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OBITUARY - Prof. Dr. M. SUHEYL AKMAN

It is with sorrow that we announce
the passing of our dear friend and
colleague Prof. Dr. M. Siiheyl Akman
on February 6, 2022.

Prof. Akman served in the Editorial
Board of Teknik Dergi for nearly
twenty years and took place in
the Teknik Dergi Advisory Board
established in 2021. Furthermore, he
served as a reviewer for a countless
number of manuscripts considered for publication.

Prof. Akman was born on March 15, 1930 in Istanbul. After completing his background
education in Galatasaray Lycée, he studied civil engineering in Istanbul Technical
University and graduated in 1955. Following a period of engineering practice at the
Ministry of Development and Housing, he joined istanbul Technical University in 1961
as an assistant in the Chair of Materials of Construction. During his academic career
in this chair, he received his PhD in 1967, became associate professor in 1972 and full
professor in 1979 and was retired in 1997. In the meantime, he carried out post-doctoral
research at EPFL, the Swiss Federal Institute of Technology in Lausanne (1968-70).
During his long term membership of RILEM, The International Union of Laboratories
and Experts in Construction Materials, Systems and Structures, he participated in the
activities of three technical committees and was presented a “Recognition” appreciating
his contributions (1979-97).

Prof. Akman authored ten books/lecture notes in the areas of materials of construction,
testing techniques and repair & strengthening besides numerous technical papers he
published.

Besides teaching, Prof. Akman assumed responsibility in a variety of administrative and
organisational activities. He served as a member of the Construction Technology Research
Group of TUBITAK (1994-2002); as the Scientific Committee Chair for numerous
National Concrete Congresses organised by the Turkish Chamber of Civil Engineers
(1989-2007); as a Civil Engineering Faculty Executive Board member, Istanbul Technical
University (1972-79); as an Editorial Board member, Istanbul Technical University
Journal (1981-93).

Prof. Akman was a very fine gentleman reflecting traditional Istanbul manners. He used to
draw the attention by his politeness and elegance. His reliable and industrious character and
his refined sense of humour made collaboration with him both productive and enjoyable.
In his paper reviews, he was patient, meticulous and above all very constructive; he almost
never rejected a paper without giving the author a chance to improve the manuscript; he
acted as a dissertation supervisor rather than a critical reviewer.

The Editorial Board acknowledge the invaluable contributions of Prof. Dr. M. Siiheyl
Akman to IMO Teknik Dergi and wish to extend their sincerest condolences to his family.

Prof. Tugrul Tankut
On behalf of the Editorial Board
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A Calibration Technique for Bi-axial Shake Tables with
Stepper Motor

Erdem DAMCI!
Cagla SEKERCI
Yener TASKIN3
Koray GURKAN*

ABSTRACT

Shaking tables are frequently used to determine the dynamic behavior of structures in the
laboratory environment. In order to obtain realistic results in experimental studies, table
response and performance should be consistent with the desired motion. In this
multidisciplinary study, an application of a new method for determining and calibrating the
mechanical response of a developed bi-axial displacement controlled shake table according
to the desired motion data is presented. The bi-axial shake table's electro-mechanical
components consist of stepper motors, ball screw sets, linear ball bearings, and linear
potentiometers positioned on both axes for displacement measurements. For the control and
data acquisition (DAQ) unit of the shake table, an open-source electronic prototyping
platform Arduino was used. From several experimental results, it was seen that, with the
presented calibration method, harmonic and earthquake simulations could be achieved with
a relative root mean square error (relative RMS error) of less than 5% for desired
displacement-time histories.

Keywords: Shaking table, calibration, Arduino, stepper motor, ball screw set, linear ball
bearing, linear potentiometer.
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- This paper was received on October 18, 2019 and accepted for publication by the Editorial Board on
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A Calibration Technique for Bi-axial Shake Tables with Stepper Motor

1. INTRODUCTION

In the field of civil engineering, the dynamic effects such as earthquakes on buildings are
among the foremost research topics. The number of laboratories capable of conducting
experiments by simulating earthquake records on real structures is limited worldwide and it
requires high investment budgets to examine the effects of earthquakes on structures.
However, shake tables are widely used to investigate dynamic behaviors through smaller
scale models and smaller loading areas. On such shaking tables using scaled structure models,
records from earthquakes or synthetically produced earthquake signals can be simulated as
1/1 or scaled, and many academic studies examining the effects of these earthquakes on
buildings exist in the literature [1, 2]. However, shaking tables are often used to verify or
compare numerical analyses on complex or simplified structures under harmonic loading and
earthquake loading. The accuracy of the table performance and the monitoring system is also
essential, in addition to the fact that the model to be placed on the shake table should be
compatible with the numerical analysis model. Therefore, in experimental studies, the table
response and the target motion should be in harmony to ensure that the results are as close to
reality as possible. For this purpose, before the experimental studies on the structural model,
the demand-response relationship should be determined, and the calibration of the shake table
to be used should be checked or performed if required.

In this context, there are many studies in the literature aimed at improving table performance.
Kuehn et al. [3] developed a computer-based control system to improve the data acquisition
characteristics of a small shaking table and showed that the data obtained by monitoring the
system and the desired seismic motion were the same. Nakata [4], on the other hand,
mentioned a monitoring system that would provide acceleration control and system stability
by using a feedback system and confirmed its reproducibility with experiments on a single
axis shaking table. Luco et al. [5] studied the performance of the acceleration tracking of a
uniaxial shaking table and proposed improvements to the instrument by performing harmonic
scanning for different amplitudes and frequencies. Yang et al. [6], in their study on the
acceleration, velocity, and displacement control of a high-performance shaking table to
investigate nonlinear behavior in the system. In addition to the studies on increasing the
performance of the table and monitoring system, there are also studies examining small scale
models placed on shaking tables. Saranik et al. [7] examined non-elastic behavior and
changes in modal parameters of a two-layer steel frame with bolted joints under dynamic
effects and compared them with numerical analysis results. Zhang et al. [8] compared the
numerical of a shear frame by performing a shaking table and real-time hybrid simulation.
Altunisik et al. [9] determined the dynamic characteristics and dynamic behavior of the
shaking table experiments by forming a model containing a calibrated liquid column damper.
Alemdar [10] compared the deformation results obtained by both shaking table experiments
and finite element analyses under bi-axial earthquake loads of reinforced concrete bridge
columns and examined the plastic deformations. Ashasi-Sorkhabi et al. [11] investigated the
accuracy of a Quanser shake table with real-time hybrid simulation using the response from
a spring-mass oscillator and tuned liquid damper system. Najafi and Spencer [12] developed
the modified model-based controllers’ method in their studies, and with this method, they
investigated the accuracy of a single-axis Quanser shake table and determined the error rates
with different methods and compared the methods. Damci and Sekerci [13] developed a
single axis, 500x500 mm? shake table controlled by Arduino microcontroller platforms and
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driven by a stepper motor. The control algorithm, calibration method, and performance
investigation of the shake table were given in detail.

In this study, an application of the calibration method given by Damc1 and Sekerci [13] is
introduced for the new bi-axial shake table SARSAR (Figure 1), which is placed in Structures
and Mechanics Laboratory at Istanbul University-Cerrahpasa in Buyukcekmece campus, is
presented. There are considerable differences compared to the previous study [13]. This study
is a further application of the method for a larger bi-axial shake table with higher payloads
up to 600 kg. The main contribution is to apply and validate the calibration method to a bi-
axial shake table which is an open-loop displacement controlled earthquake and harmonic
motion simulator, developed within the scope of a TUBITAK project. Apart from the number
of axes used in both shake tables, the dimensions and capacities are also different from each
other. Operational payload and bandwidth have in particular been improved in the present
study. It was shown that the method could be used for larger shake tables with different
electro-mechanical configurations. Numerous experimental investigations are carried out for
the calibration process and its validation with the help of relative root mean square error
(relative RMS error) calculations and newly-added synchronization subspace plots (SSP) to
find the shake table's frequency response and earthquake simulation performance. Also,
comparisons of desired and achieved frequency contents and acceleration response spectra
are given for the demonstration of earthquake performance. From an engineering perspective
in civil engineering, it was shown that the shake table’s performance is at the desired level
with a relative RMS error of about 5%.

2. MATERIALS ANS METHODS
2.1. Specifications of Developed Shaking Table

In the developed bi-axial shaking table, the ability to move along each axis is obtained by
forming two planes arranged on top of each other such that each axis forms a plane. The
lower plane x, upper plane constitutes the movement in the y-axis shown in Figure 1. The top
plane with a loading area has a dimension of 1000 mm x1000 mm and moves in the y-axis.
The center plate on which this plane sits is 1000 mm x1100 mm and provides movement in
the x-axis. The table dimensions that consist of the fixed bottom plane are 1000 mm x1300
mm. Both axes have a displacement capability of £150 mm. A total of 4 limit switches are
installed to ensure the table’s safety against the possibility of exceeding the maximum
displacement limits in the x and y directions. The table movement is automatically stopped
when any limit switch is opened. Linear motion on both axes is provided by actuators
consisting of a stepper motor with a capacity of 12 N.m and a 2020 precision ball screw with
a pitch of 20 mm. The 2-phase hybrid stepper motors, which complete one turn in 200 steps,
are controlled by digital drivers that can provide continuous high current. The digital drivers
are set to 400 steps/revolution to increase motion resolution. Therefore, the motion resolution
of the shake table on each axis corresponds to As= 20/400= 0.05 mm. The general view of
the table is given in Figure 1. The technical specifications of the shake table developed within
the scope of this and preceding [13] studies are summarized in Table 1.
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Figure 1 - Bi-axial shake table SARSAR

Table I - Technical specifications of the shake tables for present and previous [13] studies

Present Study Previous Study [13]
Parameter Value Value
Degrees of freedom Two One
Moving top plate dimensions (y-axis)  1000x1000 mm? 500x500 mm?
Operational payload 500 kg 200 kg
Maximum motor torque 12 N.m 8.5 N.m
Stroke +150 mm +75 mm
Motion resolution 50 pm/step 25 um/step
Peak velocity 700 mm/s 350 mm/s
1.35¢ @ +1 mm in x-
Peak acceleration (bare table) ?X;Ség @+ mm in y- 1.5g @+l mm
axis
0.28g @ =1 mm in x-
Peak acceleration (600 kg payload) 3X31f)g @+ mm in y- i
axis
Operational bandwidth 30 Hz 17 Hz
Self-weight 350 kg 50 kg
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The control and data acquisition unit of the shake table consists of commercialoff-the-shelf
Arduino development boards. The motion signal to be sent to the stepper motor drivers is
realized using two Arduino DUE boards. Each board uses a 32-bit ARM-Cortex processor
with a clock speed of 84 MHz and 512 KB flash memory. An Arduino MEGA development
board is also used to measure the response of the table to the sent motion signal. It is a
development board with an 8-bit ATMEGA256 flash microcontroller running at 16 MHz
with a 256 KB flash memory. The displacement of the table on both axes is measured using
two linear potentiometers with a 350 mm stroke, which were placed between the moving
plates of the table. Analog signals of the potentiometers digitized by Arduino MEGA's
analog-to-digital-converter (ADC) with 10-bit resolution and converted to the corresponding
displacement.

2.2. Method for Calibrating the Shaking Table

Bi-axial harmonic motion and strong ground motion can be simulated with the shaking table.
In order to obtain the correct response of the scaled model placed on the table, the simulated
motion must be performed with minimum error. For this purpose, in harmonic motion,
frequency scanning was performed for different amplitudes, and the desired amplitude and
frequencies were compared with the measured amplitude and frequencies. The dominant
frequency was determined by calculating the power spectrum of the measured displacement
signal, and the shake table was calibrated via the difference between the desired frequencies.
The difference between these frequencies, representing the total delay for a single cycle, can
be obtained by Eq. (1). The latency corresponds to a single step for the desired motion and is
calculated by dividing the number of steps required for a period of harmonic motion using
this obtained delay. Where f; represents the desired (demand) frequency, f; is the achieved
(response) frequency, and A represents the amplitude of the harmonic motion, and ltcy
represents the calculated latency per step [13].

1 1 A
ltcfz[———Jx—s (1)
f a f d 4 A
Control signals to drive the shake table were calibrated according to the latency values
obtained by Equation (1) and were replaced in the controlling software and using the

displacement recordings. The table response was rechecked with Eq. (1) to ensure that the
calibration process is successful [13].

3. RESULTS
3.1. Calibration under Harmonic Motion

Calibration of the table is provided with the latency values obtained as a result of harmonic
scanning for different amplitudes and frequencies with the help of the Equation (1) for each
axis individually. Displacement-time data measured from potentiometers on the table using
the data acquisition unit were used to determine the delay values. In order to determine the
difference between the demand signal and the response signal and obtain the latency values,

11629



A Calibration Technique for Bi-axial Shake Tables with Stepper Motor

the demand and response frequencies were evaluated by calculating the power spectra using
a code developed in Matlab environment [14]. The similarity of the two signals was also
analyzed by the cross-correlation method.

Latency values obtained for various frequency-amplitude responses by numerous
experimental studies conducted in this way are given in Table 2 and Table 3 for x and y axes,
respectively. The main reasons for the differences in latency values observed on each axis
are caused by small variations of the electro-mechanical parameters of the system, such as
motor coil resistance and inductance, flux density of permanent magnets of the motor,
switching behavior of Arduino boards and micro-stepping drivers. The (-) sign for upper
frequencies in Table 2 indicates that the table payload limits are exceeded and cannot achieve
these frequencies due to the mass of the bare table’s moving parts placed on the x-axis.
Although the table can reach high frequencies at low amplitudes (22Hz @ + 1mm), the
maximum frequency at large amplitudes can be 1 Hz. For intermediate values not given in
Table 2 and Table 3, linear interpolation can be used to calculate latency values. The
frequency responses of the bare table at 0.5 and 0.75 Hz for the maximum displacement 150
mm on the y-axis are given in Figures 2 and 3, respectively. For example, for the experiments
carried out under load, a mass of 600 kg is placed on the table (Figure 4), and the target
frequency is taken as 0.53 Hz. In Table 3, the linear interpolation between the values given
for 7.37 us at 0.5 Hz and 7.21 ps at 0.75 Hz for 150 mm was calculated, and the delay value
was obtained as 7.35 ps. The recording with the motion signal generated using this latency
value is given in Figure 5. The table response to the demand frequency of 0.53 Hz was
calculated as 0.53036. As can be seen, the difference is 0.07%, and the delay is calculated as
-106 ns after calibration.

Table 2 - Latencies at different frequency and amplitudes for calibration of x-axis (us)

Amplitude [mm] (x-axis)
5 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150
0.5 1667 821 7.86 7.58 7.59 7.60 786 742 728 728 742 777 726 724 724 7.36
0.75|7.14 7.74 7.62 731 750 7.50 742 7.77 7.78 7.74 7.19 7.73 720 737 720 721
1 667 7.14 7.50 7.78 741 7.74 7.18 721 722 733 723
1.5 1619 6.68 722 730 7.23 733 736 7.19
2 690 685 7.28 722 721
251643 6.80 720 7.26
3 1697 738 7.62
4 |7.14 7.02
5 1667 7.62
6 |7.46
7
8

Frequency [Hz]

7.35

The same process for the specified frequency at 150 mm amplitude of 0.53 Hz is calculated
via Table 3 for the desired latency value, where 7.82 us for 0.5 Hz and 7.75 ps latency for
0.75 Hz were given for 110 mm amplitude. Linear interpolation was performed using these
values, and the delay value was obtained as 7.78 ps for 0.65 Hz. As a result of the
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measurements taken by the calibration process, the table response for the target/demand
frequency of 0.65 Hz was obtained 0.65003 Hz. The difference between demand and
response frequencies was found to be 0.005%. Therefore, the latency of calibrated harmonic
motion was determined as -9.16 ns, as shown in Figure 6. The displacement error in the time
domain for achieved vs. desired harmonic motions are shown in Figure 7 for un-calibrated
and calibrated cases using synchronization subspace plots (SSP). In Figure 7a, the effect of
cumulative latency, which increases the magnitude of total delay, can be seen clearly. Using
the appropriate latency value for calibrating the motion signal data, the effect of cumulative
latency that causes the total delay was minimized, where the synchronization plot in Figure
7b, nearly shows an overlapped position compared to ideal SSP line which has a slope of 45°.

Table 3 - Latencies at different frequency and amplitudes for calibration of y-axis (us)

Amplitude [mm] (y-axis)

150 f

——Achieved
——Desired

5 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0.5 | 881 857 815 7.86 7.59 7.69 800 7.50 735 730 745 7.82 731 727 726 7.37
0.75| 833 857 7.86 751 7.56 745 746 7.82 781 7.77 721 775 720 737 720 721
1| 714 798 762 790 741 779 728 725 722 733 723 718 7.9 9.06 734 732
15 905 729 746 7.38 7.23 7.33 740 7.19 7.35 7.32 731

= | 2| 833 758 740 722 721 741 928 730

E 25| 786 728 7.32 7.26 735

| 3 |745 762 762 730

S|4 |714 726 768

= s |80 786
6 | 746 7.26
7 | 735
8 | 685
9 | 7.06

Displacement [mm]
o

150 b= i B
0 2 4 6 8 10 12 14 16 18 20
10 Time [sec]
150 T -
S 100 '\ f,=0478682Hz
= f,=05Hz
i \
ol I I I AN I I I
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
108 Frequency [Hz]
2 T T - T T T
c . . NN AN N N
3 AN / \ /) /\ / \ / \\ / |/ \\ //\‘ ’/\ / \\ fﬁ\\ /\\ A A~
oo/ \/ \J // \/ \\ [ ] \ F \\/ \\/ \ / Vo / \/ \/ N
Q \ \ \ \ \J -
3 | VARV | \U‘ \// \\, Y \/‘ VARRY) \ | \
2 —
2 1.5 E] 0.5 0 05 1 15 2
Lag x10*

Figure 2 — Un-calibrated results for 150 mm amplitude at 0.5 Hz for the bare table
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Figure 3 — Un-calibrated results for 150 mm amplitude at 0.75 Hz for the bare table

- o / :
Figure 4 - A photo from the tests performed under 600 kg lumped mass
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Figure 5 - Results after calibration for 150 mm amplitude at 0.53 Hz under 600 kg lumped
mass

11632



Erdem DAMCI, Cagla SEKERCI, Yener TASKIN, Koray GURKAN

E T T
g 10~ ——Achieved
c *  Desired
15
£ 0
@
S 110
! I I I
[a) 0 2 4 6 10 12 14 16
Time [sec]
100 ¢ T T
8
2 f =0.65003 Hz
35 50 il
£ /! \f =0.65Hz
< Fx
\
ol | ook L ] l I
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
; «108 Frequency [Hz]
T T T
c
g A /\ / / N\
5 / / IWAWAWA
$ DN\/\//\A/\\ /\ / \ ‘ \\ / \ \ // \// \//\J/\\/\
3 \/ \/ \//
8 ‘ \J V
1 I I

-1.5 -1 —0.5 0.5 1 15
Laq w10t
Figure 6 - Results after calibration for 110 mm amplitude at 0.65 Hz under 600 kg lumped
mass
150 T T T 150

100 100 -

50 50

-50 - -50 -

Achieved Displacement [mm]
o

Achieved Displacement [mm]
o

-100

-100 -

150 . I . 450 . . . . J
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Desired Displacement [mm] Desired Displacement [mm]
(a) (b)

Figure 7 - Synchronization subspace plots (SSP) for 110 mm amplitude at 0.65 Hz under
600 kg lumped mass: (a) Un-calibrated (e,e1 = 128.05%), (b) Calibrated (ere; = 0.52%).

3.2. Use of Calibration in Earthquake Simulation

As a result of the calibration process performed under harmonic motion providing sufficient
accuracy, an average delay value was chosen by considering these calibration values in
earthquake simulation because of the variable frequency content of the earthquake. As can
be seen in Tables 2 and 3, latencies vary between 6-9 ps. In this study, the latency value for
earthquake simulations was selected as 8 ps. In this case, the simulated ground motion was
compared with scaled ground motion as a result of simultaneous measurements taken from
both axes via linear potentiometers. From the PEER strong ground motion database [15], the
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1999 Chi-Chi earthquake was selected for simulation, and the test was carried out under 240
kg payload for the latency value of 8 ps. In Figures 8 and 9, the plotted graphs of the desired
and achieved motions of the x and y components of the 1/3 scale Chi-Chi earthquake and
their cross-correlation are given. Displacement records taken in 1/3 scale Chi-Chi Earthquake
simulation are evaluated using the relative RMS error, &,.; with Eq. (2). The errors calculated
between the desired (x,) and the measured (x,) displacements are &,.; = 4.05% for the x-axis
and &, = 3.41% for the y-axis. The error was seen to be less than 5% and found to be within
the acceptable range. This approach’s accuracy is also shown in Figure 10 by SSP graphs,
where the relationship between the desired vs. achieved earthquake motion is nearly
overlapped on the 45° reference line, indicating minimum delays.

- JU/IN)ZY (x,[n] - x,[n])? x100 @
JA/NEY (x,[n])?

rel

As a further example, simulations were performed for the 1999 Diizce earthquake on both
the bare and loaded shake table. Figures 11 and 12 show the comparison between the desired
and measured displacement records for the x-axis and the y-axis, respectively. Using Eq. (2),
relative RMS error was calculated as &,.; = 3.30% for the x-axis and &,.;=3.31% for the y-axis.
Figure 13 shows that the relationship between the desired and achieved earthquake motion is
of sufficient accuracy with SSP graphics. During this simulation, accelerations were recorded
by the aid of a low-cost 3-axis acceleration sensor (MPU6050) mounted on the table.
Comparative graphs of the acceleration recordings, the FFT spectrums, and acceleration
response spectra obtained from the desired and measured acceleration data are given in
Figures 14 and 15 for the x and y-axis, respectively. The 4™ degree Butterworth low pass
filter was applied to the acceleration recordings where the upper cut-off frequency was set to
21 Hz. The damping rate was taken as 5% for the acceleration response spectrum graph. By
using Equation (3) for the desired (¥) and achieved (¥,) acceleration records, relative RMS
errors are calculated as &,.; = 21.84% for the x-axis and &, = 31.96% for the y-axis. It was
seen that the results obtained from the acceleration records coincide with the characteristic
of the desired acceleration record.

g NUNTL G =5, o0 3)
NN ()

Another example of the experiments performed on the loaded shake table after the
experiments on the bare table is the 1/15 scale 1999 Diizce earthquake. It was estimated that
the desired strong ground motion could be performed on both axes under 360 kg payloads
for this scale, with the methodology given by Damc1 and Sekerci [13]. Figure 16 and Figure
17 show the comparison of the displacement records taken for the x and y axes, respectively.
As a result of the calculations carried out for the desired (x;) and achieved (x,) displacement
records, using Eq. (2), the relative RMS errors obtained on both axes were &,.,= 2.06% for
the x-axis and &,.; = 5.64% for the y-axis. Figure 18 shows that the relationship between the
desired and achieved earthquake motion is of sufficient accuracy with SSP graphics.
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Figure 8 - Comparison of desired and achieved strong ground motion simulation at x-axis

for 1/3 scale Chi-Chi earthquake under 240 kg payload
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Figure 9 - Comparison of desired and achieved strong ground motion simulation at y-axis

for 1/3 scale Chi-Chi earthquake under 240 kg payload
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Figure 10 - Synchronization subspace plots (SSP) for 1/3 scale Chi-Chi earthquake:

(a) x-axis (gre1 = 4.05%), (b) y-axis (ere1 = 3.41%).
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Figure 11 - Comparison of desired and achieved strong ground motion simulation at x-axis
for 1/5 scale Diizce earthquake for the bare table (payload=0)
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Figure 12 - Comparison of desired and achieved strong ground motion simulation at y-axis
for 1/5 scale Diizce earthquake for the bare table (payload=0)
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Figure 13 - Synchronization subspace plots (SSP) for 1/5 scale Diizce earthquake:
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Figure 14 - Comparison of desired and achieved accelerations of 1/5 scale Diizce
earthquake simulation at the x-axis, their frequency content and acceleration response
spectra for the bare table
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Figure 15 - Comparison of desired and achieved accelerations of 1/5 scale Diizce
earthquake simulation at the y-axis, their frequency content and acceleration response
spectra for the bare table

99 Duzce Ear ake, Scale = 1/15, Payload = 360 kg, C = RSN1605-DUZCE-DZC180
T T T T

chieved
30~ Desired

Displacement [mm]

Time [sec]

x10° Cross Correlation

o

)

Correlation

L1 1 L L | L | E—
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000

Figure 16 - Comparison of desired and achieved strong ground motion simulation at x-axis
for 1/15 scale Diizce earthquake for 360 kg payload
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Figure 18 - Synchronization subspace plots (SSP) for 1/15 scale Diizce earthquake:
(a) x-axis (gre = 2.06%), (b) y-axis (ere1 = 5.64%).

4. CONCLUSIONS

In the experiments to be performed with the shake table developed in this study, a technique
for calibrating the table is presented to determine the table performance accurately and
perform the simulations with minimum errors. For this purpose, 350 mm linear
potentiometric rulers placed between the table plates were used, and the table was calibrated
using displacement records taken from these rulers. Due to the 10-bit ADC resolution of the
Arduino MEGA development board, which forms the data acquisition unit, the sensitivity of
reading signals from the linear potentiometer is 0.342 mm. This resolution is insufficient for
tracking small-amplitude harmonic motions but provides sufficient resolution for the table's
maximum displacement capacity of = 150 mm. In order to drive the shake table accurately
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for the desired motion information, many measurements were taken by frequency scanning
for different harmonic motion simulations, and calibration tables were obtained from the
experimental results for x and y axes. The corrections were made with the help of software
developed by open-loop control technique using these results. Besides, the effect of
calibration on bi-axial earthquake simulation was examined, and it was found that the
presented calibration technique was able to simulate the desired strong ground motion with
a relative RMS error of about 5%, under repeated trials. With these satisfactory results, the
shake table SARSAR can be used for future research projects to investigate structural
behavior under simulated bi-axial earthquake excitations.

Symbols

A Amplitude of the harmonic motion
Jfa Achieved (response) frequency

fa Desired (demand) frequency

ltcy  Latency per step

N Number of samples

Xq Achieved (measured) displacement
X4 Desired displacement

Xq Achieved (measured) acceleration
Xa Desired acceleration

As Unit displacement of the actuator assembly for a single step

g  Relative root mean square error
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The Effects of Iraq Natural Asphalt on Mechanical
Properties of Bituminous Hot Mixtures
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ABSTRACT

The increasing rate of traffic every day requires the roads to be made more stable. To improve
the low and high temperature properties of the bituminous mixtures forming the coating layer
of the flexible pavements, the binder in the mixture is often modified with various polymers.
The most commonly used polymer in the modification is styrene-butadiene-styrene (SBS).
However, SBS, which is very successful in improving the mechanical properties of the
mixtures, is expensive and has brought the search for cheaper alternative additives. In this
context, natural asphalts (NA) which are not subjected to any processes are used as additive.
In this study, natural asphalt obtained from Zaho region of Iraq was used in 20%, 35% and
50% of bitumen modification by weight. The mechanical properties of mixtures prepared
with different amount of NA modified bitumen were compared with 4% SBS modified
bituminous mixtures. As a result, NA modification significantly improved the properties of
bituminous mixtures. In particular, above 35% NA, the mixtures exhibited a superior
performance by significantly resisting the effect of repeated loads. It was found that an
average of 17.3% NA modification exhibited similar behaviour with 4% SBS modification
and provided significant economic savings.

Keywords: Natural asphalt, SBS, modification, mechanical properties, mixture.

1. INTRODUCTION

Natural asphalts are solid or semi-solid materials composed of hydrocarbons and aromatic
molecules. Natural asphalts generally consist carbon, hydrogen, nitrogen, oxygen, sulphur as
well as a small amount of iron, nickel and vanadium [1]. Gilsonite, Trinidad Lake and rock
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asphalt in America and Iran are the most common types of natural asphalt used as a part of
original bitumen. Trinidad Lake Asphalt (TLA), mainly consists of asphalt and mineral
matter, different from petroleum asphalt. Although the chemical composition of the asphalt
part of TLA is similar to that of petroleum asphalt, it cannot be used as a binder alone in
asphalt mixtures because it is very hard due to its high mineral and asphaltene content [2].
Xu et al. investigated the properties of Trinidad Lake Asphalt and SBS modified asphalt
mixtures. In the light of experimental data, it was found that TLA and SBS increased the
fracture resistance of asphalt. It was also determined that TLA and SBS improve aging
resistance and service life of asphalt [3]. Gilsonite is usually located parallel to each other in
the form of vertical veins in the depths. The mass gilsonite is a natural asphalt with a rather
shiny, black color, notched rupture surface, similar to obsidian mineral. It can be easily
crushed due to its fragile structure. The specific gravity of gilsonite is between 1.03 and 1.10.
It melts between 120°C and 175°C. The penetration value of gilsonite is 0. Gilsonite is
characterized by its high asphaltene properties, high solubility in organic solvents, high
molecular weight and high nitrogen content. Jahanian et al. modified the mixtures by adding
0,2,4,6,8, 10% gilsonite by weight of the bitumen. It was found that Marshall stability and
stiffness modulus parameters of gilsonite modified mixtures increased significantly. In
addition, the increase in flow number obtained from the dynamic creep test is indicative of
an increase in the rutting resistance [4]. It was determined that the penetration value of the
gilsonite modified binders decreased and the softening point value increased. Gilsonite
significantly increased the stability and rutting resistance of bituminous hot mixtures
prepared with modified binders containing 4% and 8% gilsonite. According to indirect tensile
stiffness modulus test, the rigidity of gilsonite modified hot mixtures increased at 25°C while
the gilsonite did not have a significant effect at 35°C and 45°C [5]. Babagoli et al. have
investigated the effects of gilsonite on the performance of stone mastic asphalt mixtures.
Gilsonite was added to the binders at 5%, 10% and 15% by weight of bitumen. According to
the test results, gilsonite reduced the penetration of the binders and increased the softening
point. Ductility values decreased while viscosity values increased with the increasing rate of
gilsonite. Marshall stability of gilsonite modified mixtures increased while creep values

decreased. Mixtures containing 10% gilsonite gave the highest elastic modulus values. The
tensile stress values of mixtures containing 15% gilsonite were higher than those of other
mixtures. In addition, it was found that gilsonite-containing mixtures had greater resistance
to moisture damage. Finally, it was observed that gilsonite modified mixtures gave a lower
rutting depth [6]. It was determined that the addition of 18 wt % American gilsonite to PG
58-18 pure binder resulted in PG 76-16 and also gives lower mixing-compaction temperature
compared to 5% SBS modification [7]. Rock asphalt is a type of natural asphalt that passes
through the oiling process following the division of rocks from the cracks. Rock asphalt is
transformed for millions of years due to heat, pressure, oxidation and mineral precipitation.
Rock asphalt is environmentally friendly, does not need chemical processing and is a highly
compatible building material with bitumen. When used in modified binders, it increases the
high temperature strength, water resistance and durability. Li et al. have investigated the
potential impact of different types of rock asphalt on the performance of asphalt composites.
It was determined that rock asphalt admixture increased the rigidity but reduced the low
temperature performance [8]. Yilmaz and Celoglu investigated the effect of three different
natural asphalts (Trinidad Lake Asphalt, Iranian gilsonite and American gilsonite) and
styrene-butadiene-styrene (SBS) additives on the performance of bituminous hot mixtures.
The mixtures prepared with 10% American gilsonite, 9.5% Iranian gilsonite, 60% Trinidad
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Lake Asphalt and 3.8% SBS modified binders at the same performance grade (PG-70-34)
were compared with control mixtures prepared by pure bitumen (PG 58-34). Indirect tensile
strength (ITS) and Marshall stability values of the mixtures prepared with TLA were found
to be the highest. The mixtures prepared with 9.5% Iranian gilsonite and 3.8% SBS had the
highest resistance to moisture damage. The mixtures prepared with 60% TLA had the highest
hardness and the longest fatigue life [9]. It has been determined that the fatigue life, rutting
resistance and high temperature performances of bituminous hot mixtures prepared with
gilsonite modified binders have increased [10, 11]. Hot bituminous mixtures prepared by
natural asphalt which consists of 17% asphalt fraction and 83% mineral fraction was found
to have higher stiffness modulus and also resistance to permanent deformation compared to
control mixtures [12]. It was concluded that the use of gilsonite is useful for constructing
asphalt mixture with harder bitumen to have more rutting resistance and better load
distribution within structure and as a result less stresses in pavement structure [13]. Studies
showed the improvement in high temperature and temperature sensitivity performance with
addition of rock asphalt [14, 15]. Li et al. reported that the America rock asphalt can increase
the surface free energy of asphalt, thus results in a better moisture damage resistance [16]. It
was reported that the moisture damage resistance, tensile strength and fatigue performance
of petroleum mixture were enhanced as well with the addition of rock asphalt from Xinjiang,
China. However, the low temperature performance was slightly sacrificed after the
modification of rock asphalt [17].

Recently, SBS modified bitumen was widely used in hot bituminous mixtures. The studies
showed the achievement of these additive on improving the rheological properties of bitumen
[18-20] and mechanical properties of asphalt mixtures [21, 22]. The improved rheological
properties result in viscoelastic behaviour over a wider temperature range. The enhanced
viscoelasticity also induces longer fatigue life and less rutting potential. Some co-additives
are also used besides the SBS in order to enhance the efficiency in terms of storage stability
and aging properties [23, 24]. The main drawback of the SBS modification such as the limited
production and high cost of the additive has motivated the researchers to explore alternative
additives without sacrificing the performance.

In this study Iraq gilsonite which is a type of natural asphalt and 20% cheaper than original
refinery bitumen was used as a modifier to improve the mechanical properties of mixtures.
The mechanical properties of the natural asphalt modified mixtures were compared to those
of the SBS modified mixtures.

2. MATERIALS AND METHOD

B 160/220 grade bitumen, which is obtained from TUPRAS Batman refinery, was used as
pure binder. Natural asphalt (NA) was provided from Zaho region of Iraq. The elemental
analyses of the base and natural asphalt are given in Table 1. Natural asphalt was added as
an additive to pure bitumen by 20%, 35% and 50% by weight of bitumen. To evaluate the
performance of natural asphalt modified bituminous mixtures, the mechanical properties of
the bituminous mixtures prepared by SBS (KRATON D 1101) produced by Shell Bitumen
were also investigated. Kraton D-1101 is a linear triblock copolymer in powder form that
consists of 31/69 styrene/rubber ratio. It has 4600 psi tensile strength and 880% elongation
at break. SBS was used at 4% by weight of the binder. Bituminous mixtures produced with
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20%, 35%, 50% natural asphalt modified binder are shown as 20NA, 35NA and S50NA
respectively, and bituminous mixtures produced with 4% SBS modified binder are shown as

4SBS. Fig. 1 shows the natural asphalt and SBS.

Table I - Elemental analysis of base and natural asphalt.

Solubility in
C(%) H(%) N(%) S(%) TCE (%)
Base bitumen 82.38 8.96 0.604 7.227 99.21
Natural asphalt 81.52 10.82 0.455 5914 97.95
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In the bitumen modification, different contents of natural asphalt and SBS were gradually
added to the pure bitumen and mixed with a four-bladed mixer at 1000 rpm for 1 hour at a
constant temperature of 170°C. The total amount of binder in the container was adjusted to
be 500 g for each batch. An insulated container (Fig.2) was used during the modification.
The heater plate has a thermostat which is submerged into bitumen throughout a channel on
the top of the cap. The temperature was kept constant and excessive aging during the mixing
was avoided thanks to insulated container with closed cap and thermostat-controlled heating
plate. The pure binder, which does not contain any additives, has been subjected to the same
mixing process so that the aging effect occurring during the modified bitumen preparation
was eliminated. Table 2 shows the physical properties of the binders.

Table 2 - The physical properties of the binders.

Properties Pure 20NA 35NA SONA 4SBS
Softening point (°C)

ASTM D36 42.1 49.7 52.8 69.7 53.9
Penetration (0.1 mm)

ASTM D5 206 83.2 53.6 23 101
Penetration index 1.01 -0.24 -0.12 1.01 1.86
Viscosity (cP)

135°C /165°C 262/100 437/150 587/162 1588/325 1125/325
ASTM D4402

Mixture samples were prepared by applying 75 blows on both sides of the samples according
to the Marshall Mix Design. The properties and gradation of the limestone aggregates are
given in Table 3. Type-2 of the Turkey Highways Technical Specification was used as a
grading. The limestone was obtained from Elazig Karayazi region. The optimum bitumen
content was determined for the mixture samples prepared with pure bitumen. Modified
mixtures were prepared with the same bitumen content.

The pure and modified mixtures prepared in the optimum bitumen content (5.8%), air voids
(Va), voids filled with asphalt (VFA), voids in mineral aggregates (VMA), bulk specific
gravity (Gmb) and the mixing-compaction temperatures are given in Table 4. The mixing-
compaction temperatures of the mixtures were determined as the temperatures corresponding
to the viscosity values of 170 = 20 and 280 + 30 cP according to the rotational viscometer
test applied to the binder [25]. The modified mixtures require more mixing-compaction
temperature than the pure mixture since the viscosity of the binders increases with the use of
additives. However, the NA modified mixtures give lower temperatures than the 4% SBS
modified mixture even at the 50% NA content. It has been found that the mixture samples
comply with the specification terms of the volumetric properties.
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Table 3 - Aggregate properties and gradation.

Properties Coarse Fine Filler
Los Angeles abrasion (%) ASTM D131 25

Soundness of aggregates (MgSO4) ASTM C88 12

Flat and elongate particles (%) BS 812 20

Water absorption (%) ASTM C127 0.8

Bulk specific gravity ASTM C127, C128 2.533 2.619

Apparent specific gravity ASTM D854 2.732
Sieve size (mm) 12.5 9.5 475 | 2.00 | 0.425 | 0.180 | 0.075
% Passing 100 87 55 38 21 8 6

Table 4 - Volumetric properties of mixture samples.

