carriage way in front of the shop building, (b) Dimension of
a modular unit of chosen permeable road and c) 3D view of the assembled permeable road.

It is common in Malaysia to have two rows of roadside parking spaces in front of the shop
building. In this case, the road is flanked by parking spaces. On one side attached to the shop
building, a stretch of the urban drain is constructed to convey stormwater from both roof and
road surfaces. On the other side of the road, another stretch of urban drain-cum-road shoulder
is constructed to convey stormwater from the road surface. It is found that the land area
occupied by road and parking spaces is more than half of the total catchment area, which is
further described in the study area. In this case study, applying intervention to the tarred
surfaces is more appropriate than on the shop building.

Having a manmade structure underneath the road surfaces to capture the stormwater is
mimicking the natural function of the soil layer to absorb excess water. According to a study
for a residential property lot [4], it was recommended to have at least 60% of the total
catchment area directed for detention to achieve the intended lowering the peak of post-
development hydrograph. Another study in the design of stormwater detention reported the
capacity of the water receiving structure is related to the connected drainage catchment[5]. It
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was also reported elsewhere that the water receiving structure was limited by available land
spaces and therefore the area of contributing catchment should also in line with the
limitation[6]. A study of Low Impact Development (LID) water infrastructure, [7], had
reported that the effectiveness of the structure in stormwater control decreased with
increasing catchment area and the structure had better performance when closer to the source.

2. MATERIALS AND METHODS
2.1. Study Area

A commercial centre was selected as a case study (Figure 1a). It is called Palm Square beside
Dato” Mohd Musa Road, Kota Samarahan, at the outskirt of Kuching city, Sarawak,
Malaysia. The total catchment area of Palm Square is calculated as 3,425 m?. The centre has
ten (10) units of shop buildings, in which the eight (8) intermediate lots are 18 m x 7 m
each while the two (2) corner lots are 18 m x 9 m each. As such, the catchment area occupied
by the shop buildings is calculated as 1,332 m?, about 39% of the total catchment area.

The remaining 61% of the catchment area is covered by tarred surfaces. At the front of Palm
Square, it has 5 m wide car parking spaces on both sides of the road and a 4 m wide
carriageway in the middle. At the back, it has a 4 m wide motorcycle parking space and a 4
m wide carriageway. The minor drainage system consists of two drain sizes, namely the 0.5
m x 0.5 mand 1 m x 1 m concrete drains. The minor system discharges runoff to a major
drainage system which is not covered in this study. These measurements have provided a
realistic basis to support the simulation efforts that followed [8].

2.2. Permeable Road

A length of 84 m road in front of the shop building was selected for intervention. One of the
stormwater control measures that suitable for a road is a permeable road. Its general structure
consisted of a top layer of permeable pavement allowing water to seep through and a bottom
layer of storage facility allowing water to be stored temporarily under the road [9]. The
outflow of the storage layer was through a 50 mm diameter orifice.

The type of permeable road chosen for this study was a non-commercialised R&D product
developed by Universiti Malaysia Sarawak and collaborators. It was made up of micro
detention structure in the form of a hollow cylindrical tube which sandwiched between two
hexagonal plates (Figure 1b). The storage facility had a solid-framed structure but hollow
within, thus having a porosity as high as 0.9. Such a storage structure was reported by [10].

The hollow cylindrical tube had an inner diameter of 313 mm and a wall thickness of 60 mm;
while the hexagonal plate had a width of 500 mm and a height of 433 mm which contributed
an area of 0.1624 m? per plate. The mentioned three pieces formed a singular modular unit
and when combined, the hexagonal plates formed honeycomb-patterned plane. The top plane
functioned as the road surfaces with 40 mm diameter service inlet on each hexagonal plate
to drain water to the hollow cylindrical tube. The bottom plane functioned as a raft foundation
which allowed water infiltration to the surrounding soil. The permeable road was not built
but based on what-if simulation scenarios. It was a common practice to manipulate what-if
scenarios to obtain insights into the workability of engineering measures [11].
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2.3. Design Storm

The small total catchment area of the commercial centre (0.3 ha) fell under the catchment
category of 0.2 - 4 ha according to the Singaporean Public Utilities Board (PUB) [1]. The
Singaporean manual suggested a time of concentration of 5 min for the category. Therefore,
5 min was adopted as the design storm duration based on the assumption all parts of the
catchment were contributing to the outflow, thus achieving a condition of storm duration was
equal to the time of concentration. Similarly, a Malaysian manual according to the
Department of Irrigation and Drainage (DID) [2] also reinstated the recommendation under
equatorial region. Malaysian authority recommended that drainage system within a
commercial centre as a minor system to be designed to 10-year Average Recurrent Interval
(ARI) under local climate. The case study was subjected to a range of 10-year ARI design
storms starting from 5 to 15 min.