Mixtures Va VFA VMA Mixing Compaction
o o Gmb | Gmm | temperature | temperature
(%) ( A)) ( A)) (OC) (oc)
Pure 3.79 75.08 15.20 | 2.315 | 2.406 144-152 130-136
20NA 4.08 73.62 1545 | 2.308 | 2.406 158-165 144-150
35NA 3.92 74.38 15.32 | 2311 | 2.406 161-167 149-154
50NA 4.15 73.25 15.52 | 2.306 | 2.406 176-182 165-170
4SBS 4.14 73.31 15.51 | 2307 | 2.406 179-186 166-172

3. EXPERIMENTAL RESULTS
3.1. Marshall Stability and Flow Test

Marshall stability and flow test, which is a performance indicator of bituminous mixtures,
were conducted according to ASTM D 6927 standard. Fig. 3 shows the Marshall stability of
the mixtures while Fig. 4 shows the stability / flow rates of the mixtures. The values are the
average of the four replicates. Stability values increase significantly with the use of NA as in
previous studies using natural asphalt additives [4, 6, 9]. The addition of 20%, 35% and 50%
natural asphalt increases the stability of the mixtures by 7%, 19% and 32%, compared to the
pure mixture. The 4% SBS modified mixtures give only 6.7% higher stability than the pure
mixtures. The same stability value as that of the 4SBS mixture can be obtained by 14%
natural asphalt modification as seen in Fig. 5. The change in the stability / flow ratios, which
is an indicator of the rigidity of the mixtures, showed a similar performance to that of the
stability. The stiffness of the SONA mixture is increased by 14% compared to the pure
mixture.
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Fig. 5 - The change of the stability against NA ratio.

3.2. Indirect Tensile Strength Test

The experiment was performed using Marshall apparatus according to AASHTO T 283. The
samples were wrapped in aplastic bag and placed in a 25 °C water bath for two hours before
testing. Cylindrical samples were subjected to a pressure load in the direction of the vertical
diameter plane in such a way that a uniform distribution of stress was obtained. The load
causing fracture was determined and ITS (kPa) values were calculated.

ITS =2Pmax / ntd €))

Where P is the maximum load (kN); t, the mean sample height (m); d is the sample diameter
(m).

The tensile strength values of the mixtures are given in Fig. 6 sequentially. The values are
the average of the four replicates. The percent increase in ITS values with natural asphalt is
higher than the stability values. ITS values of 20NA, 35NA and 50NA mixtures were 64%,
97% and 180% higher than the pure mixture, respectively. It is seen that the use of natural
asphalt can increase the tensile strength of the mixtures up to two times with the same trend
as other studies in the literature [4, 6, 9, 12]. The 4SBS mixture has 37% higher ITS value
than that of the pure mixture. The same ITS value with the 4SBS mix can be obtained by the
addition of 14% NA as shown in Fig. 7. According to Marshall stability test, ITS test shows
the effectiveness of additive use more clearly. The significantly higher ITS values of the NA
modified mixtures compared to the pure mixture indicate that they can provide a longer
service life by resisting to tensile stresses that cause crack formation.
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Fig. 6 - Indirect tensile strength (ITS) values of mixtures.
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Fig. 7 - The change of ITS values against NA ratio.

3.3. Indirect Tensile Stiffness Modulus Test

The stiffness modulus, which is a measure of the load distribution capability of bituminous
layers, is one of the most important performance characteristics of bituminous hot mixtures
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[26]. This experiment is a non-destructive test defined by the BS DD 213 standard and the
stiffness modulus (Sm, MPa) is calculated by Formula 2.

Sm = F(R+0.27) / LH )

Where F is the maximum vertical load (N); H, mean horizontal deformation (um) resulting
from 5 repetition of loads; L, mean sample thickness (mm); R is the Poisson's ratio (0.35).
The test was carried out at 25°C with deformation control. The target deformation is taken as
6 um, the loading period is 3 seconds and the rise time is 0.124 s. Samples were stored at the
test temperature for 2 hours before starting the experiment. Four samples were tested for each
type of mixtures. Since the test is non-destructive, each sample was tested at three different
position, hence the average of 12 value for each sample was taken into consideration.

The ITSM values of the mixtures are given in Fig. 8 with increasing order. The ITSM values
of the 20NA, 35NA and 50NA mixtures were 1.80, 2.42 and 4.34 times higher than the pure
mixture, respectively. Especially after 35% NA content, the increase in ITSM values of
mixtures is much higher. The fact that ITSM values, which are the indicators of the load
distribution capability, are significantly higher in the NA modification compared to the pure
mixture means that the effect of heavy loads will be long lasting without a crack. The 4SBS
mixture gave a similar performance with the 20NA mixture giving 1.7 times higher ITSM
value than the pure mixture. The similar performance of the 4SBS mixture is obtained by a
modification of 19% NA according to Fig. 9.

5500
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3500
3000

2500
2000
1500
1000 I'il

500
Pure 4SBS 20NA 35NA 50NA

ITSM (MPa)

Mixtures

Fig. 8 - Indirect tensile strength modulus (ITSM) values of mixtures.
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Fig. 9 - The change of ITSM values against NA ratio.

3.4. Indirect Tensile Repetitive Loading Test

Road pavements are subjected to a short-time loading on each vehicle wheel pass. This
creates a very small damage that causes a decrease in the rigidity of the material. With the
accumulation of these damages, the material deteriorates for a long time. Fatigue strength is
the ability to resist asphalt pavement without breaking under repeated traffic loads. The test
was carried out at 25°C. Constant-stress indirect tensile-fatigue test was conducted by
applying a cyclic constant load of 210 kPa for 0.1 s followed by a rest period of 1.4 s.

Samples were stored at the test temperature for 3 hours before starting the experiment. At the
end of this period, the sample was placed between the loading heads, the linear variable
differential transformers (LVDTs) to measure the vertical deformation were set, sample
height, diameter, stress level values and loading period were entered into the computer and
the experiment was started (Fig.10). The test continued until all samples were completely
broken except for SONA.

All mixtures except the SONA mixture were broken at about 4 mm deformation. However,
the SONA mixture did not break even at 32000 load repetitions. In this load repetition, the
sample was deformed 0.6 mm and no crack formation was observed. Fig. 11 shows the
change in the total permanent vertical deformation of the mixture by the repetition of the
load. The pure, 4SBS, 20NA and 35NA mixtures was broken in 8§10, 2004, 3282 and 11580
load repetitions. The SONA mixture showed a superior performance by resisting the effect of
repetitive loads for a long time. The rate of deformation increase in the load-repetition curve
of the mixtures initially occurred rapidly due to the compression of the air voids in the
samples and then showed a linear increase. Finally, with the beginning of the crack, it shows
arapid increase again. In the SONA mixture, the curve is still in the linear zone at 32000 load
repetition and no cracks occur. According to the number of repetition loads at the 4 mm
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deformation level, the 20NA and 35NA mixtures have 4.1 and 14.5 times more load cycles
than the pure mixture, respectively. The use of natural asphalt additive increased the number
of load repetitions of the mixtures with the same trend as other studies in the literature [9].
The pure mixture at the deformation level of 0.7 mm, which is the biggest deformation seen
by the 50NA mixture, has only 144 load repeats, so that according to this level of
deformation, the SONA mixture has 222 times greater load repeats than the pure mixture. In
particular, the use of more than 20% natural asphalt increases the fatigue resistance of the
mixtures considerably. The 4SBS mixture can withstand 2.5 times more load repetition than
the pure mixture. The same performance with the 4SBS mixture can be obtained by 13%
natural asphalt modification as seen from Fig. 12.

Fig. 10 - Indirect tensile fatigue test equipment
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Fig. 11 - Load repetition - deformation relationship.
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Fig. 12 - The change of load repeat against NA ratio at 4 mm deformation.

3.5. Dynamic Creep Test

The dynamic creep test is an important test used to determine the resistance of bituminous
mixtures against permanent deformations and has a high correlation with the rutting
resistance [27]. In the experiment, the deformations occurring together with the repetition of
the load increased rapidly due to the compression of the air voids in the sample, then
continued linearly in the consolidated sample and increased rapidly after the sample began
to lose its integrity [28]. Creep stiffness is determined from the following formula [29].

E. = “4)

o
Ec

Where Ec is the creep stiffness (MPa); o is the applied dynamic stress (MPa); and &, is the
total permanent strain. The test was carried out at a temperature of 50°C under 0.5 MPa
cycling stress. The samples were incubated at the test temperature for 3 hours before starting
the experiment. In the experiment, square wave load was applied in the loading period of
1000 ms with 500 ms rest time. Samples were subjected to a conditioning static stress under
0.1 MPa for 10 minutes before starting the experiment.

In this high temperature, the resistance of the samples to the formation of permanent
deformation under the influence of repeated loads was evaluated. Fig. 13 shows the variation
of the total permanent strain with the repetition of loads in the mixtures. Here, as in the fatigue
test, the deformation is initially linear after a rapid increase and then tends to increase rapidly
again because of the loss of integrity of the mixture in the third zone. The increase in the third
region is clearly seen in the pure and 20NA mixture. In the other mixtures, the test was

11653



The Effects of Iraq Natural Asphalt on Mechanical Properties of Bituminous Hot Mixtures

Total deformation change (%)

100
90
80
70
60
50

Creep stiffness (MPa)

40
30
20
10

0

11654

35NA

50NA

®
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Load repetition

Fig. 13 - Load repetition - strain relationship.

Pure 4SBS 20NA 35NA S0NA
Mixtures

Fig. 14 - Creep stiffness values of mixtures.



Yunus ERKUS, Baha Vural KOK, Mehmet YILMAZ

terminated until the strains in the samples were passed to the third region. It is seen that 4SBS
and 20NA mixtures have similar performance compared to the pure mixture until the 2000
load repetition but the pure mixture has lost its integrity after this repetition. In the pure
mixture, the experiment continued until 4200 load repetitions, and the creep stiffness values
at the 4200 load repeats were considered in the other mixtures. Fig. 14 shows the change of
creep stiffness values. The increase in creep stiffness is evident after 20% natural asphalt
content, as in other experiments. The creep stiffnesses of the 20NA, 35NA and SONA
mixtures are 1.4, 1.8 and 2.6 times higher than the pure mixture, respectively. It is clear that
natural asphalt mixtures will be highly resistant to permanent deformations caused by
repetitive loads at high temperature relative to the pure mixture. The 4SBS mixture gives a
creep stiffness value of 1.4 times the pure mixture. The creep stiffness of the 4SBS mixture
can be obtained by 22% natural asphalt modification as shown in Fig. 15. When 8% strain
level at which SONA samples reach at the end of the test is considered as a threshold value,
it was determined that pure, 4SBS, 20NA, 35NA and 50NA samples have 1600, 1632, 1976,
3216 and 7136 load repetition numbers, respectively. It can be concluded that pure, 20NA
and 4SBS mixtures do not behave very differently at this strain level which can be occurred
at the early stage of the pavement.

90
50 y=0,014x2 + 0,2366x + 30,394 .
70 R2=10,9922

60
50
40
30 @
20

10
0 22

0 10 20 30 40 50 60

Creep stiffness (MPa)

NA ratio (%)

Fig. 15 - The change of creep stiffness against NA ratio at 4200 load repeats.

Table 5 - Equations used to determine the flow number of mixtures.

Mixture Equation R? FN
Pure y =-0.0098x2 + 65.453x + 19095 | 0.993 3339
20NA y =-0.0059x> + 63.401x + 19288 | 0.997 5373
35NA y =-0.004x2 + 68.604x + 20554 | 0.998 8576
S50NA y =-0.0044x2 + 89.533x + 31903 | 0.998 10174
4SBS y =-0.0047x> + 58.615x + 16550 | 0.998 6235

11655



The Effects of Iraq Natural Asphalt on Mechanical Properties of Bituminous Hot Mixtures

200000
180000
160000
140000
120000
100000

80000

y =-0,0059x? + 63,401x + 19288

Load repetition x Creep stiffness

60000 R2=0,9973

40000

20000 14 EN

0 v
0 1000 2000 3000 4000 5000 6000 7000 8000
Load repetition
Fig. 16 - Determination of the flow number (FN).
12000
y = 142,79x + 3117,3
10000 *=0978 . L J

~ ® .
£ s00
8 4sBS .
£ 6000 T .-
N .
—% 4000 ..........
= e

2000

22
0 v
0 10 20 30 40 50 60

NA ratio (%)

Fig. 17 - The change of the flow number against the NA ratio.
The flow number (FN), which is closely related to the rutting resistance of the mixtures, is
determined as the turning point of the curve in the graph of the load repetition product creep

stiffness versus load repetition [30,31]. Fig. 16 shows a graph of the 20NA mixture as an
example. The second-degree parabolic equation which is adapted to the points that make up
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the graph was determined and given in Table 4. The change of FN and natural asphalt content
is given in Fig. 17. The flow number shows a linear increase with the increase of natural
asphalt content. The flow numbers of the 20NA, 35NA and SONA mixtures were 1.6, 2.5 and
3 times higher than the pure mixture, respectively. The flow number of 4SBS mixture is 1.9
times greater than the pure mixture. The flow number of the 4SBS mixture can be achieved
by 22% natural asphalt modification as shown in Fig. 17.

4. CONCLUSION

In the study, mechanical tests were applied to bituminous mixtures prepared with binders
modified by 20%, 35% and 50% Iraq natural asphalt and 4% SBS by bitumen weight and the
performance of the mixtures were compared. The results are given below.

The 4SBS mixture gave only 6.7% greater stability than the pure mixture, while 20NA, 35NA
and SONA mixtures gave 7%, 19% and 32% greater stability, respectively. According to the
stability / flow rates, the S0NA mixture shows 14% more rigid behaviour than the pure
mixture. The stability of the 4SBS mixture is achieved by 14% NA modification.

According to the indirect tensile strength test, the SONA mixture gave 180% higher ITS value
than the pure mixture. ITS experiment, which is in static mode, emphasizes the effectiveness
of additive usage according to Marshall experiment. The performance of the 4SBS mixture
in terms of ITS is obtained by 14% NA modification.

ITSM values, which are a measure of the load distribution capability, were determined to
increase significantly in natural asphalt modified mixtures. Especially after the 35% NA
content, the increase in the ITSM values of the mixtures is much more. The performance of
the 4SBS modified mixture in terms of ITSM is obtained by modification of 19% NA.

In the indirect tensile repetitive loading test, 20NA and 35NA mixtures gave 4.1 and 14.5
times more repeats than the pure mixture, respectively. SONA modified mixture was not
broken even at 32000 load repetition. At 0.7 mm deformation level, the SONA mixture has
222 times greater load repeats than the pure mixture. The performance of the 4SBS mixture
may be obtained with 13% NA modification.

The creep stiffness and flow numbers of the mixtures were determined in the dynamic creep
test. Accordingly, the creep stiffness of the 20NA, 35NA and 5S0NA mixtures were found to
be 1.4, 1.8 and 2.6 times higher than the pure mixture, respectively. According to the flow
numbers, these ratios are 1.6, 2.5 and 3 times respectively. The performance of the 4SBS
mixture according to both creep stiffness and flow number is achieved by 22% NA
modification.

Natural asphalt modification has been found to be very successful in improving mechanical
properties in static and dynamic experiments. Considering all experiments, it was determined
that the 17.3% NA modification gave similar characteristics with 4% SBS modification. The
use of natural asphalt, which is 20% cheaper than pure bitumen, rather than SBS, which is
about 5-6 times more expensive than pure bitumen [32, 33], will provide a very significant
economy without adversely affecting the overall performance.
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Preparation and Performance Testing of SBS Modified
Bitumens Reinforced with Halloysite and Sepiolite
Nanoclays
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ABSTRACT

In this study, halloysite and sepiolite nanoclays were used to reinforce SBS modified
bitumens. The nanoclays used are different from the materials in the literature and have
properties such as easy to find, economical and available from local sources. The mixing
parameters were determined before production process. The polymer additive SBS was
added into base bitumen at 3% and 5%, while the nanoclay additives were added into polymer
modified bitumen at 2% and 4% ratios. The morphological structures were investigated under
fluorescence microscope. Physical and rheological properties of the samples were compared.
The phase separation cases were investigated by storage stability test. Furthermore, rutting
performance of samples was measured with zero shear viscosity (ZSV) and multi stress creep
recovery (MSCR) test methods.

Keywords: Polymer modified bitumen, halloysite, sepiolite, dynamic shear rheometer, zero
shear viscosity, multiple stress creep recovery.

1. INTRODUCTION

Bitumen is a mixture of aliphatic, aromatic, and naphthenic hydrocarbons and it is commonly
used in construction of roads [1]. Several types of failures (rutting, fatigue cracking and
thermal cracking) occur during the service life of asphalt pavements [2]. Bitumen is provided
to increase the low and high temperature performance, and to provide elasticity, and to reduce
permanent deformation by using various additives [3]. Modification of bitumen improves
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performance properties like oxidation, aging resistance, temperature sensitivity, adhesion,
durability, rutting, and fatigue resistance [4, 5, 6].

In recent years, polymers having very long chain molecules consisting of several ordered
small molecules, are used for the modification of bitumen [7]. The prevalent used polymers
from the group of elastomeric block copolymers [8] and Styrene-Butadiene-Styrene (SBS)
belongs to this group enhances the elasticity of bitumen. However, weak compatibility
between SBS and bitumen causes separations especially at high storage temperatures. Thus,
when the modified bitumen is exposed to heat, ultraviolet light and oxygen, the separation
becomes even worse due to the unsaturated bonds in SBS [9, 10, 11]. The search for new
additives has been done to eliminate this problem. Recently, nanomaterials as new additives
have been used in many engineering fields.

At least one dimension of nanomaterials is between 1 and 100 nanometers. Nanomaterials
show better and varied properties according to normal sized materials by means of high
surface area and their small size [12]. Significant development is obtained in mechanical,
thermal and barrier properties of bitumen by addition of several nanomaterials for
modification [10, 13]. Furthermore, the rutting resistance and fatigue cracking are improved
by usage of nanomaterials in bitumen and bituminous mixtures according to some researches
in the literature [12].

Nanomaterials are used as additives in polymer modified bitumens (PMB) and also used
alone for modification. The parameters like type of nanomaterials, ratios of additives, mixing
method and conditions are used in these studies vary. According to the studies, 3-6%, 2-5%
and 3-7% ratios of SBS are commonly used [10, 13, 14]. When the studies are examined, it
is seen that nanoclays are mostly used as nanomaterial additives and the use of
montmorillonite, which belongs to smectite clay group that the distance between layers is
high, is quite common among nanoclays [10, 15, 16, 17]. The reasons for preference of
nanoclays are easily attainability from natural sources and being economic. The usage
percentages of nanoclays are 2%, 3% and 4% in general [14, 15, 18, 19]. Nanoclay addition
solves separation, storing and transportation problems with reducing the density difference
between bitumen and polymer [10, 20]. In addition, it has been observed that with this
modification process, there are significant improvements in the thermal, mechanical and
barrier properties of bituminous binders [10, 12, 13]. The reason for this improvement is that
nanomaterials show different and superior properties due to their small sizes and high surface
areas compared to other normal sized materials [12].

The properties of the samples were researched by conventional methods and compared with
each other. The morphological structures of modified bitumen samples were investigated
under fluorescence microscope. The rheological properties were utilized by DSR. The upper
critical temperatures determined according to the Superpave Performance Grading (PG)
system for base and modified bitumen samples using rutting parameter (G*/sind). The loading
and temperature effects on the unaged and aged bitumens performance were analysed at five
different temperatures from 40°C to 80°C with 10°C increment at low frequency (0.01 Hz)
and high frequency (10 Hz) levels. Rutting performances of all bitumen samples were also
investigated with zero shear viscosity (ZSV) and multiple stress creep recovery (MSCR)
tests.
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2. EXPERIMENTAL
2.1. Materials

The base bitumen with a penetration grade of 50/70 was procured from Tupras Refinery,
Aliaga/Izmir. Penetration [21] softening point [22], viscosity [23], rolling thin film oven test
[24] and, in addition, penetration, softening point tests after RTFOT [21, 22] were performed
as conventional test methods for characterizing the properties of the base bitumen. Brookfield
Viscometer was used for viscosity test results at 135°C and 165°C. The results obtained from
these tests are presented in Table 1.

Table 1 - The properties of the base bitumen

Test Specification Results Specification limit
. g

Penetration (25°C; 0.1 ASTM D5 65 50-70

mim)

Softening point (°C) ASTM D36 53.7 46-54

Viscosity at 135°C (cP) ASTM D4402 425 -

Viscosity at 165°C (cP) ASTM D4402 112.5 -

Rolling thin film oven

test (RTFOT) ASTM D2872

Change of mass (%) 0.16 0.5 (max.)

Retained penetration .

(%) ASTM D5 82 50 (min.)

Softening point after .

RTFOT (°C) ASTM D36 58.3 48 (min.)

Flash point (°C) ASTM D92 334 230 (min.)

Kraton® D1101 is used as a modifier of bitumen for roads. The SBS block copolymers are
composed of blocks of styrene and butadiene and the properties belong to SBS in this study
are seen in Table 2.

In this paper, halloysite and sepiolite were used for reinforcing PMB with a high shear mixer.
These are two different Turkish natural clays that are abundant in Turkish mines and they
have two different distinct shapes at the nanoscale. Sepiolite is a needle like structure that
can reinforce the matrix. The other clay Halloysite is natural clay that has tubular structure
at the nanoscale. The morphology is different and thus the rheology and the asphalt
reinforcement are different compared to sepiolite. These two clays are close in chemical
composition to layered clays like montmorillonite. In this study these two nanoclays were
used as alternative additives for modification.

The above mentioned nanoclays were supplied from ESAN Company for adding into PMB
and producing nanocomposites. The contents of halloysite and sepiolite nanoclays are
depicted in Table 3 and 4.
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Table 2 - Typical properties of Kraton® D1101 SBS [25]

. Typical
Property Test Method Units Value
Elongation at break ISO 37 % 880
Tensile strength ISO 37 Mpa 33
Specific gravity ISO 2781 0.94
Hardness, shore A(30 sec) ISO 868 Hardness, Shore A 72
(30 sec)

300% Modulus ISO 37 MPa 2.9
Melt flow ratio, 200°C/5kg ISO 1133 2/10 min. <1

. ASTM D 1895 3
Bulk density method B kg/dm 0.4

Table 3 - Chemical analysis of halloysite

AZ.
Content (LO]) SiO; Al,O5 Fe O3 TiO, CaO MgO Na,O K,O

16.50 43.00 37.50 0.70 0.10 0.10 0.15 0.05 0.30
+1.00 +1.50 £1.50 +0.10 +0.05 =+0.05 +£0.05 +0.01 +0.05

(%)

Table 4 - Chemical analysis of sepiolite

Content SiOz A1203 Fe203 TiOz CaO MgO NaQO KzO
(%) 1845 0.84 0.218 0.029 21.64 2227 0.13 0.11

2.2. Preparation of Samples

The samples were produced by a high shear mixer at 180°C and 2000 rpm. In this method
SBS was added into the base bitumen and mixed for 15 minutes firstly. Then halloysite and
sepiolite were added into the mixture and mixed for 45 minutes more. These production
parameters were determined in the light of the literature as a result of viscosity measurements.
3% and 5% ratios were selected for SBS as the weight of the base bitumen according to
minimum and maximum ratios in the literature [26, 27] and similarly nanoclays were used at
2% and 4%.

2.3. Test Methods
2.3.1. Conventional Bitumen Tests

The conventional bitumen tests were implemented for bitumen samples. Penetration [21],
softening point [22], viscosity [23], storage stability [28], rolling thin film oven test (RTFOT)

11664



Dilay UNCU, Ali TOPAL, Mehmet Ozgiir SEYDIBEYOGLU

[24], and in addition, penetration and softening point after RTFOT were applied on all
samples. The results of viscosity were measured at 135°C and 165°C.

2.3.2. Morphological Structure

Fluorescent microscope was operated for investigating the morphological structure of the
samples. The morphology term is used to define the properties of microstructure between
bitumen and polymer [29]. Fluorescent microscopy helps to understand the morphologic
structure of samples by examining the quality of the dispersion. The working principle of
fluorescent microscopy is that polymers swell due to absorption of some of the components
of the base bitumen under fluoresce in ultraviolet light. The bitumen phase looks dark or
black and the polymer phase seems light [30]. Leica DMEP fluorescent microscope was used
for investigating the images of all modified bitumen samples.

2.3.3. Rheological Test Methods

Dynamic rheological tests were applied to define the viscous and elastic behaviour of
bitumen samples by using DSR. The tests were implemented with parallel plates and the
diameter of plates was 25 mm with 1 mm gap. The unaged and RTFOT aged samples are
subjected to DSR tests.

The viscous and elastic behaviour of bitumen as represented by the complex shear modulus
(G"), shear storage modulus (G"), shear loss modulus (G") and phase angle (8) are measured
by DSR. Rutting and fatigue behaviours are represented with G* and 8. The G*/sin and
G.sind are defined as rutting resistance and fatigue cracking performance parameters
respectively [24].

Lately, it has been stated that G*/sind parameter is not efficient and unsuccessful for
predicting the rutting performance. For this reason, as an alternative to G*/sind, the value of
zero shear viscosity is recently used. ZSV is the viscosity measured in shear deformation,
when the shear rate approaching zero [25]. In this study, determination of ZSV was
performed by the implementation of creep test.

In this creep test, a constant shear strain is applied to the bitumen sample, and the exiting
strain is observed for a prespecified period of time. If the stress is applied for a sufficient
period, the bitumen deformation rate takes a constant value corresponding to the steady state
flow of bitumen. At this stage, the viscosity is determined as the steady state viscosity or the
ZSV [26]. The ZSV values have been estimated by implementation of creep test at 60°C and
the test was carried out according to CEN/TS 15325 standard [27]. The creep test geometry
is composed of 25 mm parallel plates. The gap between the plates is 1 mm. The value of
stress is 10 Pa for base bitumen and 30 Pa for modified bitumens. Each creep test proceeds
for 30 minutes. Time-creep and time-creep compliance graphs are obtained at the end of the
test. When it reaches steady state, the curve of time-creep compliance becomes closer to the
line. The slope of the time-creep compliance curve in the last 15 minutes (900 seconds) before
removing the load is calculated by the following Eq. (1) with the average slope At/AJ stable
viscosity value is zero shear viscosity.
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ZSV=At/A)=900/(T-J;5) (1)
In Eq. (1) Jis symbolizes the compliance stated in Pa™!, measured last 15 minutes before
removing the loading, Jr is the compliance stated in Pa™!, measured at the end of the 30

minutes. The expression 900 is indicated the time interval between the two measurements as
seconds [28].

The latest development to the Superpave Performance Graded (PG) Asphalt Binder
specification is the multiple stress creep and recovery (MSCR) test. DSR is used for the test
and the test is applied to short term aged samples [29]. The MSCR test was performed
according to ASTM D7405-08 standard [30]. 25 mm parallel plates with 1 mm gap and 60°C
temperature value are used for the test. The bitumen sample is exposed to creep loading and
unloading cycle of 1 s and 9 s, at 100 Pa and 3200 Pa stress levels and 10 cycles for both
stress levels. Two main parameters, the non-recoverable creep compliance (J,r) and percent
recovery (%rec), are calculated from the test results for evaluating the rutting sensibility. The
difference in Ji: between two stress levels is calculated to detect the stress sensibility of the
sample and expressed as percentage Ju disr.

2.4. Result and Discussions
2.4.1. Conventional Test Results

The conventional properties of the samples are presented in Table 5. In the table, halloysite
and sepiolite were shortened as “Hal” and “Sep” respectively.

The test results of conventional bitumen tests indicated that all modified samples had a
remarkable decline in penetration and increment in temperature of softening point according
to base bitumen. Table 5 shows decline in penetration values and an increment in softening
point temperature especially for 3% SBS and nanoclay modified bitumen samples. A less
decrease in penetration value is identified for 5% SBS and modified bitumen samples
reinforced with nanoclay. Softening point temperatures of 5% SBS + 2% Hal and 5% SBS +
2% Sep modified bitumen are lower than 5% SBS modified bitumen, 5% SBS + 4% Hal and
5% SBS + 4% Sep modified bitumen have close values with 5% SBS modified bitumen.
After short term aging, a decrease is observed in penetration values in all samples except 3%
SBS + 2% Sep and 3% SBS + 4% Sep modified bitumen. In softening point temperatures
after short term aging, 3% SBS and nanoclay modified bitumen samples have lower values
according to 3% SBS modified sample. It is thought that nanoclays prevent aging of PMB
due to complicated oxygen diffusion. In 5% SBS and nanoclay modified bitumen samples,
softening point temperatures increased except 5% SBS + 2% Sep modified bitumen. It is
predicted that the amount of nanoclays has been insufficient and properties of polymer has
become dominant.

The flow resistances of all samples were obtained by viscosity values. The viscosity test
results are lower at high temperature values because the bitumen samples became more
viscous. All modified bitumen samples had high viscosity values according to the base
bitumen for both temperatures. The addition of 3% SBS roughly increased the viscosity
values two times and the addition of 5% SBS increased viscosity four times. The nanoclay
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addition into the PMB also increased the viscosity values. The 3% SBS + 4% Sep has the
highest viscosity for two temperatures between 3% SBS and nanoclay modified bitumens.
The 5% SBS + 4% Sep has the highest viscosity at 135°C and the 5% SBS + 4% Hal has the
highest viscosity at 165°C between 5% SBS and nanoclay modified bitumens. The increment
in viscosity is permitted in the specification up to 3000 mPa s at 135°C. The reason of the
limitation is that the too high viscosity values negatively affect the bitumen workability.
When the results of the viscosity test are examined, this undesirable situation isn’t occurring
for any samples.

The penetration index value expresses the temperature sensitivity of the bituminous binder
and there is an inverse proportion between them. Increase of penetration index is an indicator
about decrease of sensitivity to temperature. Penetration Index value less than -2 indicates
that bitumen is very sensitive to temperature, and the value greater than +2 indicates that it
is less sensitive to temperature [38]. The penetration indexes of all modified bitumen samples
increased compared to base bitumen, so their sensitivity to temperature decreased. The
polymer additive is more effective in decreasing the temperature sensitivity compared to the
penetration index values, and the increase in the additive ratio decreased the sensitivity.

The lower storage stability values are better and it is desirable that the difference in softening
point between the upper and lower does not exceed 5°C in the specification. When the test
results of the modified bitumens are examined, the storage stability values are improved by
adding nanoclay into the SBS modified bitumen. Only the storage stability of the SBS
modified bitumen sample was above the limit value in the 3% SBS modified group, and the
addition of nanoclays reduced the storage stability values to below the limit value of 5°C.
The bitumen samples containing sepiolite have lower storage stability values than the
bitumen samples containing halloysite. All the samples are seen to exceed the limit value in
5% SBS modified group due to the increase in the percentage of polymer. The storage
stability values worsen as the percentage of polymer increases. In the previous studies in the
literature, it is found that the increase in the amount of polymer negatively affects the storage
stability [39, 40, 41] and it is stated that storage stability of polymer modified asphalts
depends on many factors, especially asphalt composition, polymer characteristics and content
[39]. However, with the addition of nanoclay, the storage stability values did not fall below
the limit value, but lower values were obtained.

2.4.2. Examination of Morphological Structure

Thin section specimens were taken after completion the production of all modified bitumens.
The specimens were examined under fluorescence microscopy and the information of the
additives distribution in the bitumen phase was obtained. Dispersion of thin section
specimens between lame and lamella of modified bitumens containing nanoclays has become
more difficult, so this situation overlaps with increasing viscosity values.

When only the polymer modified sample in Figure 1.a is examined from the 3% modified
bitumen samples, it is seen that the polymers have spread to the bitumen phase but formed
thin bond structures. These bonds have gained volume and have spread to more areas in the
bitumen phase with the addition of nanoclays in Figure 1.b, ¢ and d. The microscope image
of 3% SBS + 4% Sep modified bitumen sample cannot be obtained because of insufficient
dispersion amount, so polymers and nanoclays cannot be distinguished in the image.
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Figure I - Images of 3% polymer and nanoclay modified bitumen samples (10x)
(a) 3% SBS modified bitumen sample (b) 3% SBS + 2% Hal modified bitumen sample
(c) 3% SBS + 4% Hal modified bitumen sample
(d) 3% SBS + 2% Sep modified bitumen sample

| -

Figure 2 - Images of 5% polymer and nanoclay modified bitumen samples (10x)
(a) 5% SBS modified bitumen sample (b) 5% SBS + 2% Hal modified bitumen sample
(c) 5% SBS + 4% Hal modified bitumen sample

As seen in Figure 2.a, b and ¢, 5% PMB samples, more intensive bonds were formed,
dispersion and occupied area of additives were increased with the usage of nanoclays in the
PMB is shown by Figure 2.a, b and c. Similarly, due to the insufficient dispersion amount,
the images of 5% SBS + 2% Sep and 5% SBS + 4% Sep modified bitumen samples were not
obtained.
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2.4.3. Dynamic Shear Test Results

Unaged and RTFOT aged bitumens were exposed to oscillatiion by DSR at 10 rad/s
frequency (1.59 Hz) for determining upper critical temperature for PG system. The initial
temperature values were set to 52°C and 64°C for respectively unaged and short term
(RTFOT) aged bitumens with increments of 6°C. The upper critical temperatures were
specified for each sample according to G*/sind results. The temperature is indicated the upper
critical temperature at G*/sind is 1.0 kPa for unaged bitumen, and G"/sind is 2.2 kPa for short
term aged bitumen sample [24]. The upper critical temperatures for each bitumens are seen
in Table 6.

Table 6 - Determination of PG upper critical temperatures for base and modified
bitumen samples

. Temperature G'/sin § (Pa) Upper Critical
Type of Bitumen g, 0) Unaged  Aged TI:e Ir’npera ture
Base bitumen 64 1622 4080 64-X
3% SBS 70 1784 3611 70X
76 931.8 2111
70 1834 4335
3% SBS + 2% Hal 76 892 4 2160 70-X
76 1059 4158
3% SBS + 4% Hal % 5621 2107 76-X
70 1877 3536
3% SBS + 2% Sep 76 986 1730 70-X
70 1601 4225
3% SBS + 4% Sep 76 965.8 2027 70-X
76 1776 3225
5% SBS 82 1184 1710 76-X
88 769.1 -
76 2018 3322
5% SBS + 2% Hal 82 1101 1767 76-X
88 612.8 -
76 2115 2613
5% SBS + 4% Hal 82 1353 1464 76-X
88 909.9 -
76 2331 3240
5% SBS + 2% Sep 82 1410 1719 76-X
88 904.6 -
76 2180 3444
5% SBS +4% Sep 82 1410 1804.57 76-X
88 938.2 -
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It can be inferred from Table 6 that PG upper critical temperatures of modified bitumen
samples are higher than base bitumen. The performance grades of modified bitumen samples
have been risen one degree for 3% SBS modified group, and two degrees for 5% SBS
modified group. The higher upper critical temperature is an indicator value of higher
permanent deformation resistance.

The RTFOT aged bitumen samples were exposed to oscillation by DSR at low (0.01 Hz) and
high (10 Hz) frequency levels at five temperatures ranging from 40°C to 80°C with 10°C
increments. The variation of G*/sind values of base and modified bitumens at two frequency
values are presented in Figure 3 and Figure 4.
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Figure 3 - G*/sind values of base and modified bitumen samples at 0.01 Hz
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Figure 4 - G"/sind values of base and modified bitumen samples at 10 Hz

As can be seen in Fig. 3 and Fig. 4, concerning all samples, G’4ind values increase with
decrease in temperature at two frequency values. The increase in G’4ind value specifies
higher rutting performance. Furthermore, expectedly G"5ind values increase with increasing
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frequency for all samples. This is owing to the rheological behavior of bitumen by reason of
exhibiting elastic behaviour the bitumen under high frequency level or shorter loading times
[42].

The rutting parameter of modified bitumen samples have been significantly increased at two
different frequencies and five different temperatures according to the base bitumen. The
G"/sind values improved by addition of SBS into the base bitumen, have been increased by
addition of nanoclays into the PMB. This case is evidently observed on modified bitumen
samples containing 5% SBS. 5% SBS + 4% Sep has the highest G*/sind value at low
frequency and 5% SBS + 4% Hal has the highest G*/sind value at high frequency among the
aged bitumen samples. These modified bitumen samples are the most resistant samples even
as a result of expose to aging.

2.4.4. Zero Shear Viscosity Test Results

The results of ZSV for all bitumen samples obtained by DSR performed with creep mode are
illustrated in Figure 5.

8000
7000
6000
5000
4000
3000

2000 -
1000

Zero Shear Viscosity (Pa)

S D> D
é§P é§5 \Q& §é° :§R :;ﬂ égo \Q& @%? :§9 \QQQ
AN U L A A
< \ﬁz’% \ﬁz’% . %Q,% :&% \?Q,% \0%@% %Q,% QQ’%
I gt g gt gl

Figure 5 - ZSV values for base and modified bitumen samples

As seen in Figure 5, 5% SBS + 4% Sep sample has the highest ZSV value among the bitumen
samples. As a result of the using of nanoclay in the group containing both 3% and 5%
polymer additive, an increase in ZSV was observed compared to the only SBS modified
bitumen. Higher ZSV values indicate higher resistance against permanent deformation during
long term loading [34]. It is expected from modified bitumens that exposing the least
deformation and giving the highest value of ZSV.

2.4.5. Multiple Stress Creep Recovery Test Results

The percent recovery (R), the non-recoverable compliance (J,r) for 100 and 3200 Pa, stress
sensibility and also the percent differences in non-recoverable compliances (Jur-qifr) of the
bitumen samples are seen in Table 7.
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The percentage of return of bitumen samples under a certain load has increased considerably
by modifying the base bitumen. When the load on the sample was removed, it was found that
the highest recovery was provided by the 5% SBS modified bitumen sample, followed by
5% SBS + 4% Sepiolite modified bitumen sample. This is thought to be due to the fact that
the nanoclays do not have a flexible structure.

The higher compliance value (J.) indicates that the bitumen samples will be exposed to
further deformation under a certain loading condition. Lower J, values specify lower
sensibility to rutting. Base bitumen has the highest compliance value at two stress levels (100
and 3200 Pa) as expected. This shows that the base bitumen is the most susceptible bitumen
type to rutting. However, 5% SBS modified bitumen sample has the lowest compliance
values.

The stress sensibility of the bitumen samples was defined with the differences as percent for
non-recoverable compliances (Ju-qgirr). When the stress level is increased from 100 to 3200
Pa, the non-recoverable compliance value specifies the percentage of increment about J,,, of
the sample.

Table 7 - MSCR test results for base and modified bitumen samples

Jnr Jm‘
Bitumen R@100 R@3200 Jnr-diff. Stress
Type Pa(%)  Pa(%) (@100 @3200 T " gensibility
Pa Pa
Base 6.493 3.167 1.126 1.183 5.061 0.051

Bitumen

3%SBS  18.044 13474 0461 0499  8.104 0.081
3% SBS +

i 20.41 14513 0459 0512 11.541 0.115
3% SBS +

wopS 18503 14325 0395 0418  5.794 0.058

0
3%SBS+ 105 13532 0472 0514  8.849 0.088
2% Sep

0
3%SBS+ (a4 12467 0496 0534 7751 0.078

4% Sep

5%SBS 45437 41956 0104 0111 6345 0.063
5% SBS +

oo 39793 35398 0159 0174 9340 0.093
5% SBS +

oSt a0 36.705 0.16 0181  12.509 0.125

0
5% 8BS+ 45 035 25248 0197 0212 8.100 0.081

2% Sep

0
SHSBS+ 49505 40478 0171 0205 19844 0.198

4% Sep
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It determines the sensibility against rutting when sudden loadings due to heavy traffic are
implemented on pavement or extraordinary high temperatures are observed. This percent
difference value is a measurement of the sensibility to the increase in the stress level; hence
lower values are defined by a less stress sensible material [43, 44]. The Jur.qirr value and stress
sensibility are high for 5% SBS + 4% Sep sample, thus this modified bitumen is highly stress
sensible at the stress level of 3200 Pa.

In addition, according to the MSCR test results, a new performance classification called PG
Plus became a current issue. In this new classification method, the Jnr value at 3.2 kPa (3200
Pa) loading is taken into account at the temperature at which the test is performed. There are
four traffic conditions according to the performance classification and named S (Standard: <
4.0 kPa™! and standard traffic loading), H (Heavy: < 2.0 kPa™! or slow moving traffic loading),
V (Very Heavy: < 1.0 kPa™! or standing traffic loading) and E (Extreme Heavy: < 0.5 kPa’!
ESALs and standing traffic loading) [45, 46]. PG Plus grades determined according to Jur
values under 3200 Pa loading obtained from MSCR test are presented in Table 8.

Table 8 - MSCR letter grades of base and modified bitumen samples

. Superpave Performance Jor @3200
Bitumen Type Grade (kPa™) PG Plus Grade
Base Bitumen PG 64 1.183 PG 60 H
3% SBS PG 70 0.499 PG 60 E
0 0,
Hal
0 0,
3% SBS +4% PG 70 0.418 PG 60 E
Hal
[) ()
3% SBS +2% PG 70 0.514 PG 60V
Sep
0 (1}
3% SBS + 4% PG 70 0.534 PG 60V
Sep
5% SBS PG 76 0.111 PG 60 B
0 0,
5% SBS + 2% PG 76 0.174 PG 60 E
Hal
[) ()
5% SBS + 4% PG 76 0.181 PG60E
Hal
0 (1}
5% SBS + 2% PG 76 0212 PG 60 E
Sep
0 0,
5% S]S3eSp+ 4% PG 76 0.205 PG 60 E

PG Plus grades increased as expected as a result of adding additives to base bitumen
according to the results in Table 8. Although the class of 3% SBS modified bitumen is E, it
has fallen to V class with the addition of 2% halloysite, but its values are very close to each
other. The PG Plus grade rose again to E class with increase of halloysite amount and the rate
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was 4%. As a result of the addition of sepiolite, there was no change in both ratios and
remained constant in the V class. As a result of the 5% SBS modification, the grade rising to
E class has also maintained its place with the addition of nanoclays. This MSCR letter implies
that the sample can resist deformations even under extremely heavy traffic conditions.

3. CONCLUSION

As a result of the study, the conventional, rheological bitumen tests and examination of
morphological structure have been utilized to evaluate the difference in the properties and
performance of SBS modified bitumens containing nanoclay additives.

Conventional bitumen tests performed on two different ratios of SBS modified bitumen
samples (3% and 5%) and each concentration containing 2%, 4% halloysite and sepiolite. A
considerable decrease in penetration and increase in softening point temperatures of modified
bitumen samples have been observed for all concentrations of additives compared to base
bitumen. The decrease in penetration has been increased some more as a result of nanoclay
addition into the PMB. The increase in softening point temperatures has showed a change
according to the polymer ratio between PMBs containing nanoclays. The softening point
temperatures have been increased for 3% SBS modified bitumen samples but have not been
changed for 5% SBS modified bitumens.

It can be deduced from the viscosity test results that the addition of nanoclays increases
viscosity for two temperature values. The viscosity values have been increased with
increasing of nanoclay content. The storage stability results have been improved with
addition of nanoclays especially in low SBS ratio. The improvement in storage stability has
been reduced with increasing of SBS percentage.

The PG upper critical temperatures of modified bitumen samples are higher than base
bitumen and advanced at least one degree as a result of the modification. The performance
grade has increased two degrees in some modified bitumens. Higher upper critical
temperature value indicates higher resistance against permanent deformation.

The results of DSR, G"4ind values have increased with an increment in frequency regarding
all samples. Based on the G'4ind values at low and high frequencies, it has been seen that
modification of base bitumen with SBS enhances the performance of base bitumen to rutting.
Additionally, the rutting resistance of modified bitumens has been improved with using
nanoclay additives in SBS modified bitumen samples.

According to ZSV results, it is deduced that increase of polymer percentage and addition of
nanoclays improve rutting performance of modified bitumens.

Based on MSCR test results, especially high percentage of polymer is provided high recovery
values. Besides, addition of nanoclays slightly decreases the recovery values because of low
elastic behaviour of nanoclays. Bitumens have high percent recovery and low non-
recoverable compliance values are more resistant to rutting under loading and unloading
cycles. Otherwise the MSCR letters imply that polymer modified bitumen samples

11675



Preparation and Performance Testing of SBS Modified Bitumens Reinforced with ...

containing nanoclays could remain resistant to deformations even under heavy and extreme
heavy traffic conditions.

The results showed that nanoclays could be used as additives for improving physical and
rheological properties of PMB samples. When all test results were evaluated with the
limitation of storage stability results, it was seen that the addition of nanoclay in 3% SBS
modified bitumens was more appropriate. This also revealed the result that determining an
optimum value for the polymer ratio is very important. It is recommended that production in
more detailed combinations for nanocomposites and further performance analyses are
needed.
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Symbols

G : complex shear modulus
G' : shear storage modulus
G" : shear loss modulus

) : phase angle

G'/sind : rutting resistance parameter

G".sin§ : fatigue cracking performance parameter

At : 900 seconds time interval

Al : difference between Jr and Jis

Je : compliance measured at the end of the 30 minutes

Jis : compliance measured last 15 minutes before lifting the loading
Jor : non-recoverable creep compliance

%rec  : percent recovery

Jurgiee  : difference in Jy
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Development of an Internal Safety Evaluation Program
for Ready Mixed Concrete Producers

Ozge AKBOGA KALE!

ABSTRACT

The aim of this study is to assist the safety specialists and departments in ready mixed
concrete (RMC) industry by preparing an internal safety evaluation program (ISEP). To
constitute an ISEP the 287-item control list was created and grouped as negligible, moderate,
and critical. The control list was applied to thirteen RMC plants which belongs to one RMC
company. It is found that even the same company cannot ensure stability in terms of OHS
between its plants, none of the plants had an approved OHS policy, emergency action plan
and a plant entrance OHS warning sign. OHS training was mostly missing in the plants.

Keywords: Construction industry, risk identification, control list, risk assessment, safety
management system.

1. INTRODUCTION

Work-related accidents in the construction industry lead to major problems in many countries
[1]. Occupational health and safety (OHS) assurance remains a major challenge because of
the diverse and complex nature of this industry. In various studies, researchers have
demonstrated that a high percentage of work-related injuries is attributed to construction
work. [2-22]. Moreover, the construction industry ranks higher in fatal occupational injuries
than in other industries [23-30]. To defuse this high percentage it is necessary to investigate
every construction process (excavation works, pile driving, rough construction works, fine
construction works, etc.) and sub-sectors (ready mixed concrete industry, prefabricated
construction industry, brick plants, etc.) separately because production processes are unique
and have differences. Therefore, potential hazards and precautions should be identified for
improvement.

The construction industry’s single most important material is concrete. Ready mixed concrete
(RMC) industry as a producer of the primary material required for buildings and public
infrastructure work is one of the most essential sub-sectors of today’s construction industry
with some specific advantages. Primary advantages of RMC can be listed as follows:
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production of concrete under controlled conditions, easily placement and transportation,
reduction of dust pollution, noise and air pollution, higher speed of construction, savings in
labor employment, an overall reduction in cost, etc. [31]. Due to the advantages mentioned
this product is increasingly being preferred, especially in modern construction, and most
developed countries prefer to use RMC instead of conventional concrete production. The
United States (274 million m3), Turkey (100 million m3), and Japan (84.8 million m3) are
the top three largest producers according to 2018 statistics [32]. In Turkey, the second largest
RMC producer, there has been tremendous growth in RMC production. RMC production was
100 million m3 with 495 RMC companies in 2018 [32].

Academic studies on RMC are abundant. Numerous studies have been conducted to develop
ready mixed concrete technology, which is widely in use. However, current studies mostly
focus on quality control [33-34], scheduling [35-36], waste management [37-38], delivery
problems [39-40], and so on. Since safety and health is a rather new topic in RMC industry,
statistical and academic studies are rarely found and limited [41]. Research studies on the
subject are not abundant, not only in Turkey but also in other countries. However, when the
complex and unique operating system with more component of the industry is taken into
consideration, the importance of OHS emerges once again. Publications aiming to build
safety awareness are still limited to guidelines and manuals printed by associations such as
Occupational Safety and Health Administration (OSHA), American Concrete Pumping
Association (ACPA), National Ready Mixed Concrete Association (NSCSA) [42-44].
Besides, there is a high demand for training and consultation regarding occupational safety
by RMC companies.

In the interest of filling this gap, the current study has adopted the Internal Safety Evaluation
Program to the ready-mixed concrete industry, which has not been applied before. The
Internal Safety Evaluation Program (ISEP) provides a structured, documented method of
establishing and promoting a system of continual improvement through quality and safety
management. ISEP also measures performance and the effectiveness of risk control. The
objective of this safety program is to correct non-conformities with risk controls within each
specific department’s operational processes and to improve the performance of risk controls
[45]. A study on how RMC companies will conduct their ISEP will guide them and contribute
to the development of OHS policies. To prepare an internal safety evaluation program, it is
necessary to consider the functioning of the process in terms of occupational safety and health
(OHS).

In addition, it is known that an effective occupational health and safety program contributes
to quality management [46]. Total Quality is the handling and development of the
management, people, work done, product and service qualities required to meet customer
demands in all works performed in any enterprise within a system approach, by ensuring the
participation, goals, and consensus of all employees [47]. The concept of occupational safety
integrated with the principles of "Total Quality Management", together with the principles of
quality and efficiency, constitutes the triple sheet leg that leads the business to success [46].
For this reason, improvement in occupational safety will also benefit total quality
management. As a matter of fact, ISO 45001 Occupational Health and Safety Management
System standard adopts ISO 14001 Environmental management system and ISO 9001
Quality Management system approaches. Quality assurance systems provide directive
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provisions for ensuring occupational health and safety. Therefore, new programs in the field
of occupational safety should be developed, considering the priorities of the industry [48].

The aim of this study is to assist the safety specialists and departments in the industry in
making an assessment of the measures it adopts concerning the safety and health of its
employees in all fields of its operations in the production of ready mixed concrete by
preparing a comprehensive ISEP. The control list is the largest element in a company’s
internal safety evaluation program. When completed thoroughly, it will be used as the basis
for all other areas of the program. For this reason, we investigated what should be considered
for detailed ISEP of the production area of a ready mixed concrete plant and a 287-item
control list was created. Afterward, the created control list was applied in 13 ready mixed
concrete plants of one company. Consequently, the findings of this study will give an
opportunity to provide further precautions for preventing future accidents. It is expected that
the findings obtained in the study will guide the producers of the ready-mixed concrete sector,
advise the occupational safety departments of the producers, inform the occupational safety
experts about the sector and inspire researchers.

2. METHODS

As organizations move from the early stages to maturity, the focus turns to assuring a
continuous safe operation. An Internal Safety Evaluation Program (ISEP) is the prescribed
pathway for achieving this objective within a safety management system (SMS) [49]. To
have a reliable safety risk assurance under SMS, internal evaluation is a very critical
component. ISEP validates the processes, procedures, and controls an organization puts into
place and helps ensure they are working as intended. This method also helps verify that risks
have been mitigated as low as reasonably practicable [49]. Advantages of ISEP can be listed
as follows: it is possible to discover and correct undetected operational risk, operational
efficiencies can be promoted, risks can be mitigated to an acceptable level before an event
occurs, sheds light on what is working and what is not and so on. ISEP is used in different
fields such as flight safety due to its advantages.

The major objective of this study is to determine how to develop a control list for ISEP that
can be used by all producers to understand and improve OHS performance in the production
process. A framework for the control list should be developed according to sources of risk
factors on the site. Therefore, it is necessary to consider the hazards of the complex and
unique operating system (Figure 1).

Main hazards in the operation of an RMC production process can be listed as follows:;
moving trucks, loaders reversing, trapping between conveyor belts in motion and head/tail
drums, falls into aggregate loading hoppers, falling from the upper parts of conveyor belts,
impacts from lower parts of moving conveyor belts, falling from upper levels when cleaning
filters of silos, trapping, amputations by mixing mechanism, electrocution in the main fuse
system, becoming trapped in compressor belts and so on. From this perspective, each stage
of the production process outlined in Figure 1 should be examined in terms of OHS. This
process is similar in most ready mixed concrete companies. Therefore, it can be said to reflect
the general status. In addition to these mechanic hazards, preparing a control list by
considering the administrative deficiencies is very important for the companies in the
industry to take the necessary importance. The created control list was based on a
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comprehensive literature review, legal regulations, and site visits, including mechanical
hazards and safety management system principles.
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Figure 1 - Flowchart of production.

Within the scope of the created control list, questions were basically grouped under 6 sections
namely general, plant, material storage and production, auxiliary facility, mobile equipment,
and laboratory. Afterward, the scope of each group was determined as subsections. Within
the scope of the general section, managerial OHS precautions were evaluated. Plant entrance,
plant entrance OHS warning sign, on-site traffic plan, and plant lighting were investigated
under the plant section. Material storage and production section mainly focused production
process. Stockyard conformity, bunker conformity, horizontal conveyors, vertical conveyors,
horizontal-vertical conveyor joints, mixing process, truck mixer loading, cement silo safety,
silo automation, cement trailer unloading, and admixture tank were determined as
subsections. Weighbridge, recycled water reservoir, compressor, water booster, generator,
fuel tank, operating room, electrical panels, lightning rod, grounding, and transformer AC
panel were investigated within the scope of auxiliary facilities. In addition to the production
process, also truck mixers, pumps, and loader conformity were evaluated as mobile
equipment. Finally, the laboratory was considered. After the process was divided into
sections and subsections, a total of 287 safety risks covering the whole process were
identified and listed. (Table 1).

Identified safety risk was divided into three groups as negligible, moderate, and critical and
their numerical values (NV) were specified as 1, 3, and 9, respectively. The purpose of this
digitization is to enable the companies to compare their plants numerically and making it
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easier for them to decide where to start improving. The negligible group includes damages
probably less than accident or incident levels, moderate groups covers incident to minor
accident damage and critical groups include potential loss of life, accident level injury of
equipment loss or damage. Since RMC production falls within the very dangerous or
moderate groups of risk, critical groups constitute the majority.

Table 1 - Sections of control list.

No Section Subsection List
No
1 General Managerial OHS precautions 1-22
2 Plant PlanF entrance, plant entrance OHS warning sign, on-site traffic plan, plant 23-50
lighting
Material Stockyard conformity, bunker conformity, horizontal conveyors, vertical
conveyors, horizontal-vertical conveyor joints, mixing process, truck mixer 51-
3 storage and . . . : . .
. loading, cement silo safety, silo automation, cement trailer unloading, 153
production .
admixture tank
o Weighbridge, recycled water reservoir, compressor, water booster, generator,
Auxiliary . . . . . 154-
4 e fuel tank, operating room, electrical panels, lightning rod, grounding,
facility 227
transformer AC panel
Mobile . . 228-
5 equipment Truck mixers, pumps, loader conformity 271
6 Laboratory Laboratory ;;?

Table 2 - Properties of visited plants.

Plant no Plant age Number of Numbe'r of Number of
workers trans mixers pumps
1 6 years 39 16 4
2 5 years 30 9 2
3 8 years 39 13 3
4 9 years 50 18 4
5 9 years 45 16 3
6 11 years 28 15 2
7 4 months 10 - -
8 4 years 33 12 3
9 3 years 37 13 2
10 9 years 56 26 6
11 8 years 48 22 5
12 4 years 83 37 7
13 4 years 75 33 6
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To demonstrate the applicability and the effectiveness of the created control list, it was
applied to thirteen ready mixed concrete plants located in different cities of Turkey which
belongs to one RMC company in 2018. The general characteristics of the ready mixed
concrete plants are presented in Table 2. Site visits were conducted with the technical
personnel of each plant. The visited plants were evaluated according to their current status.

Detailed control list presented in the Results section were prepared separately for each section
so that it could be followed easily. In the first stage, if there is a measure taken against the
risk controlled according to the created control list, it is marked as (+), if not (-). Since each
safety risk was digitizing in the control list, the maximum risk score of each section was
determined. For example, risk value, which is "135" in Table 3, is the score that would be
obtained if no measures were taken regarding this section in the visited facility. With this
approach, the risk score of each of the 13 visited facilities was determined by collecting OHS
negligence. This process was repeated for each section and presented in separate tables.
Finally, the sum of the deficiencies of each plant in all sections for an overall assessment was
presented. The flow chart of the methodology is presented in Figure 2.

Determination Application Evaluation of

£ sections i Determination Creation of ! -
o s(ei:c 1tc_Jns n of subsections control list of control list risk scores
production
Sub-sections . 13 plants of the
Process of each section Zg:tfoﬁz;;em ready-mixed
d1v1fied into 6 were as created concrete
sections determined W company
Figure 2 - Flow chart of the methodology
3. RESULTS

The plants, analyses performed, were evaluated separately for each section. The first section
covers managerial OHS precautions (Table 3). The lack of managerial OHS precautions for
almost all visited plants can be listed as OHS policies, reward-penalty systematics,
emergency action plan (EAP), first aid instructions, fire extinguishers, OHS policy records,
OHS expert, not taking into consideration near-miss reports, and the root cause analysis of
previous accidents. Besides these, risk analysis, lockout — tagout system, basic OHS training,
a delivery record of personal protective equipment (PPE), and accident and damage reports
were mostly missing in plants.

Plant entrance, plant entrance OHS warning sign, on-site traffic plan, and plant lighting were
investigated in Section 2(Table 4). The most striking point in this section is that no facility
had a plant entrance OHS warning sign. In addition, only two plants had an "on-site traffic
plan". Although there were deficiencies in the entrance and lighting parts of the plant, certain
precautions had been taken.
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PILOTED-TEST

List MANAGERIAL OHS PRECAUTIONS

No Nv*1 2 3 4 5 6 7 8 9 1011 12 13

1 Isarisk analysis available in terms of OHS? 9 - -+ - -4+ -+ -+ + - -

2 Does the company possess an approved OHS policy? 3 - - - - - - - — — — — — —

3 Isareward & penalty audit systematic available? 3 - - - - - - - - - - - - -

4 Is alockout tag-out system available? 9 - -+ + + - - - + - - + +

5 Are the general cleaning and maintenance rules 3 -+ + + + 4+ + + + + + + +
followed?

6 Is an emergency action plan (EAP) available at the 9 - - - - - - - - - - - - =
plant?

7 Isthe list of fire extinguishers and their places hanged 9 - - - - - - - - - - — — -
visibly?

8 Is the EAP visibly displayed? 3 - - - - - - - - - - - - =

9  Are fire, earthquake, flood - with a script drills 9 - - = - = = - - - = 4+ - =
performed?

10 Are first aid instructions prepared? (teams - gathering 9 - - - - - - — — — — — — —
points)

11 Do all employees (incl. Subcontractors) have basic 3 -+ + - - - - - - - - + +
OHS training?

12 Do all employees (incl. Subcontractors) have PPE? 9 - + 4+ + + + + + + + + + +

13 Do all employees (incl. Subcontractors) have delivery 3 + + — — - - - - -
record of PPE?

14 Do all employees (incl. Subcontractors) possess 9 + + + + + + + + + + + - -
certificate of no objection from heavy and hazardous
works?

15 Are periodical health examinations of all employees 9 + - + + + + + + + + + — —
(incl. Subcontractors) carried out? (ears & lungs)

16 Is the OHS policy written issued to employees? Are 3 - - - - - - - - - - - - =
records available?

17 Is a person available, who is responsible for OHS? 3 0+ - - - - - - - - - - - =

18 Do employees use their PPE for their own good and 9 - -+ + + -+ + + - - = -
safety at the plant and working sites?

19 Are the accident and damage reports available? 3 -+ - - - 4+ - 4+ + + + - -

20 Are near miss reports available? 3 - - - - - - - - - - - - =

21 Is an adequate organization available for delivering 9 - - - - - - - - - - - - =
near-miss reports?

22 Is aroot cause analysis system available and 9 - - - - - - - - - - - - =
implemented?

RISKVALUE: & = € £ 5 53 283338 = =

*NV — Numeric Value
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Table 4 - Plant evaluation.

List PILOTED TEST
PLANT ENTRANCE

No NV 1 56 7 8 910111213

+ + + + +

23 Is the plant entrance gateavailable? 9 +

+ - -

+ s

24 Is the plant entrance door working in order? 3+ + - - + + + - -

W

4

+ 4+ 4|
+ 4+ 4w
+ o+ o+

25 Is a sign with a logo of the company on it available at the
entrance?

26 Is the sign with company logo appropriately lighted?

27 Is the sign with company logo appropriately placed?

28 Are the environmental fence walls available?

w O W W
+ o+ o+ o+
+ o+ o+ o+
+
+
+
\
+
+ o+ o+
+
+ + o+
+ + o+
+
+

29 Is the deformation of the environmental fence walls
available?

30 ls_ t_here available parking area for all employees and 3 4+ - =--- -+ + - - - -
visitors?
31 Are channel grates appropriate and clean? 3+ + 4+ - - - - -+ + + - -
PLANT ENTRANCE OHS WARNING SIGN
32 Isitclean?
33 Isitlegible?

34 Is it appropriately located?

35 Is it appropriately lighted?

W W W W W
|
|
|
|
|
|
|
|
|
|
|
|
|

36 Is it generally fit?
ON-SITE TRAFFIC PLAN
37 Are main rules available?

38 Is atraffic plan (vehicle-pedestrian) available?

39 Are on site traffic signs available?

40 Is the plan actively performed?

41 Does loader comply with on-site traffic plan?

42 Do aggregate trucks comply with on-site traffic plan?
43 Do cement trailers comply with on-site traffic plan?

O O O O OV W W O
|
|
|
|
|
|
|
|
|
|
|
+ o+ o+ o+ o+
+ o+ o+ o+ o+

Do passenger cars (visitor-company) comply with on-site

44 traffic plan?

+
+

45 Do truck mixers - pumps comply with on-site traffic plan? 9 - - - - - - - - — — —
PLANT LIGHTING
46 Is the plant entrance appropriately lighted? 9 + + + + + + + + + + + + +

47 Are production sites-plant discharging chute under mixer 9 + + + + + + + + + + + + +
appropriately lighted?

48 Is fuel tank appropriately lighted? 9 + - + - — nlan/a —
49 Are stockyards appropriately lighted? 9 + — + - - + + + + + + + +
50 Are the weighing belts over the aggregate bunkers and 9+ - -+ + -+ + + + + + +

their back areas appropriately lighted?

RISK = — o O A — N
asKE 328892383388
.= —=oZZZC =

The material storage and production sections are presented in Table 5. Common lack of
stockyards was warning signs and indoor stock area. Frame and cover of a manhole, bump
concrete in front of the bunker and warning signs of bunker were missing. In general, the
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lack of horizontal conveyors was warning signs, secured surrounding, fire extinguishers, and
appropriate walking platforms and their railings. It is quite remarkable that almost in all
plants vertical conveyors were not secured and there were no emergency stops. Besides, there
were no warning signs. The interlock system of the mixer was not secured against dust and
there were no cleaning and maintenance instructions. Common lack of truck mixer loading
can be listed as; no loading indicator, no docking stop mechanism, no safe area for the
operator. Common lack of cement silo safety was rubber protection under the electric panel,
warning signs around the electric panel, rope grab & d-clip, bottom cap of stairs to the silo,
guard chains on silo venting filters, and safety belts and appropriate working platform. The
pressure gauge was missing in the silo automation of all plants. There were no warning signs
around the cement trailer unloading part and no fixed support (bed) for hose clamps.
Commonly, there were no instructions to follow for drivers. In general, like other parts, there
were no warning signs around the electric panel of the admixture tank. Commonly, there was
no rubber protection below the electric panel, or an emergency instruction, or emergency
instruction.

Table 5 - Material storage and production evaluation.

PILOTED TEST

No STOCKYARD CONFORMITY

NV 1 3 5 6 7 8 9 10 11 12 13
51 Are aggregate labelling signs appropriate? 9+ + + + + -+ + + - - - -
52 Are closing metal sheets of stockyard appropriate? 9 + + + + + - + + + + + + +
53 Is the stockyard efficiently lighted? 9 - -+ - - + + + + + + + +
54 Is the slope of the stockyard acceptable? 9 + + + + + + + + + + + + +
55 Are the guards on the way from the stockyard to 9 - - -+ + - + + + - - + +

the bunker suitable?

56 Is there any warning sing available? (e.g. “no 3 - - - - - - - - - - - + +

trespassing”)

57 Is the maneuvering area appropriate for the loader? 9 + + + + + + + + + + +

58 Is the working slope of the stockyard appropriate 9 + - + + + + + + + - -
for loaders and trucks?
59 Is the dust emission levels at acceptable levels in 3 0+ + - 4+ + - - - + + + 4+ +
the stockyard?
60 Is there an indoor stock area? 3 - - = = - = 4+ + + - - = -
BUNKER CONFORMITY
61 Are there railings around the bunker? 3 + 4+ - + + 4+ + + + 4+ + - -
62 Is there frame and cover of manhole of bunker? 3 0+ - - - - - - - - - - + +
63 Are the grate openings of the bunker appropriate? 9 + + + + + - + + - - - — -
64 Is an upside closing possible? 3 0+ + + + 4+ + + 4+ + + + + 4+
65 Lsu ;}ferre?bump barrier concrete in front of the 9 v - 4 44—~ 4
66 Are aggregate labelling signs of bunker divisions? 3 + + + + - - + + + + + + +
67 Is there any warning sing available? 9 - - - - - - - - - - - - -
68 Are the bunker efficiently lighted? 9 + — + - + - 4+ + + - - - -
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HORIZONTAL CONVEYORS

69 Are power outlets protected? 9 + + + + + + + - 4+ + + +

o

70 Are walking platforms and their railings
appropriate?

71 Is the lighting sufficient?

72 Are the warning signs available?

73 Is there cord switch?

74 Is there emergency stop?

75 Is there any platform with railings?
76 Is motor protecting casing available?

77 Ts the surrounding area secured?

W o vV vV WV vV W O

78 Is the underside of the conveyor regularly
cleaned?

79 Are there sufficient appropriately located fire 9
extinguishers?

80 Is the periodic check and filling of the fire 9
extinguishers done?

81 Are there top, side and bottom protections for 9
weighing belts available?

VERTICAL CONVEYORS

82 Is the walkway available?
83 Is the railing appropriate?

84 Is the protecting upper cover?

+ o+ o+ o+

+ o+ o+
+

+ o+ o+ o+

85 Is there protection under the conveyor?

86 Are vertical conveyors secured? (chain)

+ o+ o+ o+ o+ o+

na + -—

+
N
N
4

87 Is there motor protecting casing available?

+ o+ o+ o+ A+ +
+

4
|
+

88 Does cord switch work in order?
89 Does emergency stop work in order?
90 Is the lighting sufficient?

91 Are the warning signs?

O© W OV VO vV VO W W W O O
|

92 Are walking platform stairs appropriate?

"HORIZONTAL-VERTICAL CONVEYOR
JOINTS

93 Is there protecting upper cover available?
94 Is the surrounding secured?

95 Does cord switch work in order?

+ o+ o+ o+
+ o+ o+ o+
+ o+ o+ o+

+

|

"

4

4

"

|

96 Does emergency stop work in order?

97 Are there warning signs available?

W W O v vV ©

98 Is it well-organized?

MIXING PROCESS

99 Are power outlets protected? 9 + + + + + + + - 4+ + + +

11690



100Does emergency stop of the mixer work in order?

101Are the railing and baseboards of the discharge
platform appropriate?

102 Is the interlock system of the mixer appropriate?

103 Is the interlock system of mixer secured against
dust?

104Are mixer chains, locked protecting covers of
chain gear, switch available?

105Are there cleaning and maintenance instructions
for the mixer?

106Are belt and pulley protections appropriate?

Ozge AKBOGA KALE

TRUCK MIXER LOADING

1071Is there a loading indicator?

1081s there docking stop mechanism?

109Is there a safe area for the operator?

110Are the discharging chute rubbers appropriate?
1111s the discharging unit sufficiently lighted?

112Are there railings on the stairway to the loading
platform?

113Are covering sheets of loading unit appropriate?
114Do the mixer caps leak cement grout?

115Is the loading area ground appropriate?

+ o+ - 4+ - -
+ o+ o+ o+ + o+
+ - - 4 - -
+ - 4+ 4+ 4+ -+
+ + + - - - =
-+ - - - -
+ o+ + -+ + o+

+ o+ + -+ o+ o+
+ + + + o+
+ — — — — —

CEMENT SILO SAFETY

116Are there electric panel doors available, and in
working order?

1171s rubber protection under electric panel available?
118Are there warning signs around the electric panel?
119Are silo filters working in order?

120Is the maintenance of silo venting filter
periodically performed?

121Are there railing & baseboard on the upper
platform of the silo?

122Is there deck ladder?
123Is there a rope grab & d-clip?

124 Are there bottom cap of stairs to silo? Is it actively
in order?

125Are there guard chains on silo venting filters?

126Do personnel climbing to the top of the silo have
safety belt and is there an appropriate working
platform?

1271s there any false loading preventive system?
128Are silos sufficiently lighted?

129Is there an overloading safety valve?
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SILO AUTOMATION
130Are there pressure gauges? 3 - — — — - - - - - - - - -
131Does maximum level indicator work in order? 3 - 4+ + + - - 4+ +
132Does electrical system work in order? 3 + + 4+ + + +
133Is there overflow emergency siren? 3 + + + — — + +
CEMENT TRAILER UNLOADING
134Are there warning signs? 3 - — - — — - - - - - - - -
1351 fixing support (bed) for hose clamps provided? 3 - - - - - - - — - — — — -
136Is there flange lock system? 3 + + + o+ + + + o+ +
1371s there cement trailer board switch lock available? 9 + + + + - + + - +
138Is the plug-socket compatibility provided? 3 + + + o+ + + + o+ +
1391s cement trailer unloading instructions hang? 3 - - 4+ 4+ + - - - 4 - - - =
140Does the driver follow the instructions? 9 — — + + + - - - - - - - =
ADMIXTURE TANK
141Are electric panel doors available, working in 9 o4 o+ 4 o+ o4 o+ 4+ 4444
order?
142Is rubber protection below electric panel O _ i
available?

143Are there warning signs around the electric panel? 3 - - - - - - — — — — — — -
l44fpr; etil;lizé‘zirl:;lsg?s on admixture tank stairs and 9 o4 o4 o4+ 4+ - 4w 444
145Are there admixture labelling signs on the tanks? | - - - + + - + - + — — — -
146 Are the admixture tanks sufficiently lighted? 9 + — + - — 4+ - 4+ + - + + +
147?:1 iet::ll);l);yptlzrél;;, barrels etc. kept under controlin 3~ b4 -4 a 4 -4
148Is there any leak? 9 + 4+ 4+ + + + + - + - 4+ +

149Does the level indicator work? 1 + + + + + + + + + + 4

1501s there an overflow measure? 9 + 4+ + + + + + + + + + -
1511s the engine under protection? 9 4+ — + + + + 4+ + + + o+ o+
1521s there an emergency instruction? c
153Is the MSDS (material safety data sheet) hanged? 3 - - - - - - - + — - — — —

Weighbridge, recycled water reservoir, compressor, water booster, generator, fuel tank,
operating room, electrical panels, lighting rod, grounding, and transformer AC panel were
investigated in Section 4 (Table 6). In general, there were no protection sets on the
weighbridge ramp and the weighbridge itself. Cleaning records and instructions of the
recycled water reservoir were missing. Shield grid over the reservoir and lighting was missing
and chain hoists of the submersible pumps were inappropriate mostly. In general,
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maintenance and operation instruction of compressors and warning signs were not hanged.
There was no rubber protection under the electrical panel and the compressor room was not
sufficiently lighted. In general, the lack of water booster can be listed as, warning signs
around the electrical panel, signs of booster tank room, operation and maintenance instruction
and rubber protection under the electrical panel. General physical precautions of the
generator were not taken in most of the plants. In addition, operation instruction of the
generator was not hanged, generator maintenance reports were missing, and lighting was
poor. The antistatic precaution was not available in any of the plants. Although there were
deficiencies in the operating room and electrical panels, rubber protections and warning signs
were missing.

Table 6 - Auxiliary facility evaluation.

PILOTED TEST
No WEIGHBRIDGE
NV1 2 3 45 6 7 8 9 1011 12 13
154 Are there protection sets on weighbridge ramp? 9 - - - - - - - - - - - - =
155Are there protection sets on weighbridge? 9 - - - - - - - - - - - - =
156Are weighbridge bolts controlled periodically? 3 + + - - - - - -
1571s weighbridge lighted sufficiently? 9 + -+ + - 4+ + + + +
RECYCLED WATER RESERVOIR
158Is there a railing? 9 - + + - - - 4+ + - 4+ + - -
1591s there shield grid over the reservoir? 9 + -+ - - - - 4+ + - - - -
160Is it lighted? 9 + - - - - - - + - - - + +
1611s the motor secured? 9 + + + + + - 4+ + + + + + +
Are there warning signs? (reservoir depths - no 3
162 - - - - - - - - - - - - -
walk around, etc.)
I 63Are electric panel doors available, and in working 9 4 o4+ o4 o4 o+ - w4+ o4
order?
1641s rubber protection under electric panel available? 9 - - + - - - - — - + + - -
1651s the capacity of the reservoir sufficient? 1+ + -+ + + + + + - - + +
1661s there cleaning instruction of the reservoir? 1 - - - - - - - - - - - - -
167Are there cleaning records of reservoirs? 1 - - - - =- - =- - - - - - -
Are the chain hoists of the submersible pumps T
appropriate?
COMPRESSOR
169Are general physical precautions taken? (securing 3 + - + + + —- - — + — — + +
the surrounding of closed area - materials storage)
170Are compressor belt protection, air tank safety 9 + + 4+ + + - 4+ + + + + + +
valve, manometer appropriate?
1711s the hydrostatic test report up to date? 9 - + + - - - - + - 4+ + - -
1721s the maintenance and operation instruction 3 - - - - - - - + - - - - =

hanged?

173 Are the warning signs hanged? (ear protection,only 3 - - - - —- — — — — — — — -—
authorized person)
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1741s there electrical panel covers, does it work in 9 + - + 4+ + - 4+ - + + + +
order?

1751s there rubber protection below the electrical 9 - - - - - - - + - 4+ - -
panel?

176Is the compressor room sufficiently lighted? 9 + - + - - - = - - = - =

WATER BOOSTER

177Are there electrical panel covers, doethey workin 9 + + + + + + + + + - — +

order?

1781s there rubber protection under the electrical panel?
1791s the booster tank room sufficiently lighted?
180Are there warning signs around electrical panel?

181Are the signs of booster tank room sufficient?

W W W O o
|
|
|
|
|
|
|
|
|
|
|
|

182Is the operation and maintenance instruction of
booster tank available?

el
+
+
+
+
+
+
+
+
+
+
+
+

183 Are the water booster and pressured tanks in a
closed room?

184 Are the physical conditions of the booster and 3 -+ + + + + + + + + + +
pressured tanks room appropriate?

185Are the fan of the motor and coupling protections 9 + + + + + + + + + + + +
appropriate?

GENERATOR

186Are general physical precautions taken? (securing 3 - - + + + + - - — — — —
the surrounding of closed area)

1871Is the operation instruction of the generator hanged? 3 - - - + + + - - — — — -—

188]1s there a leak or overflow in the generator fuel 9 + + + + + + + 4+ + + + -
tank?

189Is the periodic maintenance of fire extinguishers 9 - -+ - - - - + - 4+ + +
appropriate?

190Are warning signs hanged? (danger; donottouch 3 - - - - - - - —- — — — —
the generator; only authorized person, etc.)