2.4. Modelling Approach

Stormwater runoff processes through catchments and drainage systems were simulated using
Storm Water Management Model version 5.0 (SWMMS). It begun with rainfall (design
storms described in section 2.3) and ended with an outlet. Other than that, it involved
components like catchment (roof and road), drainage (urban drain) and storage (storage
facility in the permeable road) (Figure 2).

Start
Rainfall o Road . Road
ainfa T Catchments Ramfall // __ Catchments
Gauge ) '
Storage Roof
V Facility 3 Catchments
Roof D\l/' Drain .
rain !
Catchments - \l/ Storage 7 Road
J Unit Catchments
Outlet
End Outlet ! =
-

Figure 2 - Modelling approach that involves rainfall, catchment, permeable road, drain
and outlet. The permeable road is modelled as storage units that receive water from the
tarred surfaces and release water via orifice to the concrete drain.

The chosen permeable road (Section 2.2) was different from the conventional permeable
roads. SWMMS5 was chosen because it could represent the layer of multiple hollow cylinder
tubes in the permeable road as storage units, quite well by defining the storage volume of the
mentioned layer [12]. Firstly, the permeable road was assumed with different depths of the
storage layer. Usually, a conventional permeable road was designed to about 0.5 - 0.6 m of
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storage layer [13]. As such, the common depth range was benchmarked for the assumption
here. The research team was applying 0.2 m, 0.4 m and 0.6 m of storage heights, plus the
thickness of hexagonal plates.

Secondly, scenarios of installing permeable roads in front of the shop building were set.
Measure 1 was having one row of parking spaces that constituted 420 m? (84 m x 5 m) or
12% of the total catchment. Measure 2 was inclusive of two rows of parking spaces that
constituted 840 m? (84 m x 10 m) or 25% of the total catchment. Measure 3 considered only
the carriageway that comprised 336 m? (84 m x 4 m) or 10% of the total catchment. Lastly,
Measure 4 took in all parking spaces and carriageway that made up of 1176 m? (84 m x 14
m) or 34% of the total catchment.

Flow in a catchment was computed by SWMM engine using a non-linear reservoir runoff
method which treated the catchment as a shallow reservoir and its runoff flow as a non-linear
function of water depth of the reservoir [14]. In practice, engineers used the rational method
to generate catchment flow, in which PUB [1] suggested using 0.4 as the runoff coefficient
assuming the catchment was naturally grassed for pre-development conditions, while DID
[2] suggested using 1.0 for impervious surfaces like roof and road, assuming the loss of water
over the course of runoff was negligible for post-development conditions. Comparison of
catchment flow from the two methods is presented in Figure 3a.

From the catchment, runoff was directed to enter the drain and storage unit. The runoff was
routed through urban drains from point to point by SWMM engine using kinematic wave
routing method [15], [16]. On the other hand, engineers used Manning formula to calculate
flow in drain. Comparison of the drain flow from the two methods is presented in Figure 3b.
The coefficient of determination, R-square values, are depicted in the same figure which were
larger than 0.9 for both. These R-square values indicated highly satisfactory good fit [17].
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Figure 3 - Verification of SWMM modelled results for a) Catchment flow and b) Drain

flow.

3. RESULTS AND DISCUSSION
3.1. Flow Pattern

It is demonstrated that the shorter the duration, the more the intensity of the design storm
(Figure 4). It makes sense that the 5-minute duration which produced the highest peak flow,
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is recommended as a reference for engineering design. Among the four intervention
measures, Measure 4 that received water from the largest catchment area is repeatedly
demonstrated to have the lowest peak hydrographs (0.04 - 0.09 m*/s) when subjected to very-
short duration design storms. Measure 2 is demonstrated to have a peak hydrograph above
Measure 4 (0.05 - 0.09 m%/s) in all different storm durations for having the second-largest
catchment area. Measures 1 and 3 are having the highest peak hydrographs (0.05 - 0.12 m%/s)
for having the least catchment areas.

Rainfall Depth {mm)
Rainfall Depth {mm)

Figure 4 - Flow hydrographs at outlet for 0.2 m deep permeable road subjected to 10-year
ARI design storm with durations of a) 5 min, b) 10 min and c) 15 min.