191Are there generator maintenance reports? 3 0+ + - - - - 4+ - - - - -
19215 the generator sufficiently lighted? 9 + — + - - 4+ - 4+ - - - =
FUEL TANK

1931s there a set to prevent vehicles from crashinginto 9 - - - + + nana - - + + +
the fuel tank?

194Are warning signs available? 3 - - - 4+ + + + - - +

195Are operating instructions available’? 3 - - - - - - - - - -

196Is a fire extinguisher available? 9 + - + - = - - 4+ 4+ -

1971s there antistatic precaution? 9 - - - - - - - - - -

1981s there a fuel tank ventilation does it work in 3 0+ + + 4+ o+ + - - - 4+
order?

199Is the tank sufficiently lighted? 9 + - - - - - - - =

200Is there a locking mechanism for the fuel tankand 9 - - + - - + - - - +

the pump, does it work in order?
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OPERATING ROOM
Is there emergency stop switch-marking (on-off) 9 f h 4+ o4 4 o+ o+ 4+ 4y
system?
5 OZIS there fire extinguisher (30 cm high; fixed; not 9 4 4 -~ 4+ o4 o4+ o+ o4 -
depleted)
203Is there an air conditionerunit? I + + + + + + + + + + + + +
204Is everything well organized? 3+ + + + + + + + + + + + 4+
20 5Is there electrical panel covers, does it work in 9 o4 4 4 o4 ot 4 4+ 4+ s
order?
206Is there rubber protection under the electrical panel? 9 - - - - - - - - - - — — -
207Are there warning signs around the electrical panel? 3 - - - - - - - - - - - =
208Are electrical panel keys available? 9 + + + 4+ + - 4+ + + + - + +
209Is the operating room sufficiently lighted? 9 + + + + + +
ELECTRICAL PANELS
210Is grounding available? 9 + + + 4+ + + 4+ + + + +
211Are the panel doors closed? 9 + + + + + + + + 4+ + + + +
2 2Are they locked and do only authorized personnel 9~ _ . L . _ L |
have the keys?
213Is there rubber band? 9 - - - - - - - - - - - - -
7148T€ warning signs hanged? (50v, danger, only 3
electrician, etc.)
1 5Are the phys%cal conditions (height, appearance, 9 o4 4 - 4 4+ - e+ o+ s
etc.) appropriate?
LIGHTNING ROD, GROUNDING,
TRANSFORMER AC PANEL
216Are lightning rod annual maintenance reports 9 + + + - - - 4+ - - + + + +
available?
2171s there facility grounding? 9 + + + 4+ + + + + + + + + +
218Is the facility transformer mast safety lock 9 - + + - - + + - 4+ + + + +
available?
219Is the transformer maintained (oil change)? 9 + + + 4+ + + + 4+ + - - 4+ +

220Are UPS units available? Does they work inorder? 9 + + + + + + + + + + + + +
Is their capacity sufficient?

221Are the doors of transformer and ac panel locked? 9 - + + - - + + + - — -

2221s the transformer and ac panel suitable for internal, 9 + + - + + + - - + - — + +
external lighting?

2231s the transformer and ac panel high enough from 9 + + + + + + + + + + + + +
the ground?

2241s there any deformation in the transformerandac 9 + + + + + + + + + + + + +
panel?

225Ts there a rubber band in front of the transformer 9 - + + - - - - - 4+ + + 4+ +
and ac panel?
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226Are the warning signs in the transformer and ac 3 -+ + - - - - - -+ + - -
panel sufficient?

2271s there enough fire extinguisher in transformer? 9 - + - - - - + - + — — + +
Are they appropriately located?

212
218
150
266
257
242
209
188
230
210
225
203
203

o0
RISK VALUE: @

Precautions taken regarding mobile equipment were more extensive than those of other
sections (Table 7). The common missing in all plants was the lack of fire extinguisher. Except
for this, the truck mixers, pumps, and loaders were generally safe.

Table 7 - Mobil equipment evaluation.

No TRUCK MIXERS PILOTED TEST
NVl 2 3 4 5 6 7 8 9 1011 12 13

228Is there a vehicle tracking system on truck mixers? 30+ + + + + 4+ + + 4+ + + o+
229Does audible reversing device work properly? 9 — + + + + - + + - - + ¢
230Is there protection on upper platform of the ladder? 9 + + + + + + + + + + + o+
231Do the backlights of the truck mixers work in order? 9 + + + + + + + + - - + 4+
232Is the ladder to driving cabin appropriate? 9 + + + + + + + + + 4+
233]s there side protection of discharge gutters? 9 + + + + + + + + 4+ + + o+
234Is there any mechanism on truck mixers to prevent 3 + + 4+ = + + = = + 4+

overflow of concrete?
235Are the headlights and taillights in working order? 9 + + + + + + + + + + + o+
236Are the fire extinguishers available? 9 - - - e Ma
2371s the rest of components of drive cab fixed inside? 3 - - + + + 4+ + + + + o+
238Are they periodically serviced? 9 -+ + + + + + 4+ + + o+
239Are there firs aid kits in every truck mixer? 9 + + + + - + + 4+ + + o+
240Do tachometers work in order? 3 0+ + + + o+ + + + + + o+
241Do truck mixer drivers have operating license? 3+ - + + + + + + + + - -
242Do truck mixer drivers have psycho-technical report? 9 + + + + + + + + 4+ + + 4+
243Did truck mixer drivers have orientation training? 3 -+ 4+ + o+ + - - +
244Are the headlights of working truck mixers on?? 9 + — + - - - + - - - +

PUMPS

245Is there a vehicle tracking system on pumps? 3+ + + + + - - +

Is there any automatic system on pumps against 9 + + + + + + + + 4+ + 4+

rollover?
247Does the audible reversing device work properly? 9 - + + + - + + - - - -
248Do the backlights of the pumps work properly? 9 - T T +
249Is there grate on hoppers? 9 + + + + + + + o+
250Are pumps periodically maintained? 9 - - + + + + + o+
2511s the ladder to platform appropriate? 9 - + + + + + + o+
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252Are there end hose safety straps?

253Are headlights and stoplights working in order?
254Is the ladder to drive cab appropriate?

255Are there bump stop outriggers?

256Are the fire extinguishers appropriate?

2571s the rest of components of drive cab fixed inside?
258Are there traffic cones available?

259Do tachometers of pumps work in order?

260Do operators have operating certificates?

Do pump operators have parachute type safety

261harness?

262Do pump operators have psycho-technical report?

O W W O W v v O v Vv

+ o+ o+ o+ o+ o+ o+ o+ o+

+ o+ o+ o+ o+ +

+

+ o+ o+ o+

+ o+ o+ o+

o+ o+ o+ o+

+ o+ o+
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R S S S

+

+ o+ o+ o+

+ o+ 4+ o+ o+ o+ o+ o+ o+
+

LOADER CONFORMITY

263Does operator have G class driving license?
264Does operator have heavy equipment certificate?
265Does reversing warning lamp work properly?
266Does audible reversing device work properly?
267Are headlights-mirrors and glasses appropriate?
268ls there a seatbelt?

269Do loader operators have operator license?

270followed?

271Are loader fire extinguishers appropriate?

Are there periodic maintenance instructions? Are they

O W o vV VvV WV Vv O

9

RISK =
VALUE: =

150
93

+ o+ o+ o+

I+ o+ o+ o+ A+ o+

30
45

+ o+ o+ o+ o+ o+ o+

+ o+ o+ o+ o+ o+ o+

45

+ o+ o+ o+

108

o+ o+ o+ o+ o+ o+

24
63

o+ o+ o+ o+ o+

+ o+ o+ o+ o+ +

96
96
60
60

+ o+ o+ o+ o+ +

+ o+ o+ o+
+

According to laboratory evaluation (Table 8) common missing precautions were precaution
against electric shock in the cure pools, precaution against the slippery ground, precaution
against free fall of concrete specimens, warning signs, instructions, and labeling, specimen

tong.
Table 8 - Laboratory evaluation.
PILOTED TEST
No LABORATORY
NV1 2 3 45 6 7 8 91011 1213
2721s there any precaution against electric 9
; - - - - - - - - - 4+ + - -
shock in cure pools?
2731s there a system to cover the curing pool? 3 - + + - - - — + — + + — —
27415 there any precaution against slippery 9 - - - - - - - - - - - - -
ground?
2751s there any precaution against free fallof 9 - - + - - - + - - — — + +

concrete specimens?
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276Are there warning signs, instructions,and 3 - - + - - —- — — — — — + +
labeling?
2771s there any tool to carry specimens from 9 - - -+ + - - - - - - + +

the curing pool to test machine?

278Is there protective cap-door-cover in front 9 + + + + + + + + + + + + +
of the test machine?

2791s there warning sign on the test machine 3 - - - - = - = - + 4+ + + +
such as "only authorized persons"?

2801Is pneumatic specimen demolding system 9 - + + - - —- — — 4+ + + + +
secured?

281Are there appropriate PPE in the 9 + + + + + + - + - 4+ + + +

laboratory? (glove, glasses, mask, etc.)

282Are there specimen tongs in the laboratory? 9 - - - - - - - - — — — — —

2831s the drying oven instruction appropriate? 3 - - + - — - — — — + + + +

2841s there a protective glove for drying oven? 9 - - - - - - — - — — — — —

285Is there a kit/tool at the end of pneumatic 9 - + - + + - — — + + + + +
specimen demolding hose?

286Are there enough fire extinguishers? Are 9 - -+ - -+ + - + 4+ + + +

they appropriately located?

2871s periodic maintenance of fire 9 -+ + - -+ + - + 4+ + + +
extinguishers properly performed?

0

SN N U U U G- S == =)
Table 9 - Risk values of visited plants.

Li Total RV Risk Values of Visited Plants
1st .
No Section of

Sections 1 2 3 4 5 6 7 8 9 10 11 12 13
1-22 General 135 111 105 84 87 8 99 114 90 84 99 90 111 111
23-  Plant 168 84 111 102 120 120 132 111 99 102 99 99 66 66
50

51- Mat. storage 673 232 236 246 259 289 377 247 275 253 312 314 308 305
153 and pro.

154- Auxiliary 508 212 218 150 266 257 242 209 188 230 210 225 203 203
227 facility
228- Mobil 330 150 93 30 45 45 108 — 24 63 96 96 60 60

271 equipment

272- Laboratory 120 57 30 57 8 84 84 84 99 72 48 48 39 39
287

Total 1934 846 793 669 861 882 1042 765 775 804 864 872 8T 784
% 43.74 41.00 34.59 44.52 45.60 53.88 47.69 40.07 41.57 44.67 45.09 40.69 40.54

The sum of the deficiencies of each plant in all sections for an overall assessment is presented
in Table 9. According to the risk values for 13 plants, belonging to one company, the
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deficiencies vary between 53.88 % to 34.59. This is a good example of the fact that even the
same company cannot ensure stability in terms of OHS among its plants.

4. DISCUSSION AND CONCLUSION

The ready mixed concrete industry, commonly operating not only in Turkey but also in other
countries, needs to be inspected in terms of occupational health and safety because academic
studies on this subject are not abundant. This study aimed to develop a control list to be used
within the scope of an internal safety evaluation program that can be used by all producers
to understand and improve OHS performance in the production process. For this reason, we
examined what should be considered for detailed ISEP of the production area of a ready
mixed concrete plant and the 287-item control list was created. Since each safety risk was
digitizing in the control list, the maximum risk score of each section was determined.
Afterward, the control list thus created was applied in 13 ready mixed concrete plants of a
single company. RMC companies need to benefit from a guideline when conducting their
own internal evaluations to improve their occupational safety efforts and to make all their
plants uniformly safe. In this respect, the study is a reliable guide for RMC manufacturers.
Also, it is important to list the common deficiencies of the plants visited as follows.

e Risk analysis was missing in most of the visited plants. Besides, none of the plants
had an approved OHS policy. The ready mixed concrete industry is one of the
subsectors of construction that has many risks as described above. It follows that
risk assessment is very important for any ready mixed concrete plant. Carrying out
these assessments is the only way of ensuring that the chances of incidents occurring
are reduced as much as possible, and everyone is kept safe.

e The emergency action plan was not available in any of the plants. A workplace
emergency is any unforeseen situation that threatens employees, customers, or the
public; disrupts or shuts down operations; or causes physical or environmental
damage [50]. The purpose of an EAP is to facilitate and organize employer and
employee actions during workplace emergencies [51]. Therefore, it is crucial to have
EAP in plants and visibly displayed.

e  OHS training was mostly missing in the plants. Sawacha et al. (1999) stated that a
lack of safety training is one of the causes of accidents [52]. Researchers also
indicated that safety training is the most important safety management practice in
terms of safety performance components [53-55]. Adopting safety-training
programs increase the awareness of workers on the subject, thereby allowing them
to work safely. Therefore, producers should organize and record regular OHS
training. Besides, it should be noted that keeping training up to date is just as
important as taking it the first time.

e  Collecting statistics on safety activities will allow a company to identify common
injuries and areas that may be missing in their safety program. OSHA states that
collecting near-miss reports helps to create a culture that seeks to identify and
control hazards, which will reduce risks and the potential for harm [56]. In addition,
reporting near miss incidents can significantly improve worker safety and enhance
an organization’s safety culture [57]. Near-miss reports were not available in the
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visited plants. Therefore, to understand better the weaknesses in the system that
resulted in the circumstances that led to the near miss, root cause analyses could not
be conducted. Near miss forms to collect relevant incident data during an
investigation and to learn lessons, review controls and implement change where
required should be used.

e  Surprisingly, no facility had a plant entrance OHS warning sign. OHS warning signs
should be made mandatory at the entrance of the plant. This warning sign should
symbolize the summary rules that must be observed when entering the plant (Speed
limit, helmet use, etc.). Warning signs also were missing in many parts of the
production process such as stockyard, bunker, horizontal conveyors, vertical
conveyors, horizontal-vertical conveyor joints, cement silo, cement trailer
unloading, admixture tank, compressor, generator, operating room, electrical
panels. Safety signs play a large part in keeping facilities compliant and employees
knowledgeable. It is critical for workers to understand the types of hazards in the
workplace, the level of risk the hazard presents, and what precautions to take [58].

e Instructions mean outline or text of technical procedures. Instructions also tell
someone how to do something or in which order to do something. First aid
instructions, cleaning, and maintenance instructions of the mixer, emergency
instruction of admixture tank, cleaning instruction of the reservoir, operation and
maintenance instruction of booster tank, operating instruction of fuel tank were
missing. These instructions should be prepared by the managers and actively used
by workers to prevent them from potential accidents because of the described risks.

e  Moving vehicles and equipment on manufacturing sites can be fatal for humans if
not used correctly and safely. The layout and traffic flow of a workplace is important
for keeping people and plant safe as they move around [59]. Only two plants had an
"on-site traffic plan" among the visited plants. Related plans should be prepared and
actively used in all RMC plants.

To sum up, risk may remain within acceptable limits within an organization to maintain OHS
management applications by using an internal safety evaluation program. The risks described
cannot be totally avoided, but the choice can be made so that the risk is minimized. This study
is mainly concerned with the assessment of pure risk in ready mixed concrete production,
where managers need to know how much risk is involved in the process to decide how to go
about it. It is expected that the control list would be an effective tool of preventing and
minimizing accidents of RMC industry.

In addition, the control list created within the scope of the internal safety evaluation program
includes the legal obligations in the laws and standards in force. According to the risk scores
obtained from the control list, it is observed that some of the measures described in the
Occupational Safety Law No. 6331 of Turkey and accompanying standards were not in force
at the facilities visited. For this reason, ready-mixed concrete producers will also fulfill their
legal obligations in the improvement works they will make with reference to this control list.

The created control list is a guide for ready-mixed concrete companies to make their own
preliminary assessments and due diligence to reach internationally accepted standards and
regulations. Considering the provisions of the ISO 45001 Occupational Health and Safety
Management System Standard, the created control list will be able to guide companies,
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especially in Section 6.1 (Methods of identifying risks and opportunities) and Section 6.2
(OHS targets and planning to achieve them).

The employees of the ready mixed concrete industry also experience the risks that may cause
occupational diseases such as noise (hearing loss), dust (respiratory system diseases),
ergonomics (musculoskeletal system disorders) and so on. However, the control list
presented in the study does not cover occupational diseases. In future studies, the subject can
also be addressed from this aspect.

Abbreviations

ACPA - American Concrete Pumping Association

EAP - Emergency Action Plan

ISEP - Internal Safety Evaluation Program
NSCSA - National Ready Mixed Concrete Association
NV — Numeric Value

OHS - Occupational Health and Safety

OSHA - Occupational Safety and Health Administration

PPE - Personal Protective Equipment
RMC - Ready Mixed Concrete
RV - Risk Value

SMS - Safety Management System
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Investigation of Local Scour Hole Dimensions around
Circular Bridge Piers under Steady State Conditions
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ABSTRACT

The local scour around bridge piers is one of the main causes of bridge failures. In this study,
scour hole dimensions around circular bridge piers were investigated under clear water scour
conditions for various steady flow rates. The experiments were performed with four different
bridge pier diameters and seven different flow rates by using uniform sediment with a median
diameter of 1.63 mm and geometric standard deviation of 1.3. After each experiments the
bathymetry of scour hole was determined. New empirical equations to estimate scour hole
length, scour hole width and scour hole volume (¥) are proposed by using experimental
findings and experimental data available in the literature. The experimental results were also
compared with those calculated using several empirical equations given by previous studies.
Since there is a lack of data about scour hole dimensions, the experimental findings presented
in this study are useful for the researchers investigating the local scour process, and have
contributed to the few experimental data in the literature.

Keywords: Clear water scour, bridge piers, scour hole dimensions.

1. INTRODUCTION

Local scour around bridge piers is the one of the main reasons of the bridge failures. There
are many studies related to scour depth estimation [1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14,
15, 16, 17]. But there is still a lack of studies related to scour hole dimension estimation.

Yanmaz and Altinbilek [4] performed sets of experiments by using single cylindrical and
square bridge pier models under clear water conditions with uniform bed materials. They
proposed two equations to estimate the scour depth and the volume of the scour hole around
the cylindrical pier.
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Khwairakpam et al. [ 18] investigated local scour around circular bridge piers experimentally.
In their study, the experiments were conducted under clear water and steady state flow
conditions. On the basis of the experimental results, they proposed empirical equations to
estimate scour hole depth, scour hole length, scour hole width, scour hole area and scour hole
volume.

Das et al. [19] performed experiments to investigate equilibrium scour hole geometry around
a circular pier. They proposed some empirical equations to predict the scour hole depth, scour
hole length, scour hole width, scour hole area, and scour hole volume.

D’alessandro [20] performed experiments under clear water and steady state flow conditions
with uniform bed materials to investigate local scour around circular bridge piers. He
analyzed the effect of blockage on scour hole geometry in their experiments.

Hodi [21] carried out experiments to investigate scour geometry of circular bridge piers
influenced by flume width in the laboratory condition. The experiments were conducted by
using uniform sediment size under steady flow and clear water conditions.

Khan et al. [22] investigated local scour around various sizes and shapes bridge piers
experimentally. The experiments were performed under clear water and steady state flow
conditions with uniform sediment.

In this study, the shape of the scour hole around circular bridge piers was investigated under
different steady state flow rate conditions by using four different bridge pier diameters. The
dimension of the scour hole was determined after each experiment and new empirical
equations were proposed to estimate scour hole length, scour hole width and scour hole
volume (M).

2. THEORETICAL BACKGROUND

It is known that the dimension of the scour hole (scour length and scour width) is a function
of equilibrium scour depth ds [18, 19]. Thus the parameters effecting the scour hole around a
bridge pier are; density of the water (p), dynamic viscosity of the water (i), density of the
bed material (ps), median grain size of the bed material (dso), pier diameter (D), approach
flow depth (h), velocity of the water (V), acceleration due to gravity (g), equilibrium scour
depth (ds), and pier shape. Thus the value of the scour length can be written as

Ls :fl(p'ﬂ'pSJdSO'D'htV'g'ds) (1)
The independent parameters p, ps and g can be combined as g' where g' = [(ps — p)/p] g

[19] and under turbulent flow conditions the effect of pu can be neglected. In addition,
Densimetric Froude particle number (Fq4) has an important role for the scour process [10] and

it is defined as F; = V /,/(g'ds(). The non-dimensional parameters were obtained by means
of Buckingham = theorem as.

== (2, Fy) @)

Similarly scour hole width (W) and scour hole volume () can be expressed as,
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e AN (3)
== f(2.Fy) @)

Some of the relations predicting the scour hole dimension are as follows:

Yanmaz and Altinbilek [4] suggested the following equation to estimate the volume of the
scour hole.

. m ag 3db
¥_3tan¢u(tan¢u+ 2 ) (5)
where ¢ is the angle of repose of sediment.

Khwairakpam et al. [18] proposed Eq. (6), Eq. (7) and Eq. (8) to predict length, width and
volume of the scour hole, respectively.

L, = {3.958 (%) - 2.371} d, + {—2.649 (g) + 5.082} (6)
W, = {6.204 (%) - 5.412] d, + {—4.435 (%) + 7.597} (7)
¥, = {-1.520 (1) + 3.661} et se0m/D)-0716)ds (8)

where the units of the ds, Ls, W, are cm and ¥ is cm?®.

Das et al. [19] have given the following equations to estimate length, width and volume of
the scour hole.

2 =5065(7) ©
2e = 5576(%) (10)
i—z =0.161 e(“m(%)) (11)

where ¥, is the characteristic volume of pier below the water level.

3. EXPERIMENTAL SET-UP, MEASUREMENT DEVICES AND METHOD

The scheme of the experimental set-up is given in Fig. 1. The flume is 18.6 m long, 0.80 m
wide and 0.75 m high. The slope of the flume was fixed to 0.006. The bed material was
uniform granular sediment with median diameter dso of 1.63 mm, geometric standard
deviation of 1.3 and angle of repose of sediment ¢ of 33°. Sediment layer thickness was 0.26
m. The bridge piers were located at 11.5 m from the upstream end of the flume. Before each
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experiment, the flume bed was readjusted by using a system moving on the rails over the side
walls along the flume. The flow rates and approach flow depths were measured by using
electromagnetic flow meter and ultrasonic level sensors (ULS), respectively.

It is observed that the scour depths did not change after 320 minutes in the case of the largest
flow rate and pier diameter. So the duration of the experiments was designated as 480 min
which is sufficient to reach the equilibrium scour depth and scour hole dimension.

The scheme of the experimental setup is given in Figure 1.

Tl /[ 11.5m

A
v
v

‘_. ULS (ultrasoniclevel sensor)

Main tank _@ ® »

Fig. I - The scheme of the experimental set-up

4. EXPERIMENTAL RESULTS

28 experiments were performed by using seven different steady flow rates and four different
circular bridge pier diameters.

The features of the experiments are given in Table 1 where D is pier diameter, Q is flow rate,
y is approach flow depth, Fqis densimetric Froude particle number and (V/V.) is flow
intensity.

The critical velocity V. is determined from the equation given below [23].

Ve

= 5.75log (5,53 diso) (12)

*c

where w,_ is the critical shear velocity which can be calculated by using the following
relations [7]:

u., = 0,0115 + 0,0125d5,™* for 0,1mm < dsy< Imm (13)
u,, = 0,0305d50*° — 0,0065ds5,” " for Imm < ds< 100mm (14)

In these relations u,  is in m/s and the sediment size ds is in mm.

Clear water scour was observed since the flow intensity parameters (V/V.) are smaller than
1 during the experiments.
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Table 1 - The features of the experiments

Experiment D Q y Fq V/V.
No (cm) (I/s) | (cm)
AEl 8 43 19.5 | 1.70 | 0.49
AE2 8 47 20.2 | 1.79 | 0.51
AE3 8 53 20.7 | 1.97 | 0.56
AE4 8 57 21.3 | 2.06 | 0.58
AE5 8 62 22.3 | 2.14 | 0.60
AE6 8 66 22.7 | 2.24 | 0.63
AE7 8 71 23.4 | 2.33 | 0.65
AES8 11 43 19.5 | 1.70 | 0.49
AE9 11 47 20.2 | 1.79 | 0.51
AE10 11 53 20.7 | 1.97 | 0.56
AEll 11 57 21.3 | 2.06 | 0.58
AE12 11 62 223 | 2.14 | 0.60
AE13 11 66 22,7 | 2.24 | 0.63
AE14 11 71 23.4 | 233 | 0.65
AE15 15 43 19.5 | 1.70 | 0.49
AEl6 15 47 20.2 | 1.79 | 0.51
AE17 15 53 20.7 | 1.97 | 0.56
AE18 15 57 21.3 | 2.06 | 0.58
AE19 15 62 22.3 | 2.14 | 0.60
AE20 15 66 22.7 | 2.24 | 0.63
AE21 15 71 23.4 | 233 | 0.65
AE22 20 43 19.5 | 1.70 | 0.49
AE23 20 47 20.2 | 1.79 | 0.51
AE24 20 53 20.7 | 1.97 | 0.56
AE25 20 57 21.3 | 2.06 | 0.58
AE26 20 62 22.3 | 2.14 | 0.60
AE27 20 66 22.7 | 2.24 | 0.63
AE28 20 71 23.4 | 2.33 | 0.65

The measured parameters are given in Table 2 where d; is equilibrium scour depth, Wy is the
scour hole width, L is the scour hole length and ¥ is the scour hole volume.

The schematic sketch of the scour hole is given in Figure 2.

11711



Investigation of Local Scour Hole Dimensions around Circular Bridge Piers under ...

Longitudinal _ Circular
Cross Section Bridge Pier

hd

Flow Direction

. _ - Sediment

Bridge Pier

> (Ws) O

(L)

Fig. 2 - Schematic sketch of the scour hole [18]

After each experiment, the longitudinal and cross sections were measured by means of laser
meter with a resolution up to 0.2 mm. A grid was determined to measure the scour hole
dimensions. Each grid cell has a dimension of 2*5 cm. That means measurements were taken
for every two centimeters along the flow direction and every five centimeters along the

channel cross-section. The scour hole volume was calculated by means of measured data for
each experiment.

The measured longitudinal and cross sections are given in Figure 3 and 4, respectively.

Table 2 - The results of the experiments

Experiment ds W Ls ¥
No (cm) (cm) | (cm) (cm?)
AEl 3 29.8 21 173.56
AE2 5.5 29.6 26 664.22
AE3 8 29.6 32 1553.31
AE4 9 33.6 34 2674.39
AES 10 394 38 5571.06

11712



Omer Yavuz ESKI, Aysegiil OZGENC AKSOY

Table 2 - The results of the experiments (continue)

Experiment ds W L Vv
No (cm) (cm) | (cm) (cm?)
AE6 10.2 39.8 38 5365.91
AE7 11.2 40 46 7073.01
AES8 4.7 31 28 590.04
AE9 6.7 30 32 1344.90
AEI10 10.4 47.8 42 3364.78
AEI11 11.3 44.4 44 4651.27
AEI2 12.8 50.8 50 7372.02
AE13 13.7 59.2 54 10138.80
AEl4 14.6 53 60 15721.23
AE15 4.4 33.6 36 2404.00
AE16 6.8 44.2 42 2169.93
AE17 11.9 48.6 52 6905.75
AEI18 13.3 56.6 58 7775.07
AE19 15.9 62 68 15579.21
AE20 16.6 62.2 70 22329.12
AE21 18.4 69.4 84 26596.91
AE22 7.2 51.6 44 2551.91
AE23 8.7 54.6 52 3894.75
AE24 10.2 61 58 9951.24
AE25 13.8 69 70 15444.34
AE26 16.1 71.4 76 28393.91
AE27 19.2 79 88 31081.73
AE28 20.6 79.2 96 42944.73
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Fig 3 - The longitudinal sections measured after each experiment a) D=8 cm, b) D=11 cm,
¢) D=15 cm, d) D=20 cm.
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Fig 3 - The longitudinal sections measured after each experiment a) D=8 cm, b) D=11 cm,

¢) D=15 cm, d) D=20 cm. (continue)
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Fig 4 - The cross sections measured after each experiment a) D=8 cm, b) D=11 cm,
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Fig 4 - The cross sections measured after each experiment a) D=8 cm, b) D=11 cm,
¢) D=15 cm, d) D=20 cm. (continue)

As seen from the graphs, the width and the length of the scour hole increase with the flow
rate as expected. Accordingly, the volume of the scour hole increase with the flow rate. The
equilibrium scour depth values increase depending on flow rate and diameter of the bridge
pier. The maximum scour depth and scour hole volume were observed in the case of the
largest flow rate (Q= 71 I/s) and pier diameter (D=20 cm).

28 additional experimental findings obtained by previous studies were taken into account to
propose a more comprehensive and general equations. The features and the results of the
additional experiments are given in Table 3 and Table 4, respectively. Only four scour hole
volume data can be obtained from literature.
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Table 3 - The features of the experiments obtained by previous studies ((A1-A16)
D’Alessandro [20]; (B1-B4) Das et al.. [19]; (C1-C5) Hodi [21]; (DI-D3) Khan et al.

[22])

Experiment | D y dso Fq4 v V/V,
No (cm) | (cm) | (mm) (m/s)
Al 3 12 | 051 | 264 | 024 | 0.86
A2 3 12 | 051 |2.64| 024 | 0.86
A3 10 12 | 051 | 264 | 024 | 0.86
A4 9 12 | 051 | 264 | 024 | 0.86
A5 8 12 | 051 |2.64| 024 | 0.86
A6 7 12 | 051 | 264 | 024 | 0.86
A7 9 12 | 051 | 264 | 024 | 0.86
A8 8 12 | 051 |2.64| 024 | 0.86
A9 7 12 | 051 | 264 | 024 | 0.86

A10 10 12 | 051 |2.64| 024 | 0.86

All 8 12 | 051 |2.64| 024 | 0.86
Al2 7 12 | 051 |2.64| 024 | 0.86
Al3 9 12 | 051 |2.64| 024 | 0.86
Al4 7 12 | 051 |2.64| 024 | 0.86
AlS 8 12 | 051 |2.64| 024 | 0.86
Al6 7 12 | 051 |2.64| 024 | 0.86
Bl 11 | 12,5 1 0.825 | 2.14 | 0.247 | 0.682
B2 15.5 | 12.5 | 0.825 | 2.14 | 0.247 | 0.682
B3 13 | 12.5 1 0.825 | 2.14 | 0.247 | 0.682
B4 11 | 12,5 1 0.825 | 2.14 | 0.247 | 0.682
Cl 2 10 | 085 | 2.1 | 0.25 | 0.76
C2 2 10 | 085 | 2.1 | 0.25 | 0.76
C3 3 10 | 085 | 2.1 | 0.25 | 0.76
C4 3 10 | 085 | 2.1 | 0.25 | 0.76
C5 4.5 10 | 085 | 2.1 | 0.25 | 0.76
Dl 5 82 | 054 | 282 0.264 | 0.936
D2 4 82 | 054 | 2.82]0.264 | 0.936
D3 3 82 | 054 | 2.82]0.264 | 0.936
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Table 4 - The results of the experiments obtained by previous studies ((A1-A16)
D’Alessandro [20]; (B1-B4) Das et al.. [19]; (C1-C5) Hodi [21]; (DI-D3) Khan et al.

[22])

Experiment Ls ds Wi Vv
No (cm) (cm) | (cm) (cm?)
Al 20.25 5.05 21.6 No data
A2 23.25 5.44 27.8 No data
A3 50.4 12.27 | 564 No data
Ad 42.67 | 10.83 49 No data
A5 42.08 | 10.55 | 47.8 No data
A6 32.15 5.68 31.6 No data
A7 43.56 | 1095 | 50.4 No data
A8 4129 | 10.04 | 46.8 No data
A9 37.75 8.81 43.2 No data
A10 4536 | 11.09 | 50.6 No data
All 38.11 9.37 45.8 No data
Al2 39.14 9.32 46.1 No data
Al3 41.78 8.66 43.2 No data
Al4 32.85 8.11 40.6 No data
Al5 40.49 9.94 47.6 No data

Al6 38.45 9.42 45.2 No data
B1 46 9.2 53 5835
B2 58 11.2 60 9545
B3 48 9.6 49 6842
B4 42 8.2 48 4780
Cl 10.43 247 10 No data
C2 9.13 1.93 7 No data
C3 18.26 443 18.5 No data
C4 13.04 2.67 12 No data
C5 21.3 5.5 22.75 No data
Dl 22.5 7 225 No data
D2 19 59 19 No data
D3 17 4.8 17 No data

11717



Investigation of Local Scour Hole Dimensions around Circular Bridge Piers under ...

New empirical relations to estimate scour hole length (Ls), scour hole width (W;) and scour
hole volume (¥) were investigated by using the experimental findings obtained by present
study and previous studies. The proposed relations were obtained by using the least squares
method which minimizes the sum of squared residuals. Eq 15, Eq 16 and Eq 17 are proposed
by using the experimental data obtained from the present study and experimental findings
obtained by D’Alessandro [20], Das et al. [19], Hodi [21] and Khan et al. [22].

Ly ds\ 054 0.32

=339 (3) F¢ (15)
Ws _ ds\%33 01

T=21(3) K (16)
v dg\ 195

The comparison between the experimental results including the previous studies and
computed values by using Eq 15, Eq 16 and Eq 17 are given in Figures 5, 6 and 7,
respectively. The proposed equations were evaluated in terms of determination coefficient
(R?) and scatter index (S7). The SI indicates normalized measure of errors and lower values
of SI means better model performance. These parameters are defined as follows:

2

- (18)

n JE— [
Ei: 1(ds,measuredi _ds,measured) (ds,computedi _ds,computed)

RZ_

- 2 [
\/Z?zl(ds,measuredi_ds,measured) Z?=1(ds,computedi_ds,computed)

2
n
Zi= 1(ds,measuredi _ds,computedi)

SI(%) =j n -100 (19)

ds,measured

where d, ed aNd dg compurea are the arithmetic mean of the measured and computed scour
depth values, respectively.

As shown in Figures 5, 6 and 7 the predicted scour hole dimensions are in good agreement
with those obtained from experiments. the determination coefficient values (R?) were
calculated as 0.98, 0.95 and 0.97 for Ly, W, and ¥, respectively. That means a strong
relationship exist between the calculated and measured scour hole dimensions. So, the
proposed equations can predict reliable scour hole dimension values. In addition computed
scatter index values (S7) support this strong relationship.

Measured experimental results were also compared with those calculated by using equations
given by Yanmaz and Altinbilek [4], Khwairakpam et al. [18] and Das et al. [19]. The results
are given Figures 8, 9, 10, 11, 12, 13 and 14, respectively.
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According to the R? and SI values given in the figures, the equation proposed by
Yanmaz&Altinbilek is in good agreement with experimental results obtained for volume
values. The R? values obtained for Khwairakpam et al. equation are smaller than those
obtained from other equations. The main reason could be the large number of empirical
coefficients used in the equations.

Scatter index and determination coefficient values corresponding to proposed and given by
other researcher’s equations are given in Table 5.

Table 5 - Scatter index and determination coefficient values of various equations

Yanmaz and | Khwairakpam Das at al. [19] Present
Altinbilek [4]| atal. [18] ) Equation

SI(%)| R? |SI(%)| R? |SI(%)| R? [SI(%)| R
Lo | - - [ 31.20] 0.68 [ 21.25{0.90 | 630 | 0.98
ws | - - 4492|039 [33.26 [ 0.82 | 10.32 | 0.95
Vv [21.28]0.96 | 33.24 | 0.91 |86.40 | 0.85 | 18.93 | 0.97

As shown in Table 5 the best agreement between measured and calculated parameters
obtained by using present equations given in this study. The differences of the present
equations are to involve the densimetric Froude particle number (Fg4). According to the results
it is revealed that F4 has an important role to estimate scour hole dimensions.

The statistical convenience of the proposed equations Eq 15, Eq 16 and Eq 17 were also
established by applying Fisher (f) test. If the calculated f value is greater than the critical f
value, then the experimental data explain the regression equation with 0.01 confidence level.
To compute the f value following equation is used.

__ SSR/Y,

f= SSE /9, (20)

where SSR is the sum of squared residuals, SSE is the sum of squares for error, 9, is the
number of the independent variables (k), and 3,=n-k-1, (n is the number of the data). SSR
and SSE can be calculated from the following equations:

—_—\2
SSR = Z;Ll(xicomputed _ xlmeasured) (21)
SSE = Zlﬂ=1(xi7neasured _ xicomputed)z o)

where xmeasured gre the arithmetic mean of the observed and computed values.

The critical value of f depends on the number of the data and selected significance level. The
critical values of f for the 0.01 significance level are 5.18 for Eq 15 and Eq 16, and 5.42 for
Eq 17. The f values were computed as 438, 1231 and 447 for the equations of 15, 16 and 17,
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respectively. Eventually, the significance of the proposed equations Eq 15, Eq 16 and Eq 17
are demonstrated.

5. CONCLUSION

In this study, scour hole dimensions around circular bridge piers were investigated under
clear water scour conditions for various steady flow rates.

Four bridge piers with different diameters and seven different flow rates were used during
the experimental tests. According to the experimental findings and experimental data
available in the literature, three equations were proposed to estimate scour hole length (L),
scour hole width (W) and scour hole volume (¥). The experimental results were also
compared with those calculated using several empirical equations given by previous studies.
The best fit between observed and calculated values was obtained by the proposed equation
in this study. The statistical convenient of the equations were also investigated. The following
conclusions were obtained according to the results of this study:

* The scour hole length, width and depth were increased with the pier diameter and mean
flow velocity. The maximum scour hole occurred in the case of maximum rate of the flow
and largest pier diameter used.

* The scour hole length, width and volume values were calculated by means of Equation
15, Equation 16 and Equation 17 and the results of the equations are in good agreement
with experimental findings. The biggest difference of the proposed equation is that it
contains the Froude particle number (F4) which has an important role to estimate the scour
hole dimensions.

* To indicate the best fit equation scatter index (SI%) values were computed for proposed
and available equations given in the literature by using the observed and calculated scour
hole length, width and volume values. According to the SI values it is revealed that
proposed equations give the best fit between measured and calculated parameters and can
be used to predict scour hole dimensions.

Since there is a lack of data about scour hole dimensions, the experimental findings are useful
for the researchers investigating the scour hole dimensions and have contributed to the few
experimental data in the literature.
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ABSTRACT

As occupational accidents usually occur due to unsafe human behaviours in the construction
industry, safety training is inevitably necessary for site personnel. On construction sites,
various training methods including traditional and innovative ones, have been adopted to
prevent accidents. In recent years, virtual safety training has been more prevalent because of
providing highly engaging practice in a risk-free environment. Although these training tools
have innumerable advantages in providing safety knowledge and awareness, they can be
further improved. This study introduces a virtual safety training tool, V-SAFE.v2, to provide
a more reliable and effective safety training for high-risk construction works. V-SAFE.v2
consists of three main modules; i) Training Module, ii) Testing Module 1, and iii) Testing
Module 2. These modules are generated firstly to provide safety training for scaffolding and
formwork activities and then to evaluate the safety performance of the trainees. An
experiment was conducted with fifteen construction workers and ten engineers to measure
the effectiveness of the training tool. The findings showed that V-SAFE.v2 is a reliable safety
training tool for high-risk construction tasks as it supports collaboration, provides individual
feedback, and repeatable practice. Also, the participants stated that V-SAFE.v2 has a great
potential to reduce the falling from height accidents in the construction workplaces.

Keywords: Occupational safety, training, serious game, scaffolding, formwork.

1. INTRODUCTION

Due to the heavy work environment and complex tasks involved, construction sites have
become one of the most hazardous workplaces. Statistics also show that the construction
industry has the highest rate for occupational fatalities and injuries all around the world.
There are approximately 60.000 occupational deaths in the construction industry every year
[1]. According to the report of Bureau of Labor Statistics, while 5.5% of total workers are
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employed in the construction industry, the fatality rate of construction works is
approximately 20% in the U.S, which is higher than other sectors [2]. Such rates clearly show
that construction sites have poor working conditions in terms of occupational safety and
health. Despite giving more attention to safety issues for the last years, the number of
construction accidents remains high. Therefore, there are high debates and concerns about
the root causes of accidents in the construction industry. It is highly emphasized that human
behaviour is one of the most important factors in occupational fatalities and injuries. Haslam
et al. [3] noticed that 70% of the accidents occur due to unsafe behaviour of workers on
construction sites, which shows the role of human factors in accidents. Besides, Guo and his
colleagues [4] also stated that most of the accidents occurred because of inadequate safety
consciousness of workers during the construction tasks. To eliminate such human-based
problems, it is a well-known fact that safety training is the most efficient method. However,
the effectiveness of safety training is another crucial point in the construction industry. Thus,
alternative training techniques should be developed and provided to increase the reliability
of safety training.

2. BACKGROUND

As known, construction works are very dangerous and carry a high risk for workers. Thus,
the attitudes of workers during complex tasks might have catastrophic consequences on
construction sites. In most of the previous studies, the significant correlation between unsafe
human actions and construction accidents is highlighted [5-7]. For instance,  Kale et al.
[5] found that the factor of unsafe human activity is one of the most crucial root causes of
occupational accidents in the construction industry. Moreover, the role of the human factors
in construction accidents are indicated in a previous study [6]. According to the results of a
previous study [7], the safety performance of the workers plays a major role in occupational
accidents. In addition to unsafe human behaviour, the lack of appropriate safety training is
one of the most important factors contributing to high fatality in the construction industry
[9]. Previous studies in the field of construction safety emphasize that training is the most
efficient human-based prevention method and should be provided to the construction workers
[9-12]. Abdelhamid and Everett [9] suggest a relation between failing to identify unsafe
conditions and worker training. Similarly, another research [12] found that worker actions
were the main causal factor in accidents. In this context, Zhao and his colleagues [11]
investigated the causes of electrocution in the U.S. construction industry. They [11]
concluded that unsafe worker behaviour is the main cause of electrical fatalities and injuries.
Tam and Fung [10] argue that behaviour-based safety training method has significant
potential in reducing tower crane accidents. Therefore, an improperly trained worker may not
be able to recognize the potential risks associated with construction works and avoid risky
behaviour. Hence, more emphasis has recently been given to providing effective and
adequate safety training to improve the safety performance of construction workers. Safety
training methods can be grouped as 1) traditional safety training programs and, ii) advanced
technology-enabled safety training methods, to reduce the number of injuries and fatal
accidents in construction workplaces.
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2.1. Traditional Safety Training Methods

Until recently, safety training was generally provided by traditional methods in the
construction industry. Zhao and Lucas [13] classified traditional safety training methods into
three main categories; a) classroom training b) on-site training c) safety meetings. During
classroom training, safety knowledge is just transferred only through videos, presentations,
and guides. On the other hand, the employees are trained through practical applications such
as the use of real tools, machines, and equipment in the on-site training method. Finally,
safety meetings are held by providing presentation slides, videos, and weekly talks on safety
issues encountered at construction sites [13]. Several studies provided traditional training
methods to improve the safety performances of workers [14-15]. Jeschke and colleagues [14]
developed a toolbox-training program aimed at improving the quality of collaboration
between the project personnel on safety issues during the construction phases. The
researchers used the classroom training method and 57 construction workers participated in
the safety training program. A questionnaire and interview were conducted with the
participants to understand the applicability of such a training method. Based on the
assessments, they found that the toolbox meeting program of the trainees was beneficial and
positively influenced daily work processes in terms of safety. In another study by Hinze [15],
traditional safety training programs have been proposed to reduce accident rates in the
construction industry. The researcher analysed major construction sites where safety training
was provided based on the regulations of the Occupational Safety and Health Administration
(OSHA). The results of the study show that the safety performances of large construction
companies are significantly better concerning the general construction industry because of
providing OSHA safety regulations [15].

On the other hand, several studies [16-17] show that traditional safety training methods are
not as effective and reliable as desired. Such off-site training methods do not provide
sufficient practice to experience intensively real working environments. Besides, the trainees
are usually passive and bored during traditional training, which has a significant negative
impact on their motivation [16]. As stated by Li et al. [18] an on-site training method could
be an alternative solution to address the inefficiency of traditional safety training methods.
Nevertheless, it is not widely preferred because it is time-consuming, expensive, requires
special equipment, and carries real accident risks for trainees. Thus, today the majority of
safety training has been delivered in classrooms through written documents, presentations,
videos, and safety meetings at the construction sites. Due to the deficiencies of current safety
training methods, recent studies have focused heavily on advanced technology-based safety
training tools to improve the efficiency of safety training programs.

2.2. Serious Games for Advanced Technology-Enabled Safety Training

Recently, computer-based safety training tools have been more attractive in the field of
construction safety to enhance the safety culture of employees. Especially those based on
game-engine are more effective in developing safety knowledge and raising risk awareness
due to providing interactive engagement and a risk-free environment [18]. Accordingly,
construction safety training tools have been developed in recent years by using game
technologies called serious games.
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Serious games, a type of computer game, are designed to address real-life problems rather
than entertainment goals [19]. Mertens et al. [20] stated that a serious game or game-based
education integrates learning, games, and simulation components. Through the use of serious
games, players can perform scenario-based tasks collaboratively and develop safety
knowledge in simulated workplaces. Another advantage of serious games is that trainees can
perceive the direct results of their activities on virtual platforms without experiencing their
real impacts [21].

To date, serious games have been utilized for safety training in different areas such as aviation
[22], medical [23], and military [24]. Also, game engine-based safety training tools have been
widely utilized for construction tasks. They were developed for different application
purposes including, hazard identification [25-27] delivering instructions for construction
methods [28] and occupational safety training [29-30]. Pedro and his colleagues [27]
introduced a game engine-based training tool that enables us to identify potential construction
site hazards in a virtual environment. The training tool titled VSES consists of three different
parts; a) Safety and Hazard Lecture b) Hazard Identification Game and c) Student Evaluation
and Assessment modules. The first module was developed to support students to acquire
safety knowledge and raise awareness of workplace hazards. The purpose of the second
module is to allow virtual construction sites to be experienced and to identify the construction
site risks introduced in the first module. The third module was designed to evaluate
participants according to their safety performance. Fang and Teizer [29] presented a multi-
user serious game that provides interactive safety training for crane operators. In this study,
there are great efforts on developing an actual construction site conditions and simple game
logic that can effectively train crane operators. They proposed a novel approach for crane
operations to prevent accidents caused by blind points. One crane operator and a signalling
person play together to lift loads safely from one place to another. The crane operator works
in collaboration with the signalling player who warns the crane operator for blind points
during the hoisting operation in the virtual environment.

Studies in the field of construction safety have confirmed that the usage of serious games
provides important opportunities for trainees to develop safety knowledge and meet desired
training objectives. Moreover, such previous initiatives prove that game-based training
methods are more reliable and effective than conventional methods for construction works.
However, there are still deficiencies in serious game-based training in terms of presenting all
real construction site dynamics.

2.3. Scaffolding and Formwork Accidents

On construction sites, falling from height is the main cause of high fatality rates worldwide.
For example, fall-related occupational deaths account for about 39% of all construction fatal
accidents in the U.S [31]. This type of catastrophic accident occurs to a large extent during
the use of temporary structures such as scaffolds [7, 32] and formworks [33]. Although
diverse tasks are performed in the construction industry, 65% of such works are carried out
by using scaffolding or such temporary structures [34]. Also, formwork is another common
type of work for concrete structures. Therefore, there are many concerns about accidents
related to the scaffolding [35-36] and formwork construction [37-38] to reduce accidents.
Giircanlt and Miingen [36] classified the main causes of incidences in the Turkish

11732



Gokhan KAZAR, Semra COMU

construction industry. They revealed that the falls from scaffolds and roofs (54%) and falling
objects (12%) were more likely to be encountered in the construction workplaces. Rubio-
Romero et al. [31] investigated the safety conditions of scaffolds and evaluated 105 scaffolds
installed at construction sites in Spain. The results of this study demonstrated that the general
safety condition of non-standardized scaffolds is poor in terms of using anchor-tie, base
plates, and walking platforms. Lopez-Arquillos et al. [38] evaluated the riskiest activities in
vertical concrete formwork construction, such as columns and walls. According to the results,
formwork construction, climbing ladders, and handling an object during the construction
process were the highest risk activities for workers. Based on the literature review, it can be
concluded that both scaffolding and formwork activities have a crucial role in common types
of accidents, such as falling from a height, scaffold collapse, and falling objects. As a result,
effective and reliable safety training methods are needed to prevent such accidents related to
scaffolding and formwork construction.

2.4. Requirements of Safety Training Tools

Although serious games have been utilized as safety training tools in the field of construction
safety, the reliability, applicability, and effectiveness of these tools can be further improved.
For example, Zhou et al. [39] stated that only a few studies were conducted specifically for
certain tasks such as working at height. Even though falling from height is one of the most
prevalent accident types in construction sites [41], there are only a few serious game-based
safety training tools that support working at height or similar construction tasks (e.g. [40,42]).
Also, although many construction safety studies have concentrated on general safety training
process (e.g. [30, 43]) and equipment operation (e.g. [29, 45]), the limited number of research
(e.g. [27]) integrated a potential accident scenario in the game engine-based training tools.

Virtual safety training tools should enable participants to experience the consequence of their
actions. When they make a mistake during the training, an accident should have occurred,
which provides a more realistic experience of fatalities or injuries. Another important aspect
is the collaboration between the workers during the construction activities. It is a well-known
fact that the construction tasks require high interaction among the crew members. Hence,
previous studies on safety training tools [18] and occupational accidents [3] recommend that
future game engine-based training tools should be heavily built on collaborative tasks to
improve the teamwork culture. In addition, the tools should not only focus on a sequence-
based training process but also provide a behavioural improvement related to the use of
Personal Protective Equipment (PPE), which is another common problem at construction
sites [3]. Another key problem is that the existing game engine-based safety training tools
have not been adequately tested by using actual construction workers. Zhou et al. [39] stated
that user-friendly components should be embedded in training tools and easily practiced with
real construction workers. These limitations indicate a high demand for multi-user, serious
game-based safety training tools including accident scenarios on specific construction tasks
to achieve more effective and realistic training objectives. In addition, they should be tested
with real construction workers and received feedback from them about the safety training
tool. For these reasons, this study aims to develop and test a serious game-based safety
training tool to meet the requirements of serious games on construction safety training.
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3. RESEARCH METHODOLOGY

This study introduces and tests the second version of a serious game-based safety training
tool, called V-SAFE.v2, for scaffolding and formwork activities. The first version of V-
SAFE was developed to simulate the tower crane operations in the construction sites [46]. In
the research methodology section, the scenario development process for scaffolding and
formwork tasks is initially explained, and then the general functions of the safety training
tool are introduced. After that, the modules of V-SAFE.v2 are described in detail. At the end
of this section, a case study is conducted to understand the effectiveness and applicability of
V-SAFE.v2 with actual construction workers and engineers.

3.1. Scenario Development for Construction Tasks

The game engine-based safety training tool, V-SAFE.v2, incorporates a novel and more
realistic scenario aimed at meeting the requirements of serious games for safety training. V-
SAFE.v2 consists of construction activities, particularly related to scaffolding and formwork
construction. For example, the scenario offers training opportunities on wearing a hardhat,
using a safety harness, installation of guardrails and catwalks, and locking the pins during
formwork and scaffolding construction. In general, the frequent root-causes of incidents are
related to such activities at construction sites [5, 47]. Therefore, the common unsafe work
systems leading to serious accidents and affecting overall construction workflow were
included in a single scenario. The scenario steps in V-SAFE.v2, consisting of the H-Frame
scaffolding system and the concrete column formwork, are shown in the following flow chart
(Figure 1).

In the scenario, trainees are initially directed to the storage area where they can get standard
PPEs such as gloves, glasses, hardhat, lanyard (Figure 2). The participants are then asked to
go to the material storage area to pick up the necessary materials such as a toolbox, H-frames,
base plates, plywood, pins, set of diagonal bars for scaffolding and formwork tasks.
Afterward, participants perform scenario-based construction tasks during the training
process. Finally, after completing all tasks, the trainees are ready to work at height (Figure
3).

3.2. System Architecture of V-SAFE.v2

V-SAFE.v2 was developed based on the Unity 3D game engine introduced by Unity
Technologies. The Unity 3D game engine allows developers to create a virtual and multi-
user interactive gaming platform by using appropriate 3D images, which makes it one of the
most suitable environments for serious games. Moreover, SCORM is utilized to create a
Learning Management System (LMS) platform in V-SAFE.v2 as it is the most widely used
e-learning standard. LMS is a widely used online platform for e-learning and provides
monitoring of a training or education process. Besides, Recording System (RS) is another
crucial component in V-SAFE.v2. It is possible to record the safety performance of
participants and publish a trainee’s performance report for each construction task via LMS
and RS. The recorded data on safety training performance is always available for trainers in
the cloud-based platform. The LMS and RS are automatically enabled for each player when
they sign in the safety training platform. V SAFE.v2 has both single-player and multiplayer
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facilities, and SCORM is compatible with both single-player and multiplayer games.
Therefore, it is available that all users together can receive training on a single platform
(Figure 4).

[ Start of V-SAFE.v2 Training ]

v
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A 2 * Y
Worker 1 Worker 2 Worker 3
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Y ¥ Y
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Figure I - Developed task workflow for V-SAFE.v2
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The training and testing processes of V-SAFE.v2 are designed for three users, but the number
of participants can be increased. Participants are initially asked to select their roles from three
different options when they start the training session. V-SAFE.v2 uses a third-person
perspective to enable a better understanding of the scene. Also, the point and click mechanism
is preferred to provide a more user-friendly system. Moreover, the trainees can contact each
other to call for help and learn about the construction work process. The system also allows
fewer than three participants to receive training. In this case, other roles are supported by
autonomous agents known as a character controlled by computers. Autonomous agents can
fulfil construction tasks both in compliance and non-compliance with safety rules. They are
especially beneficial in providing a multi-user game environment when only a single
participant receives training. In addition, such non-playable characters are also utilized in
accident scenarios. V-SAFE.v2 has three different modules including; i) Training Module ii)
Testing Module 1 iii) Testing Module 2, as illustrated in Figure 5.

3.2.1. Training Module

In the training module, step by step instructions for scaffolding and formwork tasks and
highly engaging safety training is provided to the participants. Instructions and necessary
cautionary messages on how trainees should perform each task are shown before each step.
The integrated flashing objects direct trainees to the material storage or workplaces where
they should go in V-SAFE.v2. They solely click on the flashing places or objects, and their
avatars automatically move toward there. Besides, the trainees can walk through the virtual
construction site and explore their workplaces. While three participants can receive training
at the same time, only a single participant or two participants can also receive training with
the support of autonomous agents.

3.2.2. Testing Module - 1

Upon successful completion of the training process, the trainees can move on to the next part,
the Testing Module 1. The objective of this module is to assess the safety knowledge acquired
in the Training Module and evaluate the performance of trainees without providing any
guidance. In this module, the users have to make their decisions for each construction activity
in 60 seconds. If the player does not act in a given time, the system accepts that the activity
is not carried out, which may cause an accident based on the construction accident scenario.

In this first Testing Module, autonomous agents fulfil construction tasks in compliance with
safety rules. Therefore, autonomous agents do not cause any incidence in this module, which
is an important feature that allows observing only the individual performance of a real
participant.

3.2.3. Testing Module - 2

Only a single trainee with two autonomous agents can carry out the tasks in the Testing
Module 2. In this module, the autonomous agents could also exhibit unsafe occupational
behaviour and lead to an accident identified in the scenario. Autonomous agents randomly
cause an accident, according to predefined probabilities. The main purpose of this module is
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to provide trainees with accident experiences that may result in fatality or injury, even if they
have successfully carried out all construction tasks. Accordingly, the awareness of trainees
about occupational accident risks can be increased.

3.3. Identified Accident Types in V-SAFE.v2

Although there are various activities carried out on construction sites, some of them involve
risks that can lead to fatal or serious injury accidents. According to the report of BLS [48],
72% of total injuries and fatalities have occurred due to scaffold-related accidents in the US.
Among these accidents, falling from height and falling objects were found to be more
dangerous and more frequent than other accident types [31, 48]. Therefore, the common root
causes and incidence rates of these accidents were identified and included in the construction
scenario of V-SAFE.v2. For this purpose, we utilized a previous study by Whitaker et al. [47]
to understand the causes of scaffold accidents. Whitaker and his colleagues [47] examined
3096 construction accident reports on scaffolding to understand the root causes of such cases.
They classified the root causes of scaffold accidents as falling, collapsing, and falling objects
according to the frequency of occurrence. Accident probability was calculated by dividing
the number of accidents in each accident type by the total number of accidents. For instance,
the absence of guardrails or edge protection systems is a common reason for the falls from
height, which constitutes approximately 28% of the total scaffold-related accidents.
Similarly, the failure to lock the pins to connect the H bars as the most prevalent reason
causes about 30% of the scaffold collapses. Another major reason for falls at scaffolds is that
workers do not usually use lanyards when working on such temporary structures. In addition,
accidents when working on scaffolding are also caused by falling objects if workers do not
wear a hardhat. Accidents due to falling objects account for 13% of the total scaffold related
accidents (Table 1). Accordingly, if a trainee exhibits one of the unsafe behaviours, which is
the main cause of an accident, the relevant accident scenario is realized according to
calculated probability in V-SAFE.v2. On the other hand, the autonomous agents could
randomly cause identified accidents based on the probabilities shown in Table 1.

Table 1 - Root Causes of Scaffold Accidents

Root Cause of Accident Accident Type Ratio
Not Wearing Hardhat Falling Objects 13.5%
Absence of Guardrails Fall from a Height 28.5%
Not Locking Pins Scaffold Collapses 30.5%
Not Using Safety Harnesses Fall from a Height 27.5%
3.4. A Case Study

To evaluate the effectiveness and applicability of the game engine based safety training tool,
we tested V-SAFE.v2 with real workers and engineers. To this end, fifteen workers who work
at a height in the construction sites and ten civil engineers received training in V-SAFE.v2.
Since the main target of the case study is to observe the individual performance of
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participants, only the Training and Testing Module-1 were applied (Figure 6). The test
performance of each player was automatically scored via the LMS and provided for each
trainee at the end of virtual training.

Figure 6 - Application of V-SAFE.v2 with a worker

4. RESULTS AND DISCUSSION

A total of 25 participants (15 workers and 10 engineers) attended training sessions in V-
SAFE.v2. There are 13 different construction activities in the tool with certain scores
according to their risk levels. For example, tasks with a high risk of accidents such as using
safety harness and hardhat, and installing guardrails and pins, have higher weights for scoring
(Table 2). At the end of the simulation, the total score is calculated and normalized to 100 by
the LMS and presented to the players as feedback.

The participants who received safety training in V-SAFE.v2 showed high performance in the
first Testing Module. Almost all of the trainees received higher than 90 points (Table 2), and
the average testing score of all participants is around 97. The high-performance scores
indicate easy adaptation to V-SAFE.v2. Knowing that engagement or adaptation to a game
is a crucial indicator for its effectiveness (e.g. [19, 24]), we claim that V-SAFE.v2 provides
effective safety training. According to the performance results, six participants forgot to lock
the pins, which is a common reason for serious scaffolding accidents in real construction
sites, as stated by Whitaker and colleagues [47]. Like in a real construction site, forgetting
to lock the pins also leads to scaffold collapse in the virtual environment, and their training
session ended (Figure 7).

It should also be emphasized that most of the real workers either do not have any computer
game experience or they have very limited experience. Since the target audience of this safety
training tool is real workers, especially those who erect the scaffolds and carry out formwork
activities in construction sites, V-SAFE.v2 has been designed to be as user-friendly as
possible using point and click function, flashing objects and guiding texts. Moreover, the
participants can identify their deficiencies and weaknesses related to scaffolding and
formwork construction tasks based on the provided elaborate performance report. One of the
main contributions of this study is that the V-SAFE.v2 training tool has the potential to be

11740



Gokhan KAZAR, Semra COMU

convenient for all users, especially construction workers who are not familiar with computer
games and virtual technologies. It is emphasized by Zhou et al. [39, 49] that there is also an
implementation problem of the safety training tools developed in previous studies. Thus, we
propose that the easy applicability of V-SAFE.v2 overcome the implementation issue.

Table 2 - Construction Tasks in V-SAFE.v2
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Moreover, we also collected feedback on V-SAFE.v2 from the participants. Engineers
emphasized the effectiveness of V-SAFE.v2 in terms of time and cost-benefit in creating
safety awareness compared to on-site and classroom training methods. They also noticed that
V-SAFE.v2 involved complex and hazardous construction tasks in a realistic scenario flow
affecting the learning process. All of the participants agreed that the introduced system is
capable of filling various gaps in the field of construction safety training, especially for
working at heights activities and using PPE and safety harness. In addition, the workers
participated in V-SAFE.vs2 training sessions stated that learning safety components via
game-based safety training tools is more interactive and enjoyable compared to traditional
training methods (e.g., classroom meetings, presentations, and guides). They also pointed out
that such safety training tools do not require prior game or computer experience to receive
training in the virtual environment since V-SAFE.vs2 has user-friendly functions such as
click and point mechanism. According to the feedbacks from the workers, V-SAFE.vs2
provides invaluable opportunities to practice high-risk construction activities in a risk-free
environment. As in previous studies (e.g. [18, 45, 50], V-SAFE.v2 also enables players to
practice the construction tasks interactively in a risk-free environment. The serious games
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allow participants to make their own decision and virtually experience the consequences of
their actions as provided in this tool.

Zhou et al. [39] highlighted that effective and reliable innovative training platforms should
be available especially for high-risk activities that cause catastrophic accidents. V-SAFE.v2
meets this crucial requirement by integrating scaffolding and formwork activities. In the
literature, only a few studies (e.g. [51-52]) focus on the development of a serious game for
the specific construction tasks which require skillful activities of labors. Moreover, few
studies [27, 42] have considered integrating potential accident scenarios in the game based
safety training tools. In this regard, V-SAFE.v2 has this unique Testing Module feature where
the real accident scenarios take place. The use of guardrails and PPEs [3] is crucial to prevent
accidents on construction sites. An effective training tool should emphasize the use of all
these accident prevention elements, which are provided by V-SAFE.v2. Li and colleagues
[18] stated that safety training tools should simulate the real construction site dynamics, such
as the collaborative working environment. In this sense, V-SAFE.v2 offers a suitable
environment for construction tasks requiring collaboration.

The autonomous agents support V-SAFE.v2, which may lead to an accident in the Testing
Module 2. These non-playable characters are used in the first Testing Module to provide a
multi-user game environment when only a single participant receives the safety training. In
this way, it is easy to evaluate the individual performance of trainees without any external
influence during the testing stage. Although a single trainee performs all the tasks correctly,
he or she might be exposed to accidents due to the unsafe behaviour of the autonomous agents
in the Testing Module-2.

The construction workers have the responsibility to perform the construction tasks in
compliance with safety rules, not only for their safety but also for their crew. Therefore,
enabling collaboration in the virtual environment is crucial even though a single participant
receives training. Accordingly, they can experience the consequences of their actions for their
team members as well. To give an example, a real player who forgets locking the pins to
connect the H bars could result in scaffold collapse in the Testing Module 1. In such a case,
all workers on the scaffold fall from a height due to the wrong action of a team member and
have an accident together (Figure 7)

W
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Figure 7 - Scaffold collapse
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When the scaffold collapses, the training simulation ends, and participants are not able to
complete all construction tasks. Regardless of whether the team has completed the tasks, the
performance of each user is reported individually on the screen via the LMS (Figure 8).
Accordingly, the trainees can see their wrong actions and their consequences. Based on their
performance, a quantitative score is also calculated. All of these features are essential for
providing individual feedbacks and for the trainees to retain the acquired knowledge for a
long time.
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Figure 8 - Performance report of one player

In this way, trainees can develop an understanding of the occupational safety culture and
consciousness about accidents through a different perspective. It is also important to
highlight that the scoring system of V-SAFE.v2 is quite different from other safety training
tools due to the consideration of the risk levels of activities. The LMS automatically
calculates the performance scores of participants and provides detailed feedback at each step
in Testing Modules 1 and 2.

Although experiments have been usually conducted with students in many of the existing
studies [27, 30], we have utilized real construction workers and engineers to measure the
applicability of V-SAFE.v2 in this study. The main motivation behind this study is to develop
a user-friendly and game engine-based safety training for the construction industry. Thus,
even the construction workers who do not have any computer or gaming experience easily
adopted game-based training. An advanced serious game approach, consisting of high-risk
accident scenarios, multi-user interactive training platform, user-friendly properties, and
performance feedback reports, can have a significant impact on reducing human-induced
construction safety issues.

S. LIMITATION

Occupational safety and health issues are highly complex due to the working conditions of
the construction workplaces. Such complex, hazardous and dynamic conditions of the
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construction sites should be represented in the safety training tool. However, this study aims
to create a road map to develop a safety training tool by using serious games, not to develop
a commercial product. By using the knowledge gained through the development of V-
SAFE.v2, a need-specific and more comprehensive safety training tool can be developed. In
this study, we used the latest simulation technologies to understand how to design a highly
engaging and effective safety training tool for scaffolding and formwork construction.
Therefore, we recognize that this study has limitations, which suggest directions for further
research. First of all, V-SAFE.v2 could have a more realistic visual design to represent all
the construction site components. Providing real site conditions and including dynamic
factors of the construction workplaces are crucial to enable more reliable safety training to
the trainees. Accordingly, a more realistic visual design can help workers better visualize the
hazards before facing them on site. So, more emphasis can be given to the visual design of
the tool. Moreover, although the accident rates of the scenario in V-SAFE.v2 were calculated
based on a previous study [47], those rates can be easily revised concerning local conditions.
Therefore, in the current version of V-SAFE.v2, the weight of the accident scenarios focusing
on “improper behavior of the worker” and “PPE use” can be considered as another limitation
of this study. The experiments can be also carried out with a higher number of participants
to statistically evaluate the effectiveness of V-SAFE.v2, which is an important research
question. As future research, the effectiveness of serious game-based safety training tool
should be evaluated quantitatively. Moreover, the effectiveness of the developed game-based
safety training tool can be compared to traditional training methods in future studies. In
addition, since V-SAFE.vs2 has the opportunity of providing safety training for three
different trainees together in the same virtual environment. The impact of such interaction
between participants while performing construction activities on their safety performance
could be assessed in future studies.

6. CONCLUSION

Even though occupational health and safety issues are of great concern in the construction
industry, the training programs are not adequate to meet the actual demands of site safety
conditions. On the other hand, serious games have various benefits that have been proven to
provide a realistic and effective training environment for trainees. By using game
technologys, it is possible to simulate high-risk construction activities in a multi-user virtual
training platform. In this study, we introduced a game-engine based safety training tool called
V-SAFE.v2 for scaffolding and formwork construction. The main objective of this study is
to develop a more effective and reliable training environment consistent with real
construction site conditions. V-SAFE.v2 consists of Training Module and Testing Modules
in which the safety performance of participants is evaluated. A case study was conducted
with real construction workers and site engineers to assess the effectiveness of V-SAFE.v2.
The findings of the case study show that V-SAFE.v2 is effective and reliable in providing
highly engaging training for high-risk construction tasks. It is also highlighted by the
participants that the V-SAFE.v2 has a great potential to raise worker’s awareness and prevent
fatal accidents. In summary, conveniently developing safety knowledge is possible through
using serious games.
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ABSTRACT

This study examines the potential impacts of climate change on extreme precipitation.
Rainfall analysis with stationary and nonstationary approach for observed and future
conditions is performed for (1950-2015 period) observed data of 5, 10, 15, 30 minutes and 1,
2, 3, 6 hour and projections (2015-2098 period) of 10, 15 minutes and 1, 6 hour for Ankara
province, Turkey. Daily projections are disaggregated to finer scales, 5 minutes storm
durations, then five minutes time series aggregated to the storm durations that are subject of
interest. Nonstationary Generalized Extreme Value (GEV) models and stationary GEV
models for observed and future data are obtained. Nonstationary model results are in general
exhibited smaller return level values with respect to stationary model results of each storm
duration for observed data driven model results. Considering the projected data driven model
results; on average nonstationary models produce mostly lower return levels for mid and
longer return periods for all storm durations and return periods except one hour storm
duration. Depending on the models and Representative Concentration Pathways (RCP), there
are different results for the future extreme rainfall input; yet all results indicate a decreasing
extreme trend.

Keywords: Climate change, storm water, nonstationary, extreme rainfall.

1. INTRODUCTION

According to Intergovernmental Panel on Climate Change (IPCC) reports [1,2,3], climate
change is observed in all over the world: the atmosphere and oceans are warming, volume of
snow and ice covers are diminishing, sea levels are rising and weather patterns are changing.
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Changes resulting from global warming may include an increase in occurrence and severity
of storms and other severe weather events such as extreme rainfalls [1].

There are several studies that indicate the effect of climate change on the precipitation
regimes and trends. It is a common agreement that climate change will have significant
effects on the water cycle and precipitation patterns [4]. In some regions, these effects are
expected to change precipitation regimes (e.g. increase in the frequency and intensity of
precipitation extremes [5,6]. Extreme precipitation events (e.gfewer rainy days and more
extreme rainfalls) are expected by the end of the 21 century under climate change conditions
[1,7,8,9]. Seneviratne et al. [10] implies that in South East Asia, North East Europe, tropical
Africa, and South America the impact of floods will increase, however these impacts will
reverse in central Asia, Eastern Europe, central North America, and Anatolia regions.

Furthermore, there are studies that analyse future climate projections, try to figure out
their consequences and reveal the potential change for the current conditions. For
instance, Ozturk et al. [11] examine the changes in seasonal precipitation and temperature
of CORDEX Middle East and North Africa (MENA) and found out that warmer and drier
conditions than present climate conditions are projected to occur more intensely.
Furthermore, annual average precipitation will increase over the equatorial regions and
decrease over the subtropical regions [12]. Another study that used multi-model ensemble of
regional climate projections to estimate the climate change signal in terms of temperature
and precipitation for the city of Aachen, Germany [13]. The results of the study reveal that
rainfall is likely to decrease over the century and the examinations indicate longer and more
frequent dry periods in the future. The Norwegian white paper on climate adaptation [14]
indicates a rise of 5-30 % in annual mean precipitation by 2100 relative to the period 1961-
90 and the number of days with heavy precipitation will also rise over this century.

Based on the evidence in the SREX (The Special Report on “Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation” of the IPCC report [15], one
can say that there is significant increase in heavy precipitation events at present in more
regions than there is significant decreases, but these increase and decrease show various
regional and sub-regional trends [16]. Similar findings revealed by other studies; extreme
weather events stated to occur more frequently and the areas that have not faced extreme
events in the past started to encounter these events, both heavy rainfall increase and decrease
is observed, but the areas with increasing rainfall getting larger [17, 18]. Moreover, it is found
that neglecting the changing frequency may cause underestimation of extreme events [19].
Sarhadi et al. [20] show that stationary approach in frequency analyses may underestimate
the magnitude (return level) of extreme precipitation events, and updated design assumption
must be presented in the changing conditions.

Urban water infrastructure (e.g., sewer and stormwater management systems) and flood
control structures (e.g., dams) are designed based on extreme rainfall properties and these
properties are reflected as intensity-duration-frequency (IDF) curves [21,22]. The IDF curves
quantify the frequency of occurrence of a storm with a specific intensity at different storm
durations and it is used for many applications of urban water infrastructure design including
stormwater [23]. The IDF curves are, in general, currently based on historical precipitation
analysis and statistics. Infrastructure design concepts have considered stationary return levels
for a long time, which assume no change to the frequency of extreme event over time
however, the frequency of extremes has been changing and this change probably will
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continue in the future [19]. Moreover, it is found that neglecting the changing frequency
results in IDF curves that can underestimate extreme events [19,20]. Sarhadi et al. [20]
introduced a fully time varying risk framework by Bayesian Markov chain Monte Carlo
techniques to incorporate the effect of nonstationarities. The results demonstrate consistent
results with those of Cheng and Aghakouchak [19] and show that stationary approach may
underestimate the extreme precipitation events, updated design assumption must be presented
in the changing conditions and nonstationary-based IDF curves must replace the stationary-
based IDF curves. Hosseinzadehtalaei et al. [22] point out the changing patterns of extreme
precipitation and draw attention to the current design standards based on IDF curves that
assumes no temporal change.

Climate variability affects the naturel environment from two dimensions: the long-term trend
of average climate variables may be altered, or fluctuations may have a wider range which
results in changes in the statistical characteristics of climate variables [1,24]. Studies support
that the global hydrologic cycle will be intensified due to changing climate; wet and dry
extremes will be increased which result in floods and droughts [25,26,27]. However, climate
change projection results from GCM/RCM couplings cannot be directly used for the
hydrological impact studies since they require finer temporal resolution at hourly or less
particularly for extreme events [28]. Unfortunately, reliable records are available at coarse
intervals such as yearly, monthly or daily and rainfall data is generally low quality. Short
interval rainfall records are limited due to the high cost and insufficiency of reliable
measurement and the monitoring systems [29]. In this context, disaggregation can be
employed to take the advantage of using long term data which exist in low resolution or larger
time scales such as daily or above [30].

Annual count of extreme events in Turkey shows an increasing trend in 1940-2019 period
according to 2019 Climate Assessment Report of State Meteorological Service [31]. During
2019 most hazardous extreme events were heavy rain/floods (36%), wind storm (27%), hail
(18%), lightning (7%) and heavy snow (5%). Climate change in Turkey has been evaluated
in many different studies with its different aspects. Majority of analyses that are conducted
with observed and future data were focused on temperature and precipitation changes.
Sensoy et al. [32] investigated the extreme climate indices in Turkey for about 109 stations
and for the period from 1960 to 2010. Except Aegean and South-eastern Anatolia regions,
heavy precipitation days increase in most of the stations. Furthermore, in most of the stations
maximum 1-day precipitation follow an increasing trend apart from South-eastern Anatolia.
In a recent study for the Rize Province in Turkey, a catchment-scale analysis of extreme
rainfall events of the reference (1961-1990) and three future climate periods (2013-2039,
2040-2070, and 2071-2100) is conducted and the results projected a 30% decrease in the
median value of extreme rainfall over the study region for the near future [33]. Standard
duration annual maximum rainfall series with various durations and length of 14 stations up
to 2010 in Turkey are used in order to capture the statistical behavior of series and it is
computed that 90% of all studied annual maximum rainfall series are trendless, independent,
stationary, and homogeneous. Hence, it is concluded that Intensity-Duration-Frequency
(IDF) curves can be computed in the conventional way for Turkey [34]. On the other hand
statistically significant increasing trends were found in Antalya Region for at least one
extreme rainfall index based on frequency analysis conducted by using Generalized Pareto
Distribution (GPD) for current and future periods [35]. Rainfall intensities for different return
periods increased up to 23% when compared with the current period [35]. Climate change
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and its urban-induced bias in different cities of Turkey were studied considering the
temperature and precipitation data of stations for the period of 1950-2004 [36]. Particularly,
significant warming is found in almost all of the regions for minimum temperature series and
significant decreases of precipitation amounts are identified in the western parts of Turkey
[36]. According to Turungoglu et al. [37], for the twenty first century all simulations of
CMIP3 and CMIPS5 agreed on a temperature increase and a precipitation decrease in Turkey.

Ankara, the Capital of Turkey has a semi-arid climate and significant influence by climate
change that also has a continuous population growth and is located within Sakarya and
Kizilirmak Basins. According to the results of the projections carried out in ClimaHydro
Project [38] for these basins, there is a decrease tendency in the total precipitation compared
to the reference period (1971-2000), and it is predicted that the basins will receive 8% and
6% respectively less rainfall compared to the reference period in 2071-2100 [38]. It is
expected that rainfall decreases for this period will predominate in the southwestern and
north-eastern parts of the Sakarya basin. Also, climate projections for Sakarya Basin, where
Ankara is located, indicate that number of extreme wet days decrease for future periods,
which will have a possible consequence of intensified precipitation [38]. Furthermore, in the
last 20 years’ flooding observations, heavy rainfall and flash flooding caused various
damages to the property and even loss of life in the city. However, despite all these
circumstances, the detailed studies that particularly focused on the status of intensity-duration
and frequency of precipitation storms under changing climate have been lacking so far for
Ankara, the Capital of Turkey.