It can be deduced that the size of the catchment area of the permeable road has a key role in
the effectiveness of lowering the peak hydrograph. It is found that for larger catchment areas
higher runoff control could be achieved. This finding is in line with the report of [7]. Another
deduction from Figure 4 is the attenuation of peak hydrographs from Measures 1 to 4 from
the pre- and post-development hydrographs. Having the runoff being captured within the
permeable road has slowed down the flow out of the commercial centre. The ranges of
attenuation are estimated to delay 5 minutes for 5-min storm, 10 minutes for 10- and 15-min
design storms for 0.2 m storage depth on the permeable road.

Since the observed flow patterns were similar for storage depths of 0.4 m and 0.6 m the
respective attenuations are not reported. However, outcomes for all storage depths are
presented below for the facilitation of a through understanding.

3.2. Water Level Pattern

The associated water level data in the storage unit corresponding to the previous flow patterns
are depicted in Figure 5. Conforming to report of [6], these water level graphs are used to
verify the limitation of storing capacity for 0.2 m storage depth. The graphs show that of
maximum water levels ranges from 0.07 - 0.1 m. It means for the 10-year ARI design storm
at most 50% of the storage capacity is utilized.
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Figure 5 - Water level plots in storage unit for 0.2 m deep permeable road subjected to 10-
year ARI design storm with durations of a) 5 min, b) 10 min and c) 15 min.

Measure 4, that is the largest contributing catchment area, is repeatedly exhibited the highest
water level and largest hydrograph base as compared to the rest of the measures. Since the
catchment area is the highest, the higher volume of runoff and higher water level are expected
in the storage unit. Measures 1 to 3 share similar hydrograph shapes. These three measures
have closely packed hydrograph patterns as depicted in Figure 5.

Another observation worth to mention is that Measure 4 has demonstrated a detention time
of six hours for all 10-year ARI design storms and Measures 1 to 3 have a detention time of
four hours. Since the observed flow patterns were similar for storage depths as previously
stated, the water level graphs are limited to 0.2 m storage depth.

3.3. Comparison of Measures

Peak hydrographs, as depicted in Figure 6, for the measures 1 through 4 are almost identical.
This is due to the use of the same outlet orifice size for all storage depths. It is found that
Measure 4 with the largest catchment area, 34% of total commercial area, performs the best
than other measures. Measure 4 produces the highest reduction of post-development peak
hydrograph and nearing pre-development condition.

The maximum water levels (MWL) are presented in Figure 7. The MWL increases slightly
with storage depth in equilibrium. A storage depth of 0.2 m with 0.05 m orifice outlet is found
adequate to contain water from road surfaces. The highest water levels estimated are below
0.2 m after testing through the three storage depths. It suggests that runoff from sources other
than the road surfaces could still be directed to the underground storage since less than 50%
of the storage spaces are utilized in all cases.
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Figure 6 - Peak flow values at outlet for a) Measure 1, b) Measure 2, ¢c) Measure 3 and d)
Measure 4

3] 02 02 02

218 o1 038 018
3

01
01
£ B
Son on S
i g g
Fa 5 o 5o :
z
Zom % 008 <0 %
2% 006 o
A oo oo
wm oo om
. o 0 0
s 10 s 5 1 1

Very-short Durstion min) of Designstorm Very-short Duratior (nir) of Design torm Very-short Duration(min) o Design storm Very:short Duretion{min) of Designstorm

Peak Water Leval (m)

Peak Water Level {m)
8 8 8 8 = B
|
___ 1
___ ]
|
= I
___ ___ ___ |
I
___ ]
___ |]

§Deph02m WDepthO4m  WDepinO6m HDepih0M W Death04m  mCeptndsm mDepth00m mCepth0dm  mCepthDiim mCepth02n wDepth04m  mCesth06m

a) b) c) d)

Figure 7 - Peak water level values at storage unit for a) Measure 1, b) Measure 2, c)
Measure 3 and d) Measure 4

4. CONCLUSION

The study was conducted to assess the capability and effectiveness of the chosen permeable
road being incorporated into minor drainage system in the commercial centre. Modelling
through SWMMS5 was carried out to simulate the hydrological processes acted upon various
surface areas of the permeable road when subjected to very-short duration design storms. The
verification of the model was performed using the coefficient of determination, R-squared
values, which were satisfactory and met the study requirements.

Under the weather patterns of equatorial region, the analyses of flow hydrographs at outfall
showed the permeable road was able to lower the peak hydrographs compared to peak
hydrograph of post-development and nearing pre-development condition for all scenarios.
The analyses of storage unit were also performed to assess the capability of the permeable
road. It indicated the permeable road could withstand the induced weather patterns to
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accommodate the generated runoff volume for all four scenarios, without overflowing from
the permeable road.
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