In this study extreme precipitation properties through IDF curve analyses for Ankara are
investigated by using observed (1950-2015) and future (2015-2098) precipitation data using
3 GCMs coupled with one RCM under two different carbon emission sceneries. Projected
daily precipitation data is disaggregated to finer scales and Generalized Extreme Value
(GEV) distribution is used to analyse observed and future data considering the stationary and
nonstationary models, which assume changing frequency of extreme event over time. The
projection results are directly used for the analyses due to the possible loss of nonstationary
signal of the series. According to Aziz [39] and Aziz et al. [40], bias correction methods have
a tendency to lose nonstationarity signals even though they improved the model performance
substantially. After the bias-correction was applied he states that the impacts of
nonstationarity were altered to opposite direction or lost. Maraun [41] also discussed the
possibility of alteration of climate change trends and nonstationarity signals after bias
correction. Moreover Willkofer [42] stated the poor performance of bias correction
approaches with extreme values. Thus, in this study bias correction did not applied to the
results of models in order to preserve nonstationary and trend directions.”

The objectives of this study are to disaggregate daily future projections to finer scales, to
investigate superiority of nonstationary GEV models to stationary GEV models for observed
and future precipitation data, and to calculate return level values for observed and future
period rainfall with stationary and nonstationary GEV models.
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2. DATA AND STUDY AREA

The annual maximum precipitation data of 5, 10, 15, 30 minutes and 1, 2, 3, 6 hours duration
for 1950-2015 period for Ankara province is obtained to conduct data analysis for the
observation period. This data is acquired from Turkish State Meteorological Service (SMS).

The grid based data representing Ankara province were received from Turkish State
Meteorological Service (SMS) where these climate projections and their performance
evaluations have already been done in detail by Demircan et al. [43]. Since our aim here in
this study is to look climate change impact on IDF via nonstationarity we have not focused
on performance of the models which are already available in the literature. Table 2.1 shows
the location of meteorological stations and nearest projection grids to these stations as well
as their altitudes. The data consists of daily projections covering 2015-2099 period however
because of missing data for 2099, 2015-2098 period is used for the analyses. Also, 1971-
2000 is chosen as model validation period. Daily projection results of three global climate
models (GCM) coupled with regional climate model (RCM) (RegCM4) are used. These
models are HaddGEM2-ES, MPI-ESM-MR and GFDL-ESM2M and run under RCP 4.5 and
RCP 8.5 emission scenarios. These model results were supplied by SMS.

Table 2.1 - Projection Data Stations & Grids

Station Grid
No Station Grid . :
Latitude Longitude Altitude Latitude Longitude Altitude
mt mt
ETIMESGUT
17129 oV ALIMANI 2733 39,9558 32,6854 806 39,9661 32,6608 1028
ANKARA
17131 GUVERCINLIK 2733 39,9343 32,7387 820 39,9661 32,6608 1028
HAVALIMANI

Rainfall/frequency analysis is conducted for daily projections of three model and two
scenarios of grid no 2733 for the projection (2015-2098) period. However, daily temporal
resolution from projection data is not well suited for the extreme value analysis. For instance,
urban flash flooding is caused by heavy rainfalls over short durations such as in a few minutes
to hours therefore it is essential to analyse extreme rainfalls for shorter durations such as sub-
daily or sub-hourly. For this reason, daily RCM output data is disaggregated to finer time
scales such as hourly and sub-hourly to use future projections for extreme value analysis [44].
For the disaggregation process, temporal stochastic simulation of rainfall process at high
resolution, based on the Bartlett-Lewis rectangular pulse model is used [45,46].

Stationary and nonstationary rainfall return levels (in mm) for return periods 2, 5, 10, 25, 50,
100, 200 years are derived for observed (1950-2015) and projected data (2015-2098) for
extreme rainfall time series of the sub-hourly and hourly annual maximum data.

Ankara is located in the northwest of Central Anatolia. The city is like a pot surrounded by
four mountains of Anatolia Plateau with an altitude of 850-1000 meters. These mountains
are: Karyagdi on the north, Idris on the east, Elmadag on the south and southeast and Cal on
the southwest (Figure 2.1).
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Figure 2.1 - Location of Ankara [47]

Between these mountains three rivers flow. Cubuk creek between Karyagdi and idris
mountains, Bent Stream between Elmadag and Idris Mountains and finally Incesu creek
between Elmadag and Cal mountains; these rivers come together between Karyagdi and Cal
mountains and flow into Sakarya River as Ankara stream. A population of 5.3 million people
(TUIK, 2016) are living in the capital Ankara and 88% of the population lives in the city
center [48]. Ankara is generally known for its twentieth century development as the designed
capital of the newly born Turkish nation-state and the city’s growth at the beginning
displayed a typical example of modernization efforts. The second half of the century
compared to the first years, witnessed the uncontrollable expansion and transformation of the
city with expanding squatter areas due to heavy migration [49].

According to Thornthwaite classification, the climate in Ankara is a second degree
mesothermal semi-arid and less-humid climate with intensive water surplus in winter months.
The mean temperature of Ankara and its surroundings is above 20.0°C in three months (June,
July and August), it is between 10.0-20.0 °C in four months (April, May, September and
October) and it is below 10.0°C in five months of the year (November, December, January,
February and March). The values of some meteorological parameters for Ankara are as
follow: the annual mean temperature is 11.9 °C, the mean temperature in January is 0.2 °C,
the mean temperature in July is 23.5 °C, the mean annual precipitation is 387 mm, and the
mean annual relative humidity is around 60. In Ankara and its surroundings, in the cold
period, there are heavily cyclonic activities. As a result of this, frontal precipitation is
effective in the cold period. However, in the warm period, anticyclonic conditions are
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dominant. Because of this, convective precipitation occurs in the warm period, also there are
big differences between day and night temperature and winter and summer temperature
because of continental climate conditions [50,51].

3. METHODOLOGY
The methodology of precipitation analysis in this study consists of;

(1) Projected data is disaggregated into finest scale (5 minutes) and then it is aggregated to
next analysis time scales (such as 10, 15, and 30 minutes) because each run generates rainfall
depths that are independent from the other runs and subsequently the data at higher time
scales may be inconsistent.

(2) Trend analysis is carried out for observed and projected data.

(3) Stationary GEV (St) models are developed; return levels are derived for desired return
periods for observed and projected data.

(4) Non-stationary GEV (NSt) models are developed; return levels are derived for desired
return periods for observed and projected data.

A general framework for rainfall analyses used in this study can be seen in Figure 3.1.

Observed Projected

Trend Analysis l Oll;::lcnl:g Disaggregation
. l Obatinin;
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Figure 3.1 - Rainfall Data Analyses Framework
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3.1. Disaggregation

Daily projected precipitation data is first disaggregated to 5 minutes duration and then for the
use of GEV analyses the 5-min data is aggregated to 10, 15 minutes and 1, 6 hours storm
duration. A complete software package for the temporal stochastic simulation of rainfall
process at fine time scales which is developed in the R programming environment,
HyetosMinute, is used to prepare daily data for extreme value analysis and used for the
disaggregation process in this study. Disaggregation is based on the Bartlett-Lewis
rectangular pulse model which provides temporal stochastic simulation of rainfall process at
fine time scales [30, 44, 45, 46, 52].

The Bartlett-Lewis Rectangular Pulses (BLRP) model is used in many studies to
disaggregate daily observed rainfall to finer scales. A member of general category of Poisson-
cluster models in which rectangular pulses occur in continuous time simulates rainfall events
with clusters of these rectangular pulses [28, 46, 53, 54, 55].

The initially proposed model has 5 parameters [55,56] but Random Parameter Bartlett-Lewis
Rectangular Pulse Model (BLRPR) which have 6 parameters: {1, a, v, k, ¢, X}, and is
modified version of original model to enhance the model’s flexibility in generating a greater
diversity of rainfalls, is the preferred model in this study [44, 45, 53].

To calculate model parameters in disaggregation method, an enhanced version of the
evolutionary annealing-simplex optimization method is used [30,57,58]. Mean, variance,
covariance and probability of dry days are used as historical statistics for the objective
function of the desired time scale (in this case five minutes). It is stated that the distribution
of the maximum rainfall depths/heights can be better derived if the inter-annual variability
of monthly statistics is incorporated in the parameter estimation process of the model.
Therefore, in this study only the historical daily parameters are used for the optimization
process and to make an adequate estimation every month is calculated separately and then
combined by year. In the end, a set of parameters (in this case six parameters) are obtained
for implementation in disaggregation.

3.2. Trend analysis

The statistical tools that provide trend tests are generally divided into two fundamental
groups: Parametric and non-parametric. The non-parametric tests are said to be more
appropriate to conduct trend analysis for the non-normally distributed hydro-meteorological
time series data [59]. Mann-Kendall (MK) trend test is one of the non-parametric tests for
trend detection and is used to detect if there is a monotonic upward or downward trend over
time for precipitation in this study [60, 61, 62]. MK test is a rank-based test which has been
commonly applied to hydrometeorological time series data to detect trends [19,59,63,64].

3.3. Extreme value analysis: stationary & nonstationary

Extreme value theory (EVT) is concerned with the statistical properties of the tails of
distributions and provides the necessary methods to estimate the distribution of the extremes
of a time series [65]. By this way quantification of the return values and return periods of
extreme events become possible. EVT uses probabilistic distribution functions such as
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Generalized Extreme Value (GEV) or Generalized Logistic (GL) function to annual
maximum (AM) series or Generalized Pareto Distribution (GPD) function which is fitted on
peak-over-threshold (POT) series [66]. GEV distribution function is used in the present study
to fit the observed and future precipitation data. The methodology is widely used in
engineering applications that need an assessment of extreme environmental conditions [67].

The GEV distribution function has theoretical justification for fitting to block maxima
(maxima of long blocks of data, e.g., annual maximum values of daily precipitation height)
of data [65,68,69]. The GEV distribution function (df) is given by (2.1).

G(2) = exp[—{1 + §(Z2)1,]) @.1)
6>0,-0o<p,&<w[70].

The GEV distribution has three parameters including location (p), scale (o) and shape (&)
parameters.

Equation 2.1 covers three types of df’s depending on the sign of the shape parameter, & The
Fréchet df results from & > 0, and the Weibull df when & < 0. The Gumbel type is obtained
by taking the limit as & — 0 [71].

Yilmaz and Perera [59] indicate that Maximum Likelihood Estimation (MLE) method is a
preferred method for parameter estimation of nonstationary models due to its suitability for
incorporating nonstationarity into the distribution parameters as covariates. In order to obtain
nonstationary models, distribution parameters are set to be a function of covariates such as
time, temperature, etc. and for every value of covariate, a unique return level value is
calculated. Non-stationarity can occur either as a gradual trend or a sudden shift [72]. Time
(and other covariates) variant/dependent parameters are used to capture the non-stationarity
of the time series [73,74]. First for the stationary cases than for the non-stationary cases,
extreme value analysis is applied by using GEV models. For non-stationary case, the location
parameter and/or scale parameter are set to be a function of time or other variants such as
annual precipitation or temperature. Different combinations for nonstationary cases are tested
and compared to find out the best fitted model among stationary and nonstationary models.
In the present study, all model parameters set constant for the stationary case, and location
and/or scale parameters assumed to be a function of time and/or temperature for the
nonstationary case. The non-stationary models that describe each of these cases with their
developed parameters are explained in Table 3.1. Several variables such as temperature, time
are incorporated into non-stationary models as covariates to capture the changes in extreme
precipitation characteristics. (Table 3.1.). While there are other covariates such as NAO, AO,
etc., time and annual average temperature were chosen because of the widespread application
of time and data availability. The covariates were restricted with these ones since amount of
calculations and results increase for each time series with 3 model and 2 RCPs.

Performance of fitted models is inspected by goodness-of-fit indicators such as, Akaike
Information Criterion (AIC), Bayesian Information Criterion (BIC) and Negative Log-
Likelihood (NLL) [65,75,76,77,78].
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Table 3.1 - Non-stationary models with time and covariate (average annual temperature)
dependent location and scale parameters. The number 1 through 8 represents respectively
storm duration for 5 min, 10 min, 15 min, 30 min, 1 hr, 2 hr, 3 hr, and 6 hr.

Model Location Scale Shape
NStGEV1 ut =Po +pit o (constant) ¢ (constant)
NStGEV2 ut =Po +pit ot =Pfo+f1t ¢ (constant)
NStGEV3 U (constant) ot =Lo+L 1t ¢ (constant)
NStGEV4 ut =Lo +f1temperature o (constant) & (constant)
NStGEVS5 ut=Fo +pit ot =fo +f1exp(temperature) ¢ (constant)
NStGEV6 ut =fo +fiexp(temperature) ot =fo +f1exp(temperature) ¢ (constant)
NStGEV7 ut =Lo +f1exp(temperature) ot = (constant) & (constant)
NStGEVS i (constant) ot =Lo +f1temperature ¢ (constant)

4. RESULTS AND DISCUSSION
4.1. Climate Change and Alterations in the Precipitation Regime: Observations
4.1.1. Trend Analysis

Stationary and nonstationary models are applied to a 5-10-15-30 minutes and 1-2-3-6 hours
observed (1950-2015) annual maximum storm durations for Ankara province. If a
statistically significant trend in time series is detected, then it is accepted that the assumption
of stationarity is violated. However, time series that did not present significant trend may
also reveal superior results by nonstationary models. Visual inspection is an alternative to
make rough inferences but for reliable determination, especially with complex variations and
long-term series, statistical tests are needed. Figure 4.1 and Figure 4.2 demonstrate the trend
for observed sub-hourly (5-10-15-30 minutes) and hourly (1-2-3-6 hours) time series of
annual maximum rainfall intensities with a linear trend line between 1950-2015 period. A
simple linear trend line visually indicates the downward (decreasing) trend for most of the
time series.

MKtrend test is applied to time series for all storm durations and results are shown in Table
4.1. Bold ones indicate significant trend for 0.05(**) and 0.10(*) significant levels. Trends
particularly in sub-hourly durations and long storm durations are largely different in terms of
statistical significance but not in direction. According to MK statistics; the null hypothesis
that there is no trend is rejected for the 5-10-15-30 minutes and 1 hour time series. The results
suggest that there is significantly a downward monotonic trend based on 5 and 10 percent
significance between 1950-2015 period.
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Table 4.1 - Mann-Kendall Results for the Storm Durations
Storm Duration MK Statistic p-Value
5 Minutes tau =-0.260 0.0021616**
10 Minutes tau =-0.187 0.027951%*
15 Minutes tau =-0.143 0.091372*
30 Minutes tau =-0.148 0.080262*
1 Hour tau =-0.189 0.025699**
2 Hour tau =-0.136 0.10726
3 Hour tau = -0.0565 0.50656
6 Hour tau = -0.0266 0.75662

**-0,05 significance level, *-0,1 significance level
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4.1.2. Stationarity vs Nonstationarity Analysis

Maximum precipitation and recurrence analysis rely on observation for at least 10 years of
station precipitation data. SMS determines the annual maximum precipitation depths for
storm durations of 5, 10, 15, 30 min, and 1, 2, 3, 4, 5, 6, 8, 12, 18, 24 hours. IDF analysis is
performed for the 2, 5, 10, 25, 50 and 100-year repetition periods using the probability density
functions namely; Log-Normal 2 Distribution (LN2), Log-Normal 3 Distribution (LN3), 2-
parameter Gamma Distribution (G2P), Log-Pearson 3 Distribution (LP3), and Gumbel
Distribution (G). The best fit among these functions is found by the Chi Square and
Kolmogorov-Smirnov conformity tests. As a result, a stationary LP3 is selected as the
preferred distribution for the selected station and it is based on the data from 1940-2015
period. In this study, SMS annual maximum precipitation statistics are used as reference to
compare them with results obtained GEV based stationary and nonstationary analyses. This
can enable us to see variations between the data officially in use and data acquired within this
current study.

Table 4.2. presents the negative log-likelihood (NLL), AIC and BIC diagnostic values of
stationary and best fit nonstationary models. Small negative log-likelihood and AIC/BIC
values infer the superiority of the model to the other ones. Consistently, for all storm
durations the proper nonstationary models provided the lower performance scores than
stationary models. This implies the worthy of consideration of changing climate conditions
in precipitation frequency analysis.

Table 4.2 - Stationary and Best Fit Nonstationary Model Comparison

Model NLL AIC BIC Model NLL AIC BIC
StFiveMin 160 327 333 StTenMin 182 369 376
NStFiveMin 139 288 298 NStTenMin 166 342 353

StFifteenMin 194 394 401 StThirtyMin 210 426 432
NStFifteenMin 173 356 367 NStThirtyMin 190 390 401

StOneHour 222 451 457 StTwoHours 228 461 468
NStOneHour 201 412 423 NStTwoHours 205 420 431

StThreeHours 231 468 474 StSixHours 237 480 487
NStThreeHours 209 428 439 NStSixHours 216 442 452

The changes between return levels of best fit nonstationary model and stationary ones for
each return period are shown in Table 4.3. Generally mean or median values are computed
to simplify the results of nonstationary models because nonstationary return levels take
different values for every single point of covariate.
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Table 4.3 - Nonstationary GEV Best Fit Model Return Levels (mm) - Mean and Median
Value Change with Respect to Stationary GEV Model Return Level Results - Observation
Period

2year Syear 10year 25year 50year 100year 200 year

Mean Value Change
FiveMin -4% -4% -5% -9% -11% -15% -18%
TenMin -14%  -13%  -12% -9% -7% -5% -3%
FifteenMin -1% -4% -6% -9% -12% -14% -17%
ThirtyMin 0% -3% -6% -10% -13% -16% -19%
OneHour -7% -5% -3% 0% 3% 6% 10%
TwoHours 0% -3% -4% -5% -6% -7% -7%
ThreeHours 0% -3% -5% -8% -11% -13% -16%
SixHours 1% -1% 2% -3% -4% -5% -5%
Median Value Change

FiveMin -3% -2% -4% -7% -9% -12% -15%
TenMin -13%  -12% -10% -7% -4% -2% 0%
FifteenMin -1% -2% -4% -7% -9% -12% -14%
ThirtyMin 1% -2% -5% -8% -10% -13% -16%
OneHour -8% -5% -2% 2% 5% 8% 12%
TwoHours -1% -2% -3% -4% -4% -5% -5%
ThreeHours -1% 2% -4% -7% -9% -11% -14%
SixHours 0% -1% -2% -2% -3% -3% -4%

In addition, Figure 4.3 shows return levels of stationary model, nonstationary mean and
median and SMS for each storm duration from 5 min to 6 hr, respectively. By examining
storm durations, it is found that the shorter the duration the larger the differences between
the non-stationary and stationary extremes. In the design of storm drainage systems short
durations of maximum rainfall events are mostly considered. Therefore, the use of
nonstationary approach in determining the design value should be more preferable depending
on safety and economical scale. For an example, for the 100-year return period, the
differences between stationary and nonstationary mean (median) return level of 5 minutes
and 30 minutes events are 15% (12%) and 16% (13%), while for a 6 hours storm, the
difference is 5% (3%). Also, among the storm durations, only one hour time series exhibit
larger values (increase) for its nonstationary model return level values, however this is not
the case for shorter return periods from 2 years to 10 years.
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Differences in sub-hourly return levels between nonstationary and stationary models increase
with the increasing return period, except the results from ten minutes data. While the mean
(median) difference of 5-year return period is 4% (2%) for five and fifteen minutes durations,
this difference reaches 11% (9%) and 12% (9%) for 50 years return period and 15% (12%)
and 14% (12%) for 100 years return period. Exceptionally, ten minutes data follows the
opposite direction for the alteration of nonstationary and stationary return level results with
respect to storm duration, such as 14% (13%) and 12% (10%) mean (median) difference for
2 and 10 years return period and 5% (2%) for 100 years return period. It should be noted that
usually the low return periods (2 to 10 years) are considered in design steps of storm drainage
systems and this makes the nonstationarity more critical in controlling the uncertainty related
to the determination of maximum precipitation value. The hourly time series demonstrate
similar behavior to sub-hourly time series. While the negative differences from two, three-
and six-hours time series are amplified with increasing return period, one-hour time series
show increased return levels (positive difference) with nonstationarity after 25 years return
period. SMS based stationary return levels also follow GEV based stationary levels closely
and both of them provides higher return levels than nonstationary models (see Figure 4.3).
The difference between the stationary and nonstationary return levels is not following a linear
trend but to make a general inference sub-hourly storm durations indicate larger difference
than hourly storm durations and non-stationary estimates are smaller than their corresponding
stationary values. In these circumstances for a worst-case scenario it is better to use stationary
return level estimates for the safety issue of a hydraulic structure. However, it will increase
the cost and result in overdesign when observed data is considered. Moreover, depending on
the characteristics of a time series different results can be seen; even one value can change
the calculation results since every time series are evaluated independently and have its own
statistical attributes. The outlier effect, distribution, parameter estimation methods, etc., all
have impacts over the return level results. For instance, while observed 3 hour rainfall exceed
1 hour rainfall height, according to statistical analyses, chosen distribution, etc. a 100 year-1
hour return level result can exceed the 100 year-3 hour result; at that case distribution may
change and calculations can be repeated, parameter estimation method can be changed or the
highest value is taken for the calculations. Therefore, analyses and interpretation of such
results need expert judgement to avoid misinterpretation.

4.2. Climate Change and Alterations in the Maximum Precipitation Events:
Projections

Daily precipitation values of projection period are disaggregated to 5 minutes storm
durations, then five minutes time series aggregated to the storm durations that are subject of
interest such as 10 min, 15 min, 1 hour and 6 hour. Stationary and nonstationary models are
applied to these projected (2015-2098) annual maximum storm durations for Ankara
province. Three GCM models (MPI-ESM-MR, HADGEM2-ES, and GFDL-ESM2M) and
two RCP scenario (4.5 and 8.5) for storm durations of stationary and nonstationary models
are used. These driving GCM model outputs are downscaled by using the RegCM4 regional
model to produce daily precipitation at 10 km.
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4.2.1. Disaggregation of Daily Precipitation

The performance of the aforementioned disaggregation method has been assessed by
reproducing a set of standard statistics (mean, variance, proportion of dry day, skewness,
standard error and maximum value) for one hour disaggregated precipitation intensity from
24 hours precipitation data. These statistics can be compared with the same statistics obtained
from hourly observed precipitation data available at the model grid location. The hourly
mean statistics for January, May, June and October representing winter, spring, summer, and
fall seasons, respectively are calculated for hourly and disaggregated hourly observed data
and they are shown in Table 4.4. The statistics results are close to each other particularly in
spring, summer and fall seasons. The higher skewness and maximum precipitation depth are
observed with disaggregated data in January. However, the results indicated a good
performance of the methodology in producing hourly values with their mean statistical
measures (Table 4.4.). On the other hand, it must be specified the larger bias of the
disaggregated data with respect to observed data for finer durations such as five minutes or
ten minutes are observed. The parameters developed with observed data are used in the model
to disaggregate daily precipitation of climate model outputs.

Table 4.4 - Statistical Parameters of Observed and Disaggregated Hourly Precipitation

January January = May May June June October  October

Disagg. Obs Disagg. Obs Disagg. Obs Disagg. Obs
Mean 0,04 0,04 0,11 0,11 0,09 0,09 0,07 0,07
Variance 0,30 0,11 0,37 0,37 0,26 0,29 0,23 0,16
Dry Day 0,98 0,95 0,90 0,90 0,91 0,93 0,95 0,93
Skewness 15,52 11,24 9,25 9,54 9,99 8,69 10,25 11,40
Std Error 0,55 0,34 0,61 0,61 0,51 0,54 0,47 0,40
Maximum 10,34 5,80 8,90 9,80 7,85 7,40 7,52 7,60

4.2.2. Trend Analysis

Figure 4.4 shows projected annual maximum rainfall intensities for storm duration of 10, 15
minutes and 1, 6 hours for three models and two RCP scenarios, between 2015-2098 periods
with a linear trend line. All projections for 10 min, 15 min and 1-hr generally show decreasing
tendency for their annual maximum precipitation depths according to linear regression lines.
For sub-hourly durations, GFDL 8.5 and HG 8.5 are almost unresponsive to interannual
changes in maximum precipitation. HG4.5, MPI4.5, and MPI8.5 are the most sensitive
models to maximum precipitation changes between years for 15 min duration. Also, MPI8.5
shows higher fluctuations between years for 1-hr duration. As duration changes different
responses from each model are observed.

Trend test results using MK are shown in Table 4.5. The null hypothesis that there is no trend
is rejected is shown with bold. The directions of trends in projections regardless of storm
durations are mostly downward. The significant decreasing trends are associated with GFDL
and MPI models with 8.5 RCP scenario while RCP 8.5 produces the warmest environment.
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Moreover, increasing trends occurred only with MPI4.5 for each of storm duration. The MPI
model can be sensitive to the choice of RCP scenario as it produces trend at opposite
directions with different RCP. Trends in short (in particular sub-hourly) and long storm
durations are largely different in terms of statistical significance and directions for model and
scenario combinations.

Table 4.5 - Mann-Kendall Results for the Storm Durations of Projected Data Time Series

MK p- MK p-
Storm Duration Statistic Value Storm Duration Statistic Value
TenMinutesMPI45 0.0947 0.20374 OneHourMPI45 0.112 0.1339
TenMinutesMPI&5 -0.14 0.05940 OneHourMPI85 -0.143  0.05535

TenMinutesGFDL45 -0.0175 0.8167 OneHourGFDLA45 -0.0694 0.35185

TenMinutesGFDLS85 -0.105  0.15966  OneHourGFDLS5  -0.141  0.05888

TenMinutesHG45 -0.0967 0.19428  OneHourHG45 -0.0402 0.59128
TenMinutesHGS85 -0.0531 0.47717  OneHourHGB85 0.0499 0.50392
FifteenMinutesMPI45 0.0895 0.22959  SixHoursMPI45 0.0602 0.41944
FifteenMinutesMPI85  -0.118  0.11235  SixHoursMPI85 -0.0115 0.88024

FifteenMinutesGFDL45 -0.0459 0.53906  SixHoursGFDL45  -0.173  0.01983
FifteenMinutesGFDL85 -0.122  0.10142  SixHoursGFDL85  -0.199  0.00759
FifteenMinutesHG45 -0.0938 0.20789  SixHoursHG45 0.0422 0.57274
FifteenMinutesHG85 -0.0422  0.57273  SixHoursHG85 -0.0143  0.84986

4.2.3. Stationarity vs Nonstationarity Analysis

Stationary and nonstationary models are constructed for the future precipitation data and
compared with each other. First nonstationary models are compared among themselves and
then nonstationary model with the best fit diagnostic values is compared with stationary
models. AIC, BIC and NLL values of stationary models and their corresponding best fit
nonstationary ones are presented in Table 4.6. The results of best fit nonstationary models
spread among the various model trials. More than 60% of constructed nonstationary models
reveal best fit results for the models in which location parameter is set to a function of
Temperature and exp(Temperature), and scale parameter is set to a function of
exp(Temperature). Generally, best fit nonstationary models provide lower diagnostic values
(at least one of three evaluation criteria) and hence they are superior comparing to stationary
models.

For every model and its corresponding RCP scenarios, mean and median of best fit
nonstationary return level estimate results are compared with stationary model results for all
storm durations and their percent changes of these values are given in Table 4.7. For 10 min,
15 min and 1-hour durations the models with RCP 4.5 produced increased (positive change)
return levels (up to 6 percent) with nonstationarity whereas the models with RCP 8.5 yielded
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decreased (negative change) return levels (up to 4 percent). However, regardless of RCP
scenarios almost all models (especially GFDL) released reduced (negative change) return
levels with nonstationarity for 6-hour duration and such changes in return levels reached to
15 percent in maximum (based on median value). Magnitude of these changes increased with
increasing return periods. The changes greater than 3 percent are highlighted in Table 4.7.
GFDL and HG models with RCP 4.5 increased the return levels with nonstationarity
particularly for 10 min, 15 min and 1-hour durations. The magnitude of future variations in
extreme precipitation quantiles is dependent to the selection of GCMs and/or RCPs as it is
also stated in Alam [79] who conducted the study of IDF curves analyses for Saskatoon,
Canada, with possible climate change scenarios. Owing to semi-arid/arid climate conditions
at the study location (Ankara province) Ankara is likely to encounter lower maximum
precipitation depths at different frequencies in the future especially for the warmest condition
(RCP 8.5) and longest duration (6-hour).

Table 4.6 - Diagnostic Values of Stationary and Best Fit Nonstationary Models of

Projected Data
Model Stationary Best Fit Nonstationary
NLL AIC BIC NLL AIC BIC
TenMinMPI45 160.49 32998 334.27 159.58 327.15 336.88
TenMinMPI85 13292 271.84 279.13 128.45 26491 274.63
TenMinGFDLA45 124.99 25597 263.26 123.57 255.15  267.87
TenMinGFDLS85 2.65 11.31  18.60 -1.81 6.38 18.53
TenMinHG45 181.79 369.57 376.86 180.24 368.47 378.20
TenMinHG85 43.77  93.53 100.83 4321 9442 104.15
FifteenMinMPI45 165.88 337.76 345.05 164.76  337.52  347.24
FifteenMinMPI85 169.16 34431 351.61 166.22 340.43 350.16
FifteenMinGFDLA45 151.40 308.81 316.10 149.05 306.10 315.83
FifteenMinGFDLS85 33.81 73.61 80.91 31.63  71.25 80.98
FifteenMinHG45 203.40 412.81 420.10 201.64 411.29 421.013
FifteenMinHG85 74.74 15548 162.78 74.03 156.06 165.78
Model Stationary Best Fit Nonstationary
NLL AIC BIC NLL AIC BIC
OneHourMPI45 20535 416.71 424.00 203.77  415.55 42527
OneHourMPI8S 25891 523.82 531.11 252.66  513.33 523.05
OneHourGFDLA45 23548 476.96 484.25 234.06 476.13 485.85
OneHourGFDLS85 142.67 29134 298.63 138.44  286.87 299.03
OneHourHG45 246.33 498.66 505.95 24451  497.02 506.74
OneHourHGS85 181.81 369.61 37691 179.66 36733 377.05
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Table 4.6 - Diagnostic Values of Stationary and Best Fit Nonstationary Models of
Projected Data (continue)

Model Stationary Best Fit Nonstationary

NLL AIC BIC NLL AIC BIC
SixHoursMPI45 303.82 613.65 620.94 302.85 613.71 623.43
SixHoursMPI85 29230 590.61 597.90 281.20 57241 584.56
SixHoursGFDL45 262.57 531.13 538.43 258.63  527.27 53942
SixHoursGFDLS85 26193 529.86 537.15 252.61  515.21 527.37
SixHoursHG45 273.65 553.29 560.59 252.01  514.01 526.17
SixHoursHG85 264.12 53424 541.53 264.08 536.17 545.89

Table 4.7 - Nonstationary Model-Stationary Model Comparison - Mean and Median Return
Value Change for 2-5-10-25-50-100-200 Years Return Period with Respect to Stationary
Model - Projected Data for 10 min, 15 min, 1 hour and 6 hour durations
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Further the average of stationary and nonstationary model-RCP combinations of each storm
duration are computed. Stationary return level averages MPI, GFDL, HG models RCP 4.5
and 8.5 results and nonstationary return level means of MPI, GFDL, HG models RCP 4.5
and 8.5 results are compared. These results are given in Figure 4.5.

It can be concluded that on average nonstationary models produce mostly lower return levels
for six-hour storm duration and closer return level values for the rest of the storm duration
within the same RCP scenario. Moreover RCP 8.5 model averages for all storm durations
exhibit smaller values when compared with the RCP 4.5 return level values however future
projections can reveal different results for different regions. While it is found that stationary
return level estimates for projections reveal higher values in this study, DeGaetano et al. [80]
computed future precipitation recurrence probabilities for NY State to consider the future
flood risk. The study reveals that at the end of the century, NYS will face a median change
of between 20 and 30% increase in one-hundred-year recurrence interval precipitation
amounts.
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Figure 4.5 - Nonstationary Model-Stationary Model Comparison for Projected Data -
Average Values

Furthermore, observation and projection period return level results are also compared in a
single plot to capture and illustrate the potential temporal change. Stationary and
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nonstationary return level plots of observed period, average stationary and nonstationary
results of projected period and models that reveal the highest return level values among the
model&RCP combinations (HG 4.5 for 10 and 15 minutes; MPI 8.5 for 1 hour and MPI 4.5
for 6 hours) of storm durations (10 minutes, 15 minutes, 1 hour, 6 hours) are presented in the
Figures 4.6.
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Figure 4.6 - Model Comparison — Observed Stationary and nonstationary, SMS, projected
average stationary and nonstationary model results and model results with highest return
level values of storm durations (10 minutes, 15 minutes, 1 hour, 6 hours)

For 10 min and 15 min storm durations in observed period, stationary return levels are higher
than nonstationary levels while they are lower for 1-hour duration. In addition, for these storm
durations all projected return levels with and without nonstationarity are lower than return
levels in observed period. Discrepancies in return levels of observed and projected periods
for these storms are significantly high which can be seen from the differences between
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average values of projected period and the observed period values. However, with 6-hr
duration these differences in between two periods are somewhat reduced. Even return levels
of MPI with RCP 4.5 exceeded return levels calculated in historical period. Nevertheless, the
maximum precipitation depths by the end of century will likely to occur with reduced
magnitude comparing to the current time. In other words, the same precipitation depth in the
future (by the end of century) can occur with longer return periods. With higher recurrence
time and shorter storm duration this feature is more pronounced and therefore the severity of
the extreme precipitation will probably be reduced in the future. Nonstationarity effect further
decreases the return levels particularly for return periods greater than 10 year but it shows
tendency to increase precipitation depths for sub-hourly durations even with return periods
lower than 10 year. This aspect of the nonstationarity is effective in both periods.

In this study a general decrease in extreme rainfall return levels detected for the Ankara.
However, for all return periods, six hours storm duration projected data driven model results
do not fit the general trend. On the other hand, there are uncertainty caused by different
aspects of the data and lack of practice as stated in the literature which complicate the
analyses especially for future conditions. For instance Fadhel et al. [81] show that the use of
different reference periods for the bias correction of RCM raise the uncertainty in the future
IDF curves and emphasize the effect of the reference period on future climate projections,
Kara [82] concluded that all RCMs may underestimate precipitation and Simonovic et al.
[83] found that a reduction in extreme precipitation in central regions of Canada and increases
in other regions based on CanESM2 results but also mentioned the GCM based uncertainty
and the difference between ensemble and single model results. Moreover Arnbjerg Nielsen
et al., [84] state the lack of understanding of how to quantify the impacts of climate change
and the insufficiency of long-term rainfall statistics so the understanding of consequences of
climate change stays limited. Haktanir and Citakoglu [34] indicated that Intensity-Duration-
Frequency (IDF) curves can be computed in the conventional way for Turkey which supports
the findings of this study. Moreover, the future results are in line with the observed trends
which indicated significant decreasing trend. On the other hand, Almazroui et al. [85] stated
an average 5% increase in the rainfall intensity for semi-arid region of Turkey while Sen and
Aksu [86] divided two equal halves the 7 meteorological station data of annual maximum
series in Istanbul and indicated an increase of up to 30% rainfall intensity for the second
period. Nevertheless, the difference between highest model results and average results for
the projected data in this study indicates the unavoidable uncertainty.

5. SUMMARY AND CONCLUSIONS

In the present study, intensity-duration-frequency analysis of precipitation for the reference
(1950-2015) and the future (2015-2098) conditions, which enables us to incorporate climate
change and variability into the design and management of storm water drainage systems, is
performed and discussed under stationary and non-stationary conditions for the capital and
semi-arid climate of Ankara province in Turkey. The precipitation records of SMS of Turkey
for observation period and the results of regional climate model simulations based on the
HadGEM2-ES, MPI-ESM-MR and GFDL-ESM2M models with RCP4.5 and RCP8.5
scenarios for future periods have been used. Daily future precipitation projections are
disaggregated to 5 minute and used for the future period analysis. The GEV frequency models
for stationary and nonstationary cases during observed and projected periods are developed.
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The maximum precipitation depths of all storm durations showed statistically significant
decreasing trends during observed period while the models with RCP 8.5 released significant
decreasing trends but the models with RCP 4.5 produced significantly increasing trends for
all storm durations in projected period. Depending on the choice of emission scenarios the
direction of the trend line changes from current to the future period. With more optimistic
scenario (RCP 4.5) the severity of wetness increases in the future, however it is reduced and
aligned with observed period when pessimistic scenario (RCP 8.5) is used. The statistical
significance in precipitation change over time also inferred the existence of unavoidable
nonstationarity. The stationary GEV models are capable of fitting the extreme precipitation
time series of all storm durations, but the non-stationary GEV models showed advantage over
the stationary models according to the diagnostic tests and values. Nonstationary model
results exhibited smaller return level values with respect to stationary model results of each
storm duration for the observed period. These changes reached to 15% especially for 10-15
min duration and 10-25 years return periods. These duration and frequencies are mostly
considered in design of urban water drainage systems. Hence, the usage of nonstationarity
approach becomes critical in application studies. Design magnitudes were lowered so that
current structures do not consider nonstationarity would be overdesigned, however they will
be safe for any failure. Similar reductions in return levels with nonstationarity were also
obtained by models with RCP 8.5 in projected period. However, the nonstationarity models
with RCP 4.5 increased the return levels in future. The negative effect of nonstationarity was
the greatest for 6-hour duration regardless of any emission scenario and model.

In addition, return level values that are derived from observed data are greater than those
from projected data almost for all storm duration and return period for 10-15 minutes and 1-
6-hour storm duration. As the duration of storms increases projected return levels get closer
to observed return levels. Future extreme precipitation depths for sub hourly storm durations
are far lower than those in observed period. Therefore, the capacity of current operational
storm drainage systems that were designed under stationarity will be safe enough and not
create any operational difficulties in future based on the three model results used in this study.
On the other hand, future projections, downscaling methods, disaggregation techniques host
uncertainties that must be remembered in evaluation of the results.

Nevertheless, it should be noted that the differences in return level estimates of models
support the need to update the current design parameters such as return level, return period
with the most recent data and approaches. The differences also reveal the need to conduct
analysis using future climate data.

Acknowledgement

Based on the article, two presentations were published at the 3rd International Electronic
Conference on Water Sciences (ECWS-3) which was held online, promoted by the open
access journal Water http://www.mdpi.com/journal/water; one presentation is presented and
one full-text is published at 10th National Hydrology Congress, Mugla Sitki Kogman
University, The presentations that are published at ECWS-3 can be found at:

https://sciforum.net/paper/view/conference/5807
https://sciforum.net/paper/view/conference/5808

11772



[1]

(2]

[4]

[5]

[6]

[7]

[9]

[10]

[11]

[12]

[13]

[14]

Sertac ORUC, Ismail YUCEL, Aysen YILMAZ

References

IPCC, (2013). Climate change 2013. The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change.

IPCC, (2014a). Climate change 2014. Impacts, Adaptation, and Vulnerability. Part A:
Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change.

IPCC, (2014b). Climate change 2014. Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change.

Osborn, T. J., Gosling, S., Wallace, C., & Dorling, S. (2015). The Water Cycle in a
Changing Climate. 7th World Water Forum. Faircount Media Group, London, 14-19.

Zhou, Q., Ambjerg-Nielsen, K., Mikkelsen, P. S., Nielsen, S. B., & Halsnzas, K. (2012).
Urban drainage design and climate change adaptation decision making. Kgs. Lyngby:
DTU Environment

Papagiannaki, K., Lagouvardos, K., Kotroni, V., & Bezes, A. (2015). Flash flood
occurrence and relation to the rainfall hazard in a highly urbanized area, Nat. Hazards
Earth Syst. Sci., 15, 1859-1871

Willems, P. “Revision of Urban Drainage Design Rules after Assessment of Climate
Change Impacts on Precipitation Extremes at Uccle, Belgium.” Journal of Hydrology,
vol. 496, 2013, pp. 166-177., doi:10.1016/j.jhydrol.2013.05.037.

Liew, S. C., Raghavan, S. V., & Liong, S.Y. (2014). How to construct future IDF
curves, under changing climate, for sites with scarce rainfall records?. Hydrol. Process.,
28, 3276-3287. doi:10.1002/hyp.9839

Pohl, B., Macron, C., & Monerie, P-A. (2017). Fewer rainy days and more extreme
rainfall by the end of the century in Southern Africa. Scientific Reports, 7, 46466. doi:
10.1038/srep46466

Seneviratne, S. 1., Nicholls, N., Easterling, D., Goodess, C. M., Kanae, S., & Kossin, J.
(2012). Changes in climate extremes and their impacts on the natural physical
environment. Cambridge University Press, Cambridge, UK, and New York, NY.

Ozturk, T., Turp, M. T., Tiirkes, M., & Kurnaz, M. L. (2018). Future projections of

temperature and precipitation climatology for CORDEX-MENA domain using
RegCM4.4. Atmospheric Research, 206, 87-107. doi:10.1016/j.atmosres.2018.02.00

Kusunoki, S., (2017). Future changes in global precipitation projected by the
atmospheric model MRI-AGCM3.2H with a 60-km size. Atmosphere, 8, 93

Buttstadt, M., & Schneider, C. (2014). Climate change signal of future climate
projections for Aachen, Germany, in terms of temperature and precipitation. Mareike,
68(2), 71-83.

Meld, (2013). Climate change adaptation in Norway Meld. St. 33 (2012-2013) Report
to the Storting (white paper) Recommendation of 7. May 2013 from the Ministry of the
Environment, approved in the Council of State the same day. (White paper from the
Stoltenberg II Government).

11773



Investigation of the Effect of Climate Change on Extreme Precipitation: ...

[15]

[16]

[17]

[18]

[21]

[22]

[23]

[24]

IPCC, (2012). Managing the risks of extreme events and disasters to advance climate
change adaptation. A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change.

Kundzewicz, Z. W., Kanae, S., Seneviratne, S. 1., Handmer, J., Nicholls, N., Peduzzi,
P., Mechler, R., Bouwer, L. M., Arnell, N., Mach, K., Muir-Wood, R. G., Robert, B.,
Wolfgang, K., Gerardo, B., Yasushi, H., Kiyoshi, T., & Boris, S. (2014). Flood risk and
climate change: global and regional perspectives. Hydrological Sciences Journal, 59(1),
1-28. doi: 10.1080/02626667.2013.857411

Li, J., Johnson, F., Evans, J., & Sharma, A. (2017). A comparison of methods to
estimate future sub-daily design rainfall. Advances in Water Resources, 110.
10.1016/j.advwatres.2017.10.020.

Hettiarachchi, S., Wasko, C., & Sharma, A. (2018). Increase in flood risk resulting from
climate change in a developed urban watershed — the role of storm temporal patterns,
Hydrol. Earth Syst. 22, 2041-2056.

Cheng, L., & AghaKouchak, A. (2014). Nonstationary precipitation intensity-duration-
frequency curves for infrastructure design in a changing climate. Sci. Rep. 4, 7093.
doi:10.1038/srep07093

Sarhadi, A., & Soulis, E. D. (2017). Time-varying extreme rainfallintensity-duration-
frequency  curvesin a  changing climate, Geophys. Res.Lett., 44.
doi:10.1002/2016GL072201

Peck, A., Prodanovic, P., & Simonovic, S. P. (2012). Rainfall intensity duration
frequency curves under climate change: city of London, Ontario, Canada. Can. Water
Res. J., 37(3), 177-189. http://dx.doi.org/10.4296/cwrj2011-935

Hosseinzadehtalaei, P., Tabari, H., & Willems, P. (2017). Precipitation intensity—
duration—frequency curves for central Belgium with an ensemble of Eurocordex
simulations, and associated uncertainties. Atmospheric Research, 200, 1-12.
doi:10.1016/j.atmosres.2017.09.015

Willems, P., Olsson, J., Arnbjerg-Nielsen, K., Beecham, S., Pathirana, A., Gregersen,
I.B., Madsen, H., Nguyen, V.T.V. (2012). Impacts of climate change on rainfall
extremes and urban drainage. IWA Publishing, London, UK.

Yuan, X.-C., Wei, Y.-M., Wang, B., and Mi, Z. (2017). Risk management of extreme
events under climate  change, . Clean. Prod., 166,1169-1174,
https://doi.org/10.1016/j.jclepro.2017.07.209, 2017

Yoon, J. H., Wang, S. Y., Gillies, R. R., Kravitz, B., Hipps, L., & Rasch, P. J. (2015).
Increasing water cycle extremes in California and relation to ENSO cycle under global
warming. Nat. Commun, 6, 8657 doi: 10.1038/ncomms9657

Simonovic, S. P. (2012). Floods in a changing climate: Risk management, 194.
Cambridge: Cambridge University Pres

Huntington, T. G. (2006). Evidence for mtensification of the global water cycle: review
and synthesis. Journal of Hydrology, 319, 83-95.
http://dx.doi.org/10.1016/j.jhydrol.2005.07.003

11774



[28]

[29]

[30]

[31]

[32]

[33]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Sertac ORUC, Ismail YUCEL, Aysen YILMAZ

Abdellatif, M., Atherton, W., & Alkhaddar, R. (2013). Application of the stochastic
model for temporal rainfall disaggregation for hydrological studies in North Western
England. Journal of Hydroinformatics, 15(2), 555-567.

Harisaweni, Z., & Fadhilah, Y. (2016). The use of BLRP model for disaggregating
daily rainfall affected by monsoon in Peninsular Malaysia. Sains Malaysiana, 45 (1).
87-97.

Kossieris, P., Makropoulos, C., Onof, C., & Koutsoyiannis, D. (2016b). HyetosMinute,
A package for temporal stochastic simulation of rainfall at fine time scales, Version
2.0.

SMS, (2020). Republic of Turkey, the ministry of forestry and water affairs, state
meteorological service, State of the Climate in Turkey in 2019, January 2020

Sensoy, S., Tirkoglu, N., Akcakaya, A., Ulupinar, Y., Ekici, M., Demircan, M., Atay,
H., Tiivan, A., & Demirbas, H. (2013). Trends in Turkey climate indices from 1960 to
2010, 6th Atmospheric Science Symposium, 24 - 26 April 2013, ITU, Istanbul, Turkey.

Danandeh Mehr, A. and Kahya, E. (2016). Climate change impacts on catchment-scale
extreme rainfall variability: Case Study of Rize Province, Turkey. Journal of
Hydrologic Engineering, 10.1061/(ASCE)HE.1943-5584.0001477, 05016037.

Haktanir, T., & Citakoglu, H. (2014). Trend, independence, stationarity, and
homogeneity tests on maximum rainfall series of standard durations recorded in
Turkey. Journal of Hydrologic Engineering, 19, 9. DOI: 10.1061/(ASCE)HE.1943-
5584.0000973.

Yilmaz, A. G. (2015). The effects of climate change on historical and future extreme
rainfall in Antalya, Turkey. Hydrological Sciences Journal, 60(12), 2148-2162. doi:
10.1080/02626667.2014.945455

Tayang, M., im, U., Dogruel, M., & Karaca, M. (2009). Climate change in Turkey for
the last half century. Climatic Change, 94, 483-502.

Turungoglu, U. U., Tiirkes, M., Bozkurt, D., Onol, B., Sen, O. L., & Dalfes, H. N.
(2018). The Soils of Turkey. World Soils Book Series. Springer, Cham.

WRP, (2016). Republic of Turkey, the ministry of forestry and water affairs, general
directorate of water management. Climate Change Impacts On Water Resources
Project.

Aziz, R. (2018). Impacts Of Climate Nonstationarities On Hydroclimatological
Variables In Turkey, PhD. Dissertation. Middle East Technical University

Aziz, R.,Yucel, 1., Yozgatligil, C. (2020). Nonstationarity impacts on frequency
analysis of yearly and seasonal extreme temperature in Turkey. Atmospheric Research,
238, doi.org/10.1016/j.atmosres.2020.104875

Maraun, D. (2016). Bias correcting climate change simulations—a critical review. Curr
Clim Change Rep 2(4):211-220. doi: 10.1007/s40641-016-0050-x

Willkofer, F.; Schmid, F.J.; Komischke, H.; Korck, J.; Braun, M.; Ludwig, R. The
impact of bias correcting regional climate model results on hydrological indicators for
Bavarian catchments. J. Hydrol. Reg. Stud. 2018, 19, 2541

11775



Investigation of the Effect of Climate Change on Extreme Precipitation: ...

[43]

[44]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Demircan, M , Giirkan, H , Eskioglu, O , Arabaci, H , Coskun, M . (2017). Climate
Change Projections for Turkey: Three Models and Two Scenarios . Turkish Journal of
Water Science and Management , 1 (1), 22-43 . DOI: 10.31807/tjwsm.297183

Kossieris, P., Makropoulos, C., Onof, C., & Koutsoyiannis, D. (2016a). A rainfall
disaggregation scheme for sub-hourly time scales: Coupling a Bartlett-Lewis based
model with adjusting procedures, Journal of Hydrology, 556, 980-992.

Kaczmarska, J. M., Isham, V. S., & Northrop, P. (2015). Local generalised method of
moments: an application to point process-based rainfall models. Environmetrics, 26,
312-325. doi: 10.1002/env.2338

Ritschel, C., Ulbrich, U., Névir, P., & Rust, H. W. (2017). Precipitation extremes on
multiple timescales — Bartlett—Lewis rectangular pulse model and intensity—duration—
frequency curves. Hydrology and Earth System Sciences, 21(12), 6501.

Yilmaz, E. (2013). Ankara Sehrinde Is1 Adasi Olusumu. (Doktora Tezi), Ankara
Universitesi, Sosyal Bilimler Enstitiisii, Ankara.

Governorate of Ankara, (2018). Geography and demographics. [online] Available at:
http://eng.ankara.gov.tr/geography-and-demographics. [Accessed 01 June 2018].

Batuman, B. (2013). City profile: Ankara. Cities, 31. 578-590.
10.1016/j.cities.2012.05.016

Sensoy, S., Turkoglu, N., Cicek 1., Demircan, M., Arabaci, H., Bolik, E., 2014,
Urbanization Effect on Trends of Extreme Temperature Indices in Ankara, 7th
Atmospheric Science Symposium, 28-30 April 2015, Istanbul

Cigek, 1., & Turkoglu, N.. (2005). Urban effects on precipitation in Ankara. Atmoésfera,
18(3), 173-187.

Kossieris, P., Koutsoyiannis, D., Onof, C., Tyralis, H., & Efstratiadis, A. (2012).
HyetosR: An R package for temporal stochastic simulation of rainfall at fine time
scales. European Geosciences Union General Assembly 2012, Geophysical Research
Abstracts, Vol. 14, Vienna, 11718, European Geosciences Union.

Rodriguez-Iturbe, 1., Cox, D. R., & Isham, V. (1987a). Some models for rainfall based
on stochastic point processes. Proceedings of the Royal Society, 410, 269-288.

Rodriguez-Iturbe, 1., Febres de Power, B., & Valdes, J. B. (1987b). Rectangular pulses
point process models for rainfall: analysis of empirical data. Journal of Geophysical
Research, 92, 9645-9656.

Villani, V., Di Serafino, D., Guido, R., & Mercogliano, P. (2016). Stochastic models
for the disaggregation of precipitation time series on sub-daily scale: identification of
parameters by global optimization. CMCC Research Paper No. RP0256.
http://dx.doi.org/10.2139/ssrn.2602889

Lu, Y., & Qin, X. S. (2012). Comparison of stochastic point process models of rainfall
in Singapore. Proceedings of 2012 International Conference of World Academy on
Science, Engineering and Technology (WASET), 68, 1234-1238.

Rozos, E., Efstratiadis, A., Nalbantis, 1., & Koutsoyiannis, D. (2004).Calibration of a
semi-distributed model for conjunctive simulation of surface and groundwater flows,
Hydrological Sciences Journal, 49(5), 819-842.

11776



[58]

[59]

[60]
[61]
[62]

[63]

[64]

[65]

[69]

[70]

[71]

[72]

[73]

[74]

Sertac ORUC, Ismail YUCEL, Aysen YILMAZ

Efstratiadis, A., and D. Koutsoyiannis, An evolutionary annealing-simplex algorithm
for global optimisation of water resource systems, (2002). Proceedings of the Fifth
International Conference on Hydroinformatics, Cardiff, UK, 1423-1428, International
Water Association, (http: //itia.ntua.gr/el/docinfo/524/)

Yilmaz, A. G., & Perera, B. J. C. (2014). Extreme rainfall non-stationarity investigation
and intensity-frequency-duration relationship. J. Hydrol. Eng. 19, 1160-1172. doi:
10.1061/(ASCE)HE.1943-5584.0000878

Mann, H. B. (1945). Non-parametric tests against trend, Econometrica, 13,163-171.
Kendall, M. G. (1975). Rank correlation methods, 4th edition, Charles Griffin, London.

Gilbert, R. O. (1987). Statistical Methods for Environmental Pollution Monitoring.
Wiley, NY.

Onyutha, C., Tabari, H., Taye, M. T., Nyandwaro, G. N., & Willems, P. (2015).
Analyses of rainfall trends in the Nile River basin. ] Hydro Environ Res, 13, 36-51.

Yucel, L., Giiventiirk, A. and Sen, O. L. (2014), Climate change impacts on snowmelt
runoff for mountainous transboundary basins in eastern Turkey. Int. J. Climatol., 35:
215-228. do0i:10.1002/joc.3974

Umbricht, A., Fukutome, S., Liniger, M. A., Frei, C., & Appenzeller, C. (2013).
Seasonal variation of daily extreme precipitation in Switzerland. Scientific Report.
MeteoSwiss, 97, 122.

Collet L., Beevers, L., & Prudhomme C. (2017). Assessing the impact of climate
change and extreme value uncertainty to extreme flows across Great Britain. Water,
9(2),103.

Coles, S. G., & Sparks, R. S. J. (2006). Extreme value methods for modelling historical
series of large volcanic magnitudes. Chapter 5, Statistics in Volcanology.

Wang, J., You, S., Wu, Y., Zhang, Y., & Bin, S. (2016). A method of selecting the
block size of bmm for estimating extreme loads in engineering vehicles. Mathematical
Problems in Engineering. 1-9. 10.1155/2016/6372197.

Cai, Y., & Hames, D. (2010). Minimum sample size determination for generalized
extreme value distribution,communications in statistics. Simulation and Computation,
40(1), 87-98. doi: 10.1080/03610918.2010.530368

Coles, S. (2001). An Introduction to Statistical Modeling of Extreme Values, Springer,
London.

Gilleland, E., & Katz, R. (2016). extRemes 2.0: An Extreme Value Analysis Package
in R. Journal of Statistical Software, 72(8), 1-39. doi: 10.18637/jss.v072.108

Bayazit, M. (2015). Nonstationarity of hydrological records and recent trends in trend
analysis: A State-of-the-art Review. Environmental Processes, 2, 527-542.

Pohlert T. (2016). Non-Parametric Trend Tests and Change-Point Detection. R package
Version 0.2.0.

Giil, G., Asikoglu, O., Giil, A., Giilgem, Y. F., & Benzeden, E. (2014). Nonstationarity
in flood time series. Journal of Hydrologic Engineering, 19, 1349-1360

11777



Investigation of the Effect of Climate Change on Extreme Precipitation: ...

[75]

[76]

[77]

[84]

[85]

[86]

Sraj, M., Viglione, A., Parajka, J., & Bloschl, G. (2016). The influence of non-
stationarity in extreme hydrological events on flood frequency estimation. Journal of
Hydrology and Hydromechanics, 64, 426-437

Cheng, L. (2014). Frameworks for univariate and multivariate non-stationary analysis
of climatic extremes, PhD. Dissertation, UC Irvine.

Wang, Y., & Liu, Q. (2006). Comparison of Akaike information criterion (AIC) and
Bayesian information criterion (BIC) in selection of stock—recruitment relationships.
Fish. Res. 77, 220-225.

Sienz, F., Schneidereit, A., Blender, R., Fraedrich, K., & Lunkeit, F. (2010). Extreme
value statistics for North Atlantic cyclones. Tellus A, 62(4), 347-360.

Alam, S. (2014). Construction of the intensity-duration-frequency (idf) curves under
climate change. Master of Science, University of Saskatchewan.

DeGaetano, A. T., & Castellano, C. M. (2017). Future projections of extreme
precipitation intensity-duration-frequency curves for climate adaptation planning in
New York State. Climate Services, 5, 23-35.

Fadhel, S., Rico-Ramirez, M. A., & Han, D. (2017). Uncertainty of intensity duration—
frequency (IDF) curves due to varied climate baseline periods. Journal of Hydrology,
547, 600-612.

Kara, F. (2014). Effects of climate change on water resources in Omerl1 basin. PhD.
Dissertation. Middle East Technical University

Simonovic, S. P., Schardong, A., & Sandink, D. (2017). Mapping extreme rainfall
statistics for canada under climate change using updated intensity-duration-frequency
curves. ASCE Journal of Water Resources Planning and Management, 143(3),
04016078-1 -04016078-12.

Arnbjerg-Nielsen, K., Willems, P., Olsson, J., Beecham, S., Pathirana, A., Gregersen,
I. B., & Nguyen, V-T. V. (2013). Impacts of climate change on rainfall extremes and
urban drainage systems: A review. Water Science and Technology, 68(1), 16-28. Doi:
10.2166/wst.2013.251.

Almazroui, M., Sen, Z., Mohorji, A.M. et al. Impacts of Climate Change on Water
Engineering Structures in Arid Regions: Case Studies in Turkey and Saudi Arabia.
Earth Syst Environ 3, 43—57 (2019). https://doi.org/10.1007/s41748-018-0082-6

Sen, K , Aksu, H . (2021). Istanbul I¢in Standart Siireli Gzlenen En Biiyiik Yagislarin
Egilimleri. Teknik Dergi, 32 (1), 1-2 . DOI: 10.18400/tekderg.647558

11778



Teknik Dergi, 2022 11779-11798, Paper 658

Effects of Gilsonite on Performance Properties of
Bitumen

Perviz AHMEDZADE!
Omar ALQUDAH?
Taylan GUNAY?
Tacettin GECKIL*

ABSTRACT

The effectiveness of natural Gilsonite on the performance properties of modified bitumens
was studied. Three samples having different ratios of Gilsonite that are 6%, 8% and 10% by
weight of base bitumen which was PG 64-16 grade were prepared. The physical properties
and storage stabilities of four samples were investigated by means of conventional tests. The
short-term and long-term aging processes of bitumens were conducted with rolling thin oven
and pressure aging vessel tests, respectively. Rheological properties of bitumens were
examined by means of Superpave tests such as rotational viscosity, dynamic shear rheometer
and bending beam rheometer. After the rheological study, the low and high temperature
performance classes of bitumens were determined by the Superpave specification. The results
showed that natural Gilsonite-modified bitumens provide improvement in rheological and
physical properties of bitumen, and were found highly compatible with base bitumen.
Gilsonite additive significantly increased stiffness and viscosity of bitumen, and improved
the resistance against fatigue cracking and rutting of bitumen, without causing a reduction in
thermal cracking resistance of bitumen.

Keywords: Bitumen, gilsonite, aging, rheological properties, performance grade.

1. INTRODUCTION

In the modern world, annually about 110 million metric tons of bitumen is needed. The
manufacture, repair and maintenance of bituminous pavements require the large amount of
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fund and energy [1]. In addition to the high cost and inadequate resources of the bitumen
used in road pavements, the aging due to transportation, storage, mixing, placement on the
road surface and service life on the road also causes many problems. Moreover, after the
application of bitumen, hot mix asphalt (HMA) pavements are also faced with various
problems during their service life [2]. As is known, the main distresses occur in flexible
pavements due to traffic loading or environmental effects or other factors, such as fatigue
cracking, rutting, and low-temperature cracking [3].

The bitumen plays an important role in the performance properties of HMA during service
life. However, many of the distresses are related to the characteristics of bitumen used in the
pavement itself. Base binder is commonly used in most countries where some defections
could be occurred early stages of service life. The rheological weakness of binder is the main
reason of using modifiers to enhance properties of binder, and consequently make the
performance of the pavements better. By the processes of mechanical mixing or chemical
reaction, polymer modified bitumens (PMBs) are produced by adding polymers into
bitumens. It is necessary appropriate compatibility between bitumen and polymer to obtain
the optimum properties of PMBs. Poor storage stability occurs when the compatibility is
poor. Thus, the separation of polymeric and bituminous phases or inconsistent bitumen
quality takes place [4].

Bitumen modifiers could be natural or artificial. Many types of modifiers were used in this
field, like rubber, crumb rubber, elvaloy, polypropylene, styrene—butadiene—rubber (SBR),
and styrene butadiene styrene (SBS), and ethylene vinyl acetate (EVA) [3,5,6]. It is known
that modifiers vary in effectiveness, workability, performance, availability, and cost. The cost
efficiency as well as the degree of compatibility of modifier with the bitumen during storing
and handling have been the biggest challenges in the industry of modified bitumens. Despite
the fact that there is large number of modifiers, few of them are really appropriate for
modification process. There have been many attempts within this scope to solve the problem
related to lack of stability in polymer-modified bitumen. For example, the recycled polymers
can be exposed to irradiation to get over this problem. In this process, functional groups and
new bonds are formed in polymer chain and this provides chemical bonding with bitumen by
preventing phase separation. The beneficial and significant enhancement of bitumen behavior
and performance was obtained by the modification of bitumen with the electron irradiated
recycled low-density polyethylene (e-LDPER) [7, 8]. The compatibility between SBS-g-M
grafted with vinyl monomer under x-rays irradiation and bitumen, and thus the storage
stability of bitumen was improved considerably as compared with SBS modified bitumen

[9].

The main purpose of bitumen modification is to improve the main quality and properties of
bitumen without negatively affecting the different properties of the bitumen or mixture [10].
In recent years, natural hydrocarbon-containing additives have begun to be used to improve
the performance properties of bitumen. One of these additives is known in the market as
Gilsonite, which is derived from naturally occurring bitumen resources, commonly referred
to as asphaltite [11,12,13,14]. Discovered in the early 1860s, Gilsonite is a resinous
hydrocarbons that has been used and evaluated in a variety of industrial applications [15].
Gilsonite, a crude petroleum-based by-product, contains natural hydrocarbons with a purity
of about 99%, and 57-70% of asphaltene [14,16]. It is a mineral bitumen, black and fragile,
and has a structure that can easily be crushed into powder [14,17]. It is also a fast-dissolving
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additive in bitumen due to its easy using and good compatibility with bitumen [18]. The
favorable properties of Gilsonite make it a good alternative to other commercially produced
polymers, especially at high temperatures and high traffic volumes. In various studies,
Gilsonite is generally used to improve high temperature performance properties due to the
hardening effect of bitumen, but the hardening that occurs can affect the low and intermediate
temperature performance characteristics of bitumen [13-15,19,20,21]. The use of Gilsonite
is now considered very seriously in bitumen modification when cost and time effectiveness,
high performance and storage stability are taken into consideration.

In this study, the Gilsonite, a natural hydrocarbon-containing additive, was used as a modifier
for bitumen to examine its impact on the physical and rheological performance properties of
the road bitumens.

Generally, in the studies carried out, the Gilsonite additive was used in bitumen modification
in two different ways: the addition of Gilsonite into bitumen, or the addition of Gilsonite as
a filler in the aggregate mixture [14]. In previous studies, it has been reported that the use of
Gilsonite in bitumen modification has increased the viscosity and softening point of bitumen
but decreased its ductility and penetration [13,14,22]. In some studies, it has been reported
that Gilsonite reduced the temperature sensitivity by increasing the hardness of the bitumen,
but it increased its elasticity [13,23]. In many studies it has been indicated that increasing the
amount of Gilsonite in the bitumen increased the high temperature performance of the
bitumen, but the tendency to fatigue and low-temperature cracking increased [11,12-
15,21,24]. However, Feng and Ameri have reported that the intermediate and high
temperature performance of the modified bitumen with Gilsonite has improved [23]. The
results of another study showed that Gilsonite, as a modifier, could be used to improve its
stiffness properties and rutting resistance of mixtures used in hot climates [14]. A study, in
which two different types of bitumen were used, indicate that Gilsonite improved the high
temperature performances of the bitumens, but decreased the low temperature performances
[17]. Similarly, Anderson et al. also noted that Gilsonite modified bitumen showed a fragile
behavior at low temperatures [19]. The results of a study showed that the Gilsonite-modified
bitumens serve to prevent crack formation in the coating by forming a good bond between
bitumen and aggregate [25]. In another study, it was found that the storage stability of
Gilsonite-modified bitumen was better than SBS modified bitumen [13]. In addition, the
results of a study showed that the use of Gilsonite in appropriate amount had no negative
effect on the aging process of bitumen [26]. In many studies it has been reported that HMA
modified with Gilsonite had higher stability, lower permanent deformation and better fatigue
and moisture resistance [10,13,15,18,23]. Additionally, it has been determined that these
mixtures showed more strength under dynamic loading [15,23]. Moreover, in some studies it
has been stated that Gilsonite has many economic benefits of using it in pavement design
[11,13,14,15,23]. Finally, it has been suggested that Gilsonite could be used as a modifier to
improve the performance properties of HMA [11,13].

This research discusses the influence of Gilsonite as a modifier in bitumen. The primary
objective of this research is to characterize the physical and rheological properties of
Gilsonite modified bitumen. To this end, the test results of modified binders were discussed
and compared with base (unmodified) bitumen.
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2. MATERIALS
2.1. Materials

The base bitumen with a PG 64-16 performance grade used in this study was supplied from
Izmit refinery in Turkey. The obtained physical properties of base bitumen were given in
Table 1. The modifier used was natural Gilsonite material supplied by URAN Holding Ltd.
Company in Turkey. The composition and physical properties of used Gilsonite are shown
in Table 2.

Table 1 - Physical properties of base bitumen (PG 64-16)

Properties Results
Penetration (25°C, 100 gr, 5 sec) 0.1 mm 51
Softening point, °C 46.5
Elastic recovery (25°C), % 88
Flash point, °C 265
Specific gravity (25°C), gr/cm? 1.027

Table 2 - Composition and physical properties of used Gilsonite

Properties Results
Carbon content (%) 85.22
Sulphur content (%) 3.09
Oxygen content (%) 1.49

Hydrogen content (%) 597
Nitrogen content (%) 0.77
Ash content (%) 2.24
Moisture content (%) 0.09
Solubility in CS2 (%) 41.74
Solubility in Toluene (%) 20.83
Softening point, °C 160-205
Specific gravity, at 25°C (gr/cm?) 1.145

2.2. Preparation of Samples

The Gilsonite-modified bitumen were prepared by blending base bitumen with Gilsonite in
powder form at three different percentages (6%, 8% and 10%) of Gilsonite by total weight
of bitumen. For this purpose, blending process was accomplished via a laboratory high shear
mixer. After heated in oven for 90 min at 163°C, the base bitumen was poured into a
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temperature-controlled container of mixer rotating 500 rpm. Subsequently the Gilsonite was
slowly added into bitumen by portions within the first 15 minutes of mixing, and then the
mixing rate was adjusted to 1500 rpm. This mixing process continued for another 45 min.
The mixing temperature was set at 170 °C and the temperature was checked with a
thermometer at every 15 minutes.

Base and Gilsonite-modified bitumens used in this study were coded as B, B+6G, B+8G and
B+10G, respectively.

3. TEST METHODS
3.1. Conventional Tests

Penetration, softening and flash point, elastic recovery, and specific gravity tests were
performed on both original base and modified bitumens. After the thin film oven test
(RTFOT), the mass losses, retained penetrations and softening points of the bitumen were
established to understand the effects of the modifier on aging. All tests were conducted
according to the requirements of (TS EN 14023) standard of polymer-modified bitumens
(PMBs) [27].

3.2. Storage Stability Test

In order to provide the stability and decomposition resistance of the modified bitumens
during handling, mixing and in-service life, the compatibility test was also performed
throughout the storage stability test according to EN 13399 standard [28].

This test was conducted as follows. A glass tube consists of three symmetrical parts, 35 mm
diameter, and 180 mm height, was used and filled with about 150 g of modified bitumen. The
tubes containing the modified samples were tightly closed via glass hood with two hooks.
Two small springs were used to close the tube and fasten the hood with the top part of the
tube in order to ensure no vaporization problem would occur during the test. After that, the
tubes were placed vertically in a preheated oven in 180 °C for 72 hr. The bitumen samples
stored in oven were cooled at room temperature, and then cut into three parts. To compare
the top and bottom parts of samples, these two parts were tested to evaluate the storage
stability by measuring their penetration, softening point [29].

3.3. Rotational Viscosity Test

The viscosities of all bitumens were determined by the rotational viscometer (RV) to ensure
the workability of the modified bitumens. The rotational viscometer as compared with the
capillary viscometers used in the viscosity graded method can detect the viscosity of bitumen
by measuring the torque required to provide a constant rotational speed (20 RPM) of a
cylindrical spindle immersed into a binder sample held at a fixed temperature [29, 30].

The tests were conducted at 135 °C and 165 °C by means of a Brookfield viscometer (DVRV-
II Pro) as described in AASHTO T316 standard [31]. The mixing and compacting process
temperatures of base and modified bitumens to be used in HMA were also determined. In the
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calculation, the suitable ranges of viscosities corresponding to the mixing and compacting
temperatures were selected as 150-190 cP and 250-310 cP, respectively. The rotational
viscosity of bitumen should not exceed 3000 cP for the tests at 135 °C [32].

3.4. Aging of Bitumen

The short-term aging operations of all bitumens were conducted with the rolling thin film
oven test (RTFOT) according to EN 12607-1 standard [33]. The bitumen samples were aged
for 75 min in an oven at a temperature of 163 °C. After RTFOT simulating changes in the
physical properties of the bitumen during mixing and construction, the bitumens were
subjected to penetration and softening point tests. In addition, the mass losses of the bitumens
were also determined to understand the effects of the short-term aging. The Superpave
specification for RTFOT aged bitumen implies that maximum mass loss after short-term
aging process should not exceed 1% by weight of bitumen; for which TS EN 14023 standard
is different depending on PG grade of tested bitumen [34]. For soft bitumens the maximum
limit is 1%, and for harder bitumens it is 0.8% by weight of bitumen [27]. As is known,
bitumen are exposed to heat and pressure to simulate the long-term aged bitumen in field
during service; the pressure aging vessel (PAV) was used to simulate in-service aging over a
7 to 10-year period [32, 35].

3.5. Rheological Characterization

The viscous and elastic behavior of bitumen was determined by the dynamic shear rheometer
(DSR) at medium to high temperatures. The complex shear modulus (G*) and phase angle
(6) were measured by subjecting a small sample of bitumen to oscillatory shear stresses as
sandwiched between two parallel plates in the DSR machine in stress controlled mode at a
frequency of 10 rad/s. Non-aged and RTFOT samples were tested using 25 mm diameter
plates and a gap of 1 mm. After RTFOT + PAV aging, samples are tested using 8 mm
diameter plates and a 2 mm thickness sample. The rutting parameters (G*/sind) at high
temperatures of the bitumen and the fatigue parameters (G*sind) at the intermediate
temperatures are calculated for each sample. The G*/sind of original bitumen should not
exceed 1 kPa, and for RTFOT aged bitumen it should not exceed 2.2 kPa. Furthermore, the
G*sind of RTFOT+PAYV aged bitumen should not exceed 5000 kPa [32, 36].

3.6. Bending Beam Rheometer (BBR) Test

The bending beam rheometer (BBR) test is used to determine the stiffness and consistency
properties of bitumen at low temperatures. The obtained parameters are considered to be
indicative of the ability of the bituminous binder to resist the low temperature cracking. The
BBR test is also used to determine the performance grades (PG) of the bitumens at low
temperatures. Properties of bitumen at low temperatures, the creep stiffness (s) and the creep
rate (m-value), are measured using BBR. Superpave specification entails that the creep
stiffness must not exceed 300 MPa, and creep rate should not be lower than 0.300 to avoid
low temperature cracking [17, 22].
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4. RESULTS AND DISCUSSIONS

The criterion applied in this research to evaluate Gilsonite effects on base bitumen was at
first to determine the PG grade of the bitumens, and then to compare obtained conventional
tests results and rheological properties with requirements of TS EN 14023 standard of
polymer-modified bitumens (PMBs) at the specified PG grade of each bitumen. To evaluate
the properties of the modified bitumen according to TS EN 14023 standard, the PG grade of
this bitumen must be known in advance. For this reason, the conventional test results of
modified bitumens including both before and after the short-term aging were intentionally
given in Table 3.

Table 3 - Evaluation of modified bitumen according to TS EN 14023 standard for (PMBs)

Tests / Binder types B B16G B18G BH+10G
P (PG 64-16) | (PG70-16) | (PG76-16) | (PG82-16)

Penetration (25°C, 100gr, Ssec), 51 30%* 28 22%
0.lmm (50-70) (45-80) (25-55) (25-55)

Softening point, °C 46.5 >2* >3 >3
& poutt, (46-54) (>60) (265) (>70)

87 86 84.5

. o o i

Elastic recovery (25°C), % =60) (>60) >60)

o 250 255 255 260
Flash point, °C (>230) (>220) (>220) (>220)
1.027 1.036 1.039 1.042

o H o, 3
Specific gravity (25°C), griem (1L0-1.1) | (1.0-1.1) | (1.0-1.1) | (1.0-1.1)

Storage stability:

. . . o 1.5 0.5 1.5
Difference in softening point, °C - (<5) (<5) (<5)
Difference in penetration, 0.1lmm 2 : :

erence in penetration, 0. (<13) (9) (9)
]()Gy:;;;l; ihfirp gl;eometer (DSR) 68 747 77 2

. >64 > > >82
Failure temperature, (°C) (264) (270) (76) (282)
Rolling thin oven test (RTFOT):

0.295 0.036 0.031 0.029
1 0,
Weight loss, % (<0.5) 1) (<0.8) (<0.8)
Change in softening point:

Increase. °C 5.5 7.5 7.5 7
i =9 (=8) (=8) =8
Decrease, °C - (<5) (<5) (2)
53 80 78.6 77.4

. N

Retained penetration, % (50) (>50) (>45) (>40)
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Table 3 - Evaluation of modified bitumen according to TS EN 14023 standard for (PMBs)

(continue)
Tests / Binder types B B+6G B+8G B+10G
P (PG 64-16) | (PG70-16) | (PG76-16) | (PGS2-16)

Dynamic shear theometer (DSR)

68.5 75.5 78.7 >82
RTFOT aged (G*/sind > 2.2kPa)

> > > >
Failure temperature, (°C) (264) (70) (76) (82)
Dynamic shear rheometer (DSR)
RTFOT+PAYV aged 25 234 252 27.1
(G*sind <5000kPa) (531) (31) (34) (=37)
Failure temperature, (°C)
Bending beam rheometer (BBR)
Stiffness (s<300MPa, m>0.300) (f_(i'g) (;1_()1'2) (_<1_91'2) (_<1_81'63)
Failure temperature, (°C) - - - -

)Requirements of binders according to standard.
*Result does not achieve the required specification.

4.1. Conventional Bitumen Tests Results

The results of penetration and softening point tests conducted on bitumens were given in
Table 3. As seen in Table 3, the penetration was continuously in the decreasing trend with
increasing Gilsonite additive, and therefore, B+10G had the lowest penetration with a value
of 22 dmm. The softening point of the bitumen increased with increasing Gilsonite addition,
confirming the results of the penetration test. These results mean a significant increase in the
stiffness of the bitumen after Gilsonite addition. However, this is accompanied by a decrease
in elastic recovery since bitumen becomes harder after the modification. However, Gilsonite
had only a slight adverse effect on elastic properties of bitumen as the elastic recovery
percentage decline to 84.5 (for B+10G) from 88 (for B). As for flash point tests, values for
all the base and Gilsonite modified bitumen samples were found above the recommended
minimum value of 220 °C.

As seen from Table 3, the tests performed on aged bitumens showed that the Gilsonite
additive had a relatively positive effect on the aging potential of bitumens. The mass losses
of modified bitumens were still very slight and its value was in the specified standard limits.
The difference between softening point before and after aging within the specification for all
bitumens. Additionally, after short-term aging, the retained penetrations of B, B+8G, and
B+10G after RTFOT aging were (80, 78.6, and 77.4) % of the original bitumens, respectively.
This showed that as the decrease in retained penetration was very slight while Gilsonite
content is increased from 6 to 10 %. This also indicated that the increase in the modifier
content had a positive effect on short term aging.

4.2. Storage Stability Test Results

A long period of storage for bitumen could lead to phase separation of the bitumen and poor
stability problems. This situation is a major problem in the modified bitumen industry. The

11786



Perviz AHMEDZADE, Omar ALQUDAH, Taylan GUNAY, Tacettin GECKIL

results associated with storage stability was given in Table 4. Accordingly, both the softening
point and the penetration results of the bottom and top parts of the Gilsonite-modified
bitumen subject to the storage stability test are very close to each other. This result can be
regarded as a good indicator of the homogeneity and consistency of Gilsonite modified
bitumens.

Table 4 - Storage stability test results of Gilsonite modified bitumens

Property / Bitumen types B+6G B+8G B+10G
Penetration bottom part, 0.1mm 24 22 17
Penetration top part, 0.1lmm 26 23 18
Difference in penetration between bottom and 2 1 1
top part, 0.1mm
Softening point bottom part, °C 50.5 54 56.5
Softening point top part, °C 52 53.5 0.5
Difference in softening point between bottom 1.5 55 1.5
and top part, °C

4.3. Rotational Viscosity Test Results

The rotational viscosity (RV) of the bitumen was determined at 135 and 165 °C, and the
results were summarized in Table 5. The mixing and compacting temperatures and the
modification indexes (Nmodified / Mbase) Of all bitumens to be used in HMA were also given in
Table 5. Addition of Gilsonite to base bitumen increased the viscosity at 135 °C and 165 °C.
This indicates that Gilsonite modification improved the stiffness of bitumen. For instance, at
the heavy modification level of 10%, the viscosity increased from 443 cP to 1122.5 cP. On
the other hand, both mixing and compacting temperatures increased as the content of
Gilsonite was increased.

Table 5 - Rotational viscosity test results of the base and Gilsonite modified bitumens

Binder | Rotational viscosity (cP) Nmodified / Mbase Temperature range (°C)
types 135°C 165°C 135°C 165°C Mixing Compaction
B 443 128 1.0 1.0 157-163 145-150
B+6G 715 170 1.61 1.33 162-167 152-157
B+8G 873 208 1.97 1.63 166-171 156-161

B+10G 1122.5 255 2.53 1.99 172-177 162-167

The mixing and compacting temperatures of the bitumen were detected by means of Figure
1. The mixing and compacting temperature ranges increased from (157-163) °C and
(145-150) °C for B, to (172—177) °C and (162—167) °C for B+10G, respectively. Although
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the workability of modified bitumen decreased, the value of RV was less than 3000 cP and
therefore still satisfied the ASTM D6373 standard criterion for bitumen workability [32, 38].
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Figure 1 - Viscosity-temperature relationship for the base and Gilsonite modified bitumens

4.4. Rheological Characterization- Dynamic Shear Rheometer (DSR) Test Results

To determine the PG grade of each bitumen type and to study the effect of Gilsonite
modification on rheological properties of bitumen, the DSR test was conducted. Viscoelastic
parameters of all bitumens, such as complex modulus (G*) and phase angle (J) were
obtained, and the effect of Gilsonite on G* and ¢ for original and RTFOT-aged bitumens was
shown in Figures 2 and 3, respectively. The rutting parameter (G*/sind) was calculated for
each sample of base and modified bitumens and shown graphically in Figure 4.

As seen from Figure 2, the G* parameter for original base bitumen (B) for example at 64 °C
was 1.64 kPa and increased to 8.56 kPa for B+10G at the same temperature. Adding 10% of
Gilsonite leads to an increase of bitumen’s stiffness by 421%. It can be said that Gilsonite
modification improved the stiffness of bitumen and rheological behavior especially under
high temperatures.

As shown in Figure 3, the values of & were decreased as Gilsonite content increased in
original and aged bitumens. For example, J at 64 °C for B was 87.2 and for B+10G was 78.7
of original case. This indicated that Gilsonite exhibited an improvement of elastic component
of bitumen.

The bitumen used in the mixture provides its fair share of the overall resistance in the
pavement in terms of permanent deformations by controlling stiffness of the mixture at high
temperatures. The rutting parameters (G*/sind) of base and modified bitumens were found
for original and RTFOT aged bitumen at high levels of temperature starting at 52 °C. While
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G*/sind value increased, the bitumen was expected to be stiffer and as a result more rut
resistant mixtures could be achieved.
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Figure 4 showed the G*/sind of original and RTFOT aged samples. B+10G has the highest
G*/sind value of 8.73 kPa compared to the rest of samples. This showed that the stiffness of
bitumen increased as Gilsonite content increased. This result was compatible with
conventional test data.

G*/sino of aged sample was higher than that of the original sample of the same bitumen type.
For example, at 64 °C the G*/sind for original B was 1.65 kPa and for aged B was 4.07 kPa.
At the same temperature, for original B+10G the G*/sind was also 8.73 kPa and for aged
B+10G was 22.4 kPa.

G*/sind of the base and modified bitumens (seen in Figure 4) indicate that aged B+8G
provides the maximum increase in stiffness between the samples which is around 182.7%
compared to base bitumen, whereas the aged B, B+6G, and B+10G exhibited the increases
of 146.7, 153.1, and 156.6% respectively. As expected, the increment in temperature leads to
a decrease in G* and an increase in . Moreover, the B+10G shows much more resistance
against permanent deformation rather than B. As can be seen in Figure 4, B+10G achieved
the specifications of rutting parameter in terms of both aged and unaged conditions up to
82°C, while B reaches only up to 64°C considering Superpave specifications.

To study the fatigue performance of Gilsonite-modified bitumen, complex shear modulus
(G*) and phase angle (J) for PAV-aged bitumen at different temperatures and different
Gilsonite contents were shown in Figure 5 and 6, respectively. The fatigue parameters
(G*sino) for all bitumen types were calculated, and fatigue performance of Gilsonite
modification was shown in Figure 7. The effects of the Gilsonite additive on the rheological
properties of bitumen are summarized in Table 3.
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Figure 7 - Fatigue performance of Gilsonite modified bitumens

The fatigue parameters (G *sind) of modified bitumens increased with increasing Gilsonite
content compared to the base bitumen due to the increase of G* and decrease in . It should
be noted that fatigue parameter was determined at intermediate test temperature by adding
the high-grade temperature to the low-grade temperature dividing the result by 2 and adding
4. Hence, the comparison between the base bitumen B and B+10G should be related to the
PG grade of each bitumen since stiffness differs from one bitumen to another. The PG grade
of B was PG 64-16, therefore, the intermediate test temperature of RTFOT+PAV aged
bitumen used in DSR test was calculated as 28 °C (by using abovementioned formula which
is correspond to (64-16)/2+4=28 in this case). Similarly, from Table 5 for B+10G which is
PG 82-16 graded bitumen, the intermediate test temperature was found as 37 °C by using the
same formula.

As can be seen in Figure 7, G*sind of B was found as 2327 kPa at 28 °C, 2070 kPa at 31 °C
for B+6G, 1858 kPa at 34 °C for B+8G, and 1610 kPa for B+10G at 37 °C, which indicated
that Gilsonite modified bitumen achieved the standard requirement of fatigue parameter
(G*sind<5000 kPa). On the other hand, by comparing the intermediate temperature (28 °C)
of RTFOT+PAV aged bitumens to base bitumen (Fig. 6), there was an improvement in § as
it goes down from 49.2 °C to 36.9 °C which corresponds to 25% decrement in phase angle
after the modification. This is also applicable for other test temperatures. The decrease in &
value while G* value being increased by adding Gilsonite, caused the elastic behavior of
Gilsonite-modified bitumens to prevail at the new achieved intermediate performance
temperatures.
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4.5. Bending Beam Rheometer (BBR) Test Results

Creep tests were performed at two different temperatures (-16 °C and -22 °C) to determine
the performances of the bitumens at low temperatures. In Figures 8 and 9, the creep stiffness
of all bitumens satisfied with the Superpave specification at -16 °C, and all bitumens showed
higher m-values than the required minimum at this temperature. The creep stiffness of
B+10G was higher than that of B while its creep rate as m-value was lower. Furthermore, the
stiffness of samples increased with decreasing temperature while m-value decreased. In
addition to this, the creep stiffness and m-values of bitumens were failed to meet the
Superpave specification at -22 °C which means the low temperature PG grade of all bitumens
was determined as PG X-16.

Ten percent addition of natural Gilsonite by weight of bitumen was enough for the beneficial
use as it reaches to the highest (high temperature) performance grade of PG 82-16. Hence it
is believed that the optimum usage of Gilsonite content is 10%, since the m-value of B+10G
at -16 °C was 0.324 which was very close to 0.300. On the other hand, the Gilsonite
modification did not contribute an enhancement to the low temperature PG grade. For
example, m-value for B+6G was 0.271, and for B+10G it was 0.260. This indicated that with
adding Gilsonite, the creep rate decreased, and the bitumen was more brittle and stiffer. At
the same time, the PG grade of base and Gilsonite modified bitumen were given in Table 3.
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Figure 8 - Creep stiffness of the base and Gilsonite modified bitumens

Block cracking is a low temperature failure in flexible pavement similar to thermal cracking
which develops in both longitudinal and transverse directions. Block cracking generally
occurs when flexible pavement is old (aged) and traffic volume is low. A parameter named
critical temperature (AT.) is relatively up to date for the evaluation of low temperature
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performance of binders against block cracking [39]. AT, is obtained by means of the low
continuous grade temperature for the stiffness criteria minus low continuous grade
temperature for the m-value criteria (which are 10 °C lower than failure points determined in
BBR test) and suggested to examine the ductility loss of aged bitumens leading to block
cracking.

AT, of the binders was calculated as -9.9 °C, -9.5 °C, -9.7 °C, -9.9 °C for the base, %6, %8,
and %10 Gilsonite modified binders, respectively. Lower AT. means that binder is vulnerable
to cracking at low temperature region. Generally, it is suggested that AT, should not be lower
than -5 °C which means that AT, of base and Gilsonite modified binders are not within the
acceptable level. However, it should be noted that base and Gilsonite modified binders have
very similar AT, which signifies that Gilsonite has no positive or negative effect on the loss
of ductility of binder.
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Figure 9 - The m-value of the base and Gilsonite modified bitumens

4.6. PG Grade and PMBs Requirements

The enhancement after Gilsonite modification was determined and mentioned in Section 4
as the base (B) is a PG64-16 graded bitumen (in Figs. 2-7) while grade of modified bitumens
(B+6G, B+8G, and B+10G) are PG 70-16, PG 76-16, and PG 82-16, respectively.

Although the modified bitumens did not meet some of the specifications in TS EN 14023
standard, it is believed that the PG grade is a better indicator for bitumen performance, in
which rheological parameters are taken into consideration, compared to penetration and
softening point tests, in which only basic techniques are applied. Besides, the difference in
softening point and penetration after storage stability tests indicated that all modified
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bitumens with respect to their relative PG grades meet the requirements of storage stability
in accordance with TS EN 14023 standard. This means that Gilsonite modification achieves
the homogeneity and has no phase separation problems.

5. CONCLUSIONS

In this study, the effects of natural Gilsonite on the performance properties of bitumen were
investigated, and the following conclusions were obtained.

1. The conventional test results showed that the addition of natural Gilsonite remarkably
increased the viscosity and stiffness of the base bitumen. The RV results also confirm
that Gilsonite had a stiffening effect on the bitumen. In spite of relatively high mixing
and compacting temperature ranges of modified bitumens, it was assumed that using
Gilsonite could be a suitable modifier taking into consideration the high cost of base
bitumen and insufficient resources of this material.

2. The results obtained from elastic recovery showed a slight decrease in elastic recovery
after the modification, yet it was considered acceptable.

3. The storage stability test showed that Gilsonite was fully compatible and highly stable
with bitumen and had no phase separation in the bitumen during long time of storage
process.

4. The natural Gilsonite has a considerable effect on G* and J of bitumen. Gilsonite
modified bitumen had higher rutting parameter (G */sind) than that of the base bitumen
both before and after aging processes. In addition, Gilsonite modification had positive
effect on fatigue resistance of bitumen. Moreover, the Gilsonite modification at three
different levels of Gilsonite content (i.e, 6, 8, and 10%) provided high performance grade
of bitumens of PG 70-Y, PG 76-Y, and PG 82-Y, respectively.

5. BBR test results showed that Gilsonite additive had no positive effect on low-
temperature cracking resistance of bitumen and caused the creep rate decrease. The low
performance grade at three levels of Gilsonite modification of 6, 8, and 10 % were found
as PG X-16, PG X-16, and PG X-16, respectively. This was attributed to the stiffening
effect of Gilsonite additive which is also compatible with elastic recovery results.

According to the findings, Gilsonite has positive effects on the physical properties of bitumen
such as stiffening meaning that the pavements become more resistant to permanent
deformation after the modification. Although the Gilsonite contributes no enhancement
against low-temperature cracking, it provides a positive effect on high temperatures. The use
of 10 % of Gilsonite improves the performance grade of base bitumen from PG 64-16 up to
PG 82-16 which corresponds to an enhancement of three levels. For this reason, it is advised
to use Gilsonite at high temperature regions and/or very heavy loaded flexible pavement
projects up to 10%. It should also be noted that light modification of Gilsonite is
recommended in cold regions since the modifier increases the stiffness of bitumen.
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Symbols
DSR : Dynamic shear rheometer
G* : Complex shear modulus
m-value  : Creep rate
PAV : Pressure aging vessel
PG : Performance grade

PMB : Polymer modified bitumen
RTFOT  : Thin film oven test

RV : Rotational viscometer

s : Creep stiffness

0 : Phase angle

Hbase : Viscosity of base bitumen

Hmodified : Viscosity of modified bitumen
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FE Analysis of FGM Plates on Arbitrarily Orthotropic
Pasternak Foundations for Membrane Effects

Ulkii Hiilya CALIK-KARAKOSE!

ABSTRACT

In this study, the finite element analysis of sigmoid functionally graded material (S-FGM)
plates resting on orthotropic Pasternak elastic foundations with different material angles is
presented. For modelling, SAP2000 software package is used in which the required
adjustments are made to obtain the expected behaviour of the plate-foundation system. The
plate is modelled using both solid elements and layered shell elements by defining a
number of solid elements and layers in the thickness direction having elastic properties
equivalent to the properties of the S-FGM plate. The interaction between the plate and the
foundation is provided by equalizing the vertical displacements of the plate and foundation
nodal points. The orthotropic Pasternak foundation is modelled using plane strain elements
with some adjustments to the elastic properties. The membrane effects of the simply
supported S-FGM plate on Pasternak foundation are considered by defining the edge
boundaries of the system as pinned supports. These effects are excluded by converting all
boundary nodes into roller supports except for one of the corner nodes of the plate and the
foundation due to the stability requirement. A number of verification examples are
performed to demonstrate the convenience and robustness of the proposed model. This
work can be easily extended to static and dynamic analyses of FGM plates with various
geometries resting on arbitrarily orthotropic Pasternak elastic foundations for further
studies.

Keywords: Functionally graded material plates, membrane effects, orthotropic Pasternak
foundation, material angle.

1. INTRODUCTION

Functionally graded materials (FGMs) are heterogeneous materials in which the material
properties are varied continuously in the thickness direction as presented by Suresh and
Mortenson [1], and are used to improve the strength and stiffness of structural elements in
many engineering applications. In laminated composites which are used to satisfy the
desired high-performance demands, stress singularities may occur at the interface of two
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different materials which may cause de-bonding or cracking. This problem is eliminated by
the gradual change of the material properties of the functionally graded materials. Studies
on FGMs were first made for thermal barriers by Koizumi [2] and thermal mechanical
behaviour of FGMs was investigated in [3,4].

Reddy [5] presented theoretical formulation and finite element models of functionally
graded rectangular plates based on the third-order shear deformation theory. Cheng and
Batra [6] derived field equations for a functionally graded plate using both first-order and
third-order shear deformation theories.

Three different homogenization methods are used to describe the variation of material
properties; namely power law [7,8], exponential [9,10] and sigmoid functions. Since the
material properties vary continuously but rapidly and stress concentrations appear in one of
the interfaces in both the power-law and exponential functions, Chung and Chi [11] defined
a new volume fraction proposing an S-FGM, which was composed of two power-law
functions. It is demonstrated that the stress intensity factors of a cracked body are
significantly reduced by Chi and Chung [12] through the use of an S-FGM,. Chi and Chung
[13] derived theoretical formulations of a simply supported rectangular FGM plate of
medium thickness subjected to transverse loading and numerical solutions were obtained by
using the formulations derived by Chi and Chung [13], and also checked by the finite
element method in Chi and Chung [14]. The coupling effect of extension and bending in
functionally graded plates under transverse loading was investigated by Orakddégen
et.al.[15] using the finite element method. Zenkour [16] introduced the bending analysis of
a simply supported functionally graded rectangular plate subjected to a transverse uniform
load. Elishakoff et.al.[17] presented the static response of a three-dimensional functionally
graded material rectangular plate with clamped boundary conditions and a power-law
distribution of the mechanical properties is adopted in the modelling. Swaminathan
et.al.[ 18] presented an extensive review of the various methods used in studying the static,
dynamic and stability behaviours of FGM plates where analytical and numerical methods
are both considered.

Plates resting on elastic foundations have been widely studied by many researchers to be
used in modelling various engineering applications. The simplest elastic foundation model
is the Winkler or one-parameter model by Winkler [19] in which the interaction between
the plate and the foundation is represented by a series of independent vertical linear elastic
springs. A more realistic representation of the elastic medium is made with two-parameter
or Pasternak model by Pasternak [20] which has a second dependent parameter that
introduces the shear interaction between springs avoiding the deflection discontinuity on
the interacted surface of the plate.

There exist many studies performing the static analysis of isotropic rectangular plates
resting on isotropic Pasternak foundations [21,22] and vibration analysis of this type of
plate-foundation system [23-26]. Shen [27] carried out the post-buckling analysis of a
simply supported, composite laminated rectangular plate resting on an isotropic two-
parameter elastic foundation where the plate is subjected to in-plane loading. Huang et.al.
[28] presented exact solutions for functionally graded thick plates based on the three-
dimensional theory of elasticity and examined interactions between the Winkler-Pasternak
elastic foundation and the plate demonstrating that elastic foundations have significant
effect on the mechanical behaviour of functionally graded thick plates. Lee et.al. [29]
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developed a refined higher order shear and normal deformation theory for the bending
analysis of power law, exponential and S-FGM plates resting on isotropic Pasternak
foundations. Vibration analysis of isotropic FGM plates on isotropic two-parameter
foundations is also performed by many researchers, [30-33]. Mansouri and Shariyat [34]
performed the analysis of orthotropic FGM plates on elastic foundations in their paper. In
[35,36], seismic behaviour of a 3D structural system resting on a two-parameter elastic
foundation was analysed using SAP2000. In the modelling of the foundation, the part of the
governing equation that belongs to Winkler behaviour is represented by elastic springs and
the part that belongs to elastic shear layer is taken into account by using four-noded
quadrilateral finite elements with four degrees of freedom.

There are also studies in the literature on the analysis of homogeneous plates and FGM
plates resting on orthotropic Pasternak foundations [37-42]. In this paper, the finite element
analysis of S-FGM plates resting on orthotropic Pasternak elastic foundations with different
material angles is presented and coupling effect of extension and bending is investigated.
SAP2000 software package, [43] is used in the implementation process and some
adjustments are made to the software for the expected behaviour of the plate-foundation
system. S-FGM plate is first modelled using layered shell elements by defining a number of
layers in the thickness direction having elastic properties equivalent to the properties of the
S-FGM plate. The plate is also modelled using solid elements. The membrane force-
bending moment coupling effect of the simply supported S-FGM plate is considered by
assigning the edge boundary nodes as pinned supports.

The interaction between the plate and the foundation is provided by equalizing the plate and
corresponding foundation nodal point vertical displacements. Orthotropic Pasternak
foundation is modelled using plane strain elements with some adjustments to the elastic
properties. After verifying the proposed model with a number of examples taken from the
literature, the influence of the material properties, membrane effects, number of layers used
for FGM plate and material angles of the orthotropic Pasternak foundation on deflections
and stresses are examined with numerical examples.

2. MATERIAL PROPERTIES OF S-FGM PLATES

In Figure 1, an S-FGM plate example is shown where z axis is in the thickness direction
and originated at the middle surface of the plate. The material properties vary continuously
and functionally based on the volume fraction of the sigmoid distribution.

X

e

S-FGM plate
E(2), v(2)

i S— — 1

Figure I - An S-FGM plate example
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The volume fraction for S-FGM is defined using two power-law functions to ensure smooth
distribution of stresses among all interfaces of the plate, Chung and Chi [11]. The two
power-law functions are defined by
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where p is the material exponent. The elastic modulus of the S-FGM can be calculated
using

E(z) =Vy(2)(E,—E,)+E, for 0<z<

NS

(3)
E(z) =V,(z2)(E, — E,) + E, for —SSZS 0 4)

Here, E; and E; are the elastic moduli of the bottom and top surfaces of the plate,
respectively. The Poisson’s ratio is assumed to be constant since it is stated by Delale and
Erdogan [9] that its effect on deformation is much less than that of the elastic modulus.

3. FINITE ELEMENT MODELLING
3.1. S-FGM Plate Model

The S-FGM plate is first modelled using shell finite elements for which the section type is
defined as “Shell-Layered/Nonlinear” in SAP2000, consisting of a number of layers in the
thickness direction. Each layer has a constant elastic modulus value which is pre-calculated
using the functions given in Eqs. [1]-[4] representing the continuous variation of the elastic
modulus of the plate starting from the bottom surface. The distance parameter “z” in the
functions indicates the ordinate of the middle section of each layer. In Figure 2, a segment
of an S-FGM plate and its equivalent representation with 8 layers is shown.

The shell element in the software is a four-noded finite element and its formulation
combines membrane and plate-bending behaviours. The element always activates all six
degrees of freedom which are 3 translations and 3 rotations at each of its connected joints.
When the element is used as a pure plate, it must be ensured that restraints or other supports
are provided to the degrees of freedom for in-plane translations and the rotation about the
normal.

The layered shell allows any number of layers to be defined in the thickness direction, each
with an independent location, thickness, behaviour, and material. For bending, a Mindlin
formulation is used which always includes transverse shear deformations. Membrane and
plate behaviours will be coupled if the layering is not symmetrical in the thickness direction
and the edge boundaries are assigned as pinned supports.
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The S-FGM plate is also modelled using solid elements where the elastic modulus of each
solid element in the thickness direction is equal to the elastic modulus of the corresponding
layer of the shell element.

The solid element used is an eight-noded finite element with three translational degrees of
freedom at each joint. Rotational degrees of freedom are not activated. This element
contributes stiffness to all of these translational degrees of freedom.

The membrane effects appear in the simply supported S-FGM plate when the edge
boundary nodes of the plate are assumed to be pinned supports (no horizontal
displacement) whereas these effects are excluded by converting all boundary nodes into
roller supports except at one of the corner nodes due to the stability requirement.

I

"

@@@@@@@@E

fe——h/2———==—h/2

Figure 2 - A segment of an S-FGM plate and equivalent representation with 8 layers

3.2. Isotropic and Orthotropic Pasternak Foundation Models

Isotropic and orthotropic Pasternak foundations are also modelled using SAP2000. The
material symmetry type of the isotropic soil element is selected as “orthotropic” so as to
change the shear modulus values. All material properties are assigned to zero except the
shear moduli G;3 and Gy3 that represent the second parameter of the Pasternak foundation.

The finite element to be used in modelling the Pasternak foundation is defined as “shell”
element, the section type is selected as “Plane-Strain” and the thickness is assigned a unit
value, [44,45].

The plane strain element is one type of area objects and is used to model plane-strain
behaviour in two-dimensional solids. It activates the three translational degrees of freedom
at each of its joints. Rotational degrees of freedom are not activated. The plane-strain
element models shear that is normal to the plane of the element, in addition to the in-plane
behaviour. Thus, stiffness is created for all three translational degrees of freedom.

In the case of plane strain, when the elastic moduli and Poisson’s ratios in three directions
are defined as zero and the in-plane shear moduli in the two directions (Gi3 and Ga3) are
assigned to non-zero values, only shear stresses in the thickness direction of the element
and end forces in the vertical direction appear. When the in-plane shear moduli are assigned
to the shear moduli of the two-parameter foundation, the resulting element stiffness matrix
is converted into the element stiffness matrix of the two-parameter orthotropic soil element.
If the in-plane shear moduli of the soil element are assigned to the same values, the
stiffness matrix of the isotropic soil element is obtained. The unknowns are only the
deflections of the nodal points.
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The first parameter of the Pasternak foundation which is represented by springs is taken
into account as “area springs” assigned to the surface of the foundation.

For the orthotropic foundation model with different material angles, shear moduli G;3 and
Gy are assigned to different values and a desired material angle is selected.

3.3. Interaction between Plate and Pasternak Foundation

The plate-foundation interaction is provided by matching the vertical displacements of the
plate and the corresponding foundation nodal points. “Equal constraint” property is used for
this purpose where the number of constraints is equal to the number of nodes of the plate.
Each constraint is then assigned to the respective plate and foundation nodes.

The S-FGM plate model of the system is created using both layered shell and solid
elements as shown in Figure 3.

The membrane effects are excluded by releasing the in-plane translational degrees of
freedom of both the plate and foundation edge nodes. Note that the in-plane translations of
one of the corner nodes of the plate and the foundation are restrained for the stability
requirement.
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Figure 3 - Plate-foundation finite element model with membrane effects
a) using layered shell finite elements for the plate b) using solid finite elements for the plate

4. VERIFICATION EXAMPLES
4.1. Simply supported S-FGM Plate

A simply supported square S-FGM plate which has been solved both analytically by Chi
and Chung [14] and numerically by [14,15] is analysed and the results are compared only
with the results of Orakddgen et.al.[15] because membrane effect analysis was not carried
out by Chi and Chung [14]. The thickness of the plate is h =0.02 m, the length is a=1 m
and the Poisson’s ratio is v= 0.3. The elastic modulus at the bottom surface is E;=25x10°
kN/m? and the material exponent is p=2. The plate is subjected to a uniformly distributed
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load of g=100 kN/m2. The problem is solved for two different elastic modulus ratios,
Ei/E»= 30 and Ei/E»=2 where E, indicates the elastic modulus of the top surface.

First, the plate is modelled using 8 layered shell finite elements and (4x4), (8x8) and
(20x20) meshes for Ei/E;= 30, including membrane effects. This mesh refinement shows
that convergence to the deflections along the x direction (at y=0.5 m) obtained by
Orakdogen et.al.[15] is achieved using an (8x8) mesh, Figure 4. However, due to one-to-
one comparison of nodal values, the same mesh discretization with Orakd6gen et.al.[15]
which is a (20x20) mesh has been used in the analyses.

The same example is also solved using 2 and 4 layered shell elements to see if the results
change with the number of layers used in the modelling. It is observed that for the case
E/E,=2, the dimensionless deflections are almost the same for all number of layers both for
the plate with and without membrane effects, Figure 5.

0,50 0,60 0,70 0,80 0,90 1,00
0,00 /L
0,05 //—

0,10 a
y/
=015 ~
< 7

z
0,20
/ —&— (4x4 mesh)
0,25 —— (8x8 mesh)
030 —— (20x20 mesh)
== [15]
0,35

Figure 4 - Variation of dimensionless deflections with mesh refinement (membrane effects
are included)

x/a x/a
0,50 0,60 0,70 0,80 090 1,00 05 0.6 0.7 0.8 0.9 |
0,00 0.00 | : : : :
0,02 0’02
0,04 0.04
0,06 0,06
- 0,08 - 0,08
50,10 = 0,10
0,12 0,12

—&— 2 layers
—&— 2 layers

0,14 0,14

0,16 — 4 layers 0,16 —@— 4 layers
0,18 N 0,18 —— § layers
0,20 —e— 8 layers 0,20
a) b)
Figure 5 - Comparison of dimensionless deflections for different number of layers
(E]/E2=2)

a) membrane effects are included b) membrane effects are excluded
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On the other hand, the dimensionless deflections of the plate with elastic modulus ratio
E/E»=30 increase as the number of layers used increases and this difference becomes much
larger when the membrane effects are excluded as shown in Figure 6.

The dimensionless deflections of the S-FGM plate along the x direction (at y=0.5 m) for the
two elastic modulus ratios and for the cases with and without membrane effects (m.e.) are
obtained and compared with the solution given by Orakddgen et.al.[15], Figure 7. Note that
8 layers are used in the modelling while the number of layers used is 10 in Orakdogen
et.al.[15]. It is verified that the results obtained in this study have very good agreement with

the reference solution.

x/a

0,50 0,70
0,00
0,05
0,10
0,15
0,20
§0,25
0,30
0,35
0,40
0,45
0,50

0,60

0,80

0,90 1,00

—e—2 layers
—e— 4 layers

8 layers

a)

x/a

0,50
0,00
0,05
0.10
0,15
0,20

§0,25
0,30
035
0,40
0,45
0,50

0,60 0,70

0,80 0,90 1,00

7

—e— 2 layers
—e— 4 layers

8 layers

b)

Figure 6- Comparison of dimensionless deflections for different number of layers
(Ei/E2=30)
a) membrane effects are included b) membrane effects are excluded
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Figure 7 - Comparison of dimensionless deflections
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The example is modelled and solved using solid finite elements as well and the
dimensionless deflections are compared with the values obtained using the model with
layered shell elements. It is observed that solid elements can also be used for the modelling
since all results match, Figure 8. It is also obtained that the mid-point deflections increase
1.8 times and 2.5 times for the cases with and without membrane effects, respectively as the
elastic modulus decreases with a larger ratio from the bottom to the top surface of the plate.

x/a
0,50 0,60 0,70 0,80 0,90 1,00
0,00
0,05
0,10
0,15
= 0,20
= 0,25
0,30 —&— § layered shell , E1/E2=2
0,35 —¢— 8 layered solid , E1/E2=2
0,40 —#&— 8 layered shell , E1/E2=30
0,45 —=e&— 8 layered solid , E1/E2=30
0,50

x/a
0,50 0,60 0,70 0,80 0,90 1,00
0,00
0,05
0,10
0,15
0,20
S 025
0,30
0,35 8 layered shell , E1/E2=2
0,40 =>¢— 8 layered solid , E1/E2=2
0,45 —&— 8 layered shell , E1/E2=30
0,50 —e— 8 layered solid , E1/E2=30

a)

b)

Figure 8- Comparison of dimensionless deflections using shell and 3D solid elements

a) membrane effects are included

b) membrane effects are excluded
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Figure 9 - Variation of dimensionless stresses with mesh refinement
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'fg —e—[15] EI/E2=2
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1200
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Figure 10- Comparison of dimensionless stresses (membrane effects are excluded)
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"9 —@— 38 layered shell , me. excluded
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—a&— 8 layered solid , m.e. excluded i
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Figure 11- Comparison of dimensionless stresses using layered shell and 3D solid finite
elements a) E//E,=2 b) E//E,=30
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A mesh refinement study using (4x4), (8x8) and (20x20) meshes is also carried out for the
dimensionless oy stress distributions through the thickness of the plate centre and results are
given comparatively in Figure 9. Note that 8 layered shell finite elements are used in the
models and the elastic modulus ratio is E1/E»=30. It is observed that all values match except
for (4x4) mesh where a negligible difference occurs when membrane effects are included.

The dimensionless ox stress distributions through the thickness of the plate centre are
obtained using a (20x20) mesh and 8 layered shell finite elements for different elastic
modulus ratios and compared with the values given in [15]. It is observed that the results
have very good agreement with the reference solution, as shown in Figure 10.

The dimensionless stress distributions are also verified with the results obtained using the
3D plate model for the cases with and without membrane effects. It is observed that the
dimensionless stress values decrease with the inclusion of membrane effects and this
decrement is more apparent when E/E; ratio increases. It is also seen that the neutral axis
moves towards the mid-section of the plate when membrane effects are included, as in
Figure 11.

4.2. Homogeneous Plate on Isotropic Pasternak Foundation

Static analysis of a rectangular plate resting on an isotropic Pasternak foundation subjected
to a uniform loading and a central point load is performed and compared with the reference
solutions given in [21,22] to verify the proposed plate-foundation model. The geometrical
and loading properties of the plate-foundation system are shown in Figure 12.

P=133.34 kN

plate 4=23.94 kN/m?

foundation

|<-0.144 maf=—12.192—t=—0 144

H H
Mmoo i a1t JW’//ZW/W I

Figure 12 - Plan and vertical section of plate-foundation system

The plate thickness is h=0.1524 m and the material properties of the plate are;
E=2.0685x10% kN/m? and v=0.2. The foundation is extended in the in-plane directions and
the plate rests freely on the foundation without assigning any boundary conditions to the
edges. Here, the plate is modelled using thin plate finite elements.

The four-noded plate finite element used for modelling homogenecous plates has 3 degrees
of freedom at each node, one translational degree of freedom in the direction normal to the
plane of the element and 2 out-of-plane rotational degrees of freedom. In the thick plate
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finite element formulation, the effects of transverse shear deformation are included whereas
in the thin plate finite element formulation, transverse shearing deformation is neglected.

The midpoint deflections of the plate under uniformly distributed loading and under central
point load for different soil depths are given in Table 1 and Table 2, respectively. Here, ky
is the first parameter (the coefficient of subgrade reaction), k;, is the second parameter (the
shear modulus) of the Pasternak foundation.

The results are in good agreement with the reference solutions indicating that the proposed
model fully represents the expected behaviour of the isotropic plate-foundation system.

Table 1 - Midpoint deflections of the plate under uniformly distributed loading for different

soil depths

H(m) 3.048 6.096 9.144 15.24

ko (KN/m?) 27206.59 13757.63 9377.96 5964.21
ky (KN/m?) 26905.91 50410.87 70586.50 104664.46
Ref[22] |  0.08720 0.15260 0.18930 0.22120
w x102(my |_ReM21] | 0.08530 0.15240 0.18900 0.20700
Present | 5e13 0.15300 0.18900 0.22100

study

Table 2 - Midpoint deflections of the plate under central point load for different soil depths

H(m) 3.048 6.096 9.144 15.24
ke (KN/m?) 31898.08 24256.05 23737.98 23710.59
k, (kKN/m?2) 18913.08 23597.82 24035.56 24060.66
Ref.[22] |  0.08180 0.08450 0.08460 0.08460
L | Ref211| 0.04800 0.09750 0.09750 0.09750

w x107* (m)
Present | 47617 0.08052 0.08076 0.08077
study

4.3. Simply Supported Homogeneous Plate on Isotropic Pasternak Foundation
Example 1:

A simply supported homogeneous square plate resting on an isotropic Pasternak foundation
given in [28,46] is modelled using thin plate finite elements and solved for different soil
parameters. The plate is subjected to a uniformly distributed load of g=E/10° kN/m?. Length
to height ratio of the plate is a/h =100 and the Poisson’s ratio is v=0.3.

Dimensionless central deflections are obtained and compared with the reference solutions
as given in Table 3. Here, the dimensionless central deflection is defined as w' = 10°D w /
Eh3

4 -
qa* where D = 2007

Ky and K, are the soil parameters in non-dimensional form
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expressed as Ky, =k, a* / D and K, =k, a¥ D. Results obtained in this study are very close to
the reference values, and it is observed that the deflections decrease with increasing shear
modulus as expected.

Table 3 - Dimensionless central deflections of a uniformly loaded square plate on

Pasternak foundation
Dimensionless central deflection
Ky K, (W)
present | Ref. [28] | Ref. [46]
1 1 3.8536 3.8546 3.8530
1 81 0.7690 0.7630 0.7630
1 625 0.1162 0.1153 0.1150

Example 2:

A simply supported homogeneous square plate resting on two different foundation types,
Winkler and isotropic Pasternak foundations, is modelled using thick plate finite elements
and the deflection and moment values obtained at the plate centre are compared with those
given in [24]. The plate is subjected to a uniformly distributed load of =30 kN/m?. Plate
length is a=10 m and the thickness is h=0.5m. elastic modulus and Poisson’s ratio are
E=200x10® kN/m?> and v=0.167, respectively. The coefficient of subgrade reaction is
kw=5620 kN/m3 and the shear modulus of the Pasternak foundation is k,=120000 kN/m?,
Note that the shear moduli of the soil element are assigned to zero values to represent the
Winkler foundation.

The results given in Table 4 show that the central deflection and moment values obtained in
this study are very close to the reference values where the relative errors are between 2.5 - 3
%.

Table 4 - Central deflections and moments of a uniformly loaded square plate on Winkler
and Pasternak foundations

Winkler Pasternak
Present Present
Ref.[24] study Ref.[24] study
w x 10*(m) 5.329 5.498 4.187 4.298
M (kKNm/m) 120.250 | 124.125 92.730 95.281

4.4. Simply Supported Homogeneous Plate on Orthotropic Pasternak Foundation

The dimensionless angular frequencies of the first 5 modes of a square homogeneous plate
resting on an orthotropic foundation with different material angles are obtained and
compared with the solution given by Kutlu [37] to verify the orthotropic foundation model.
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The plate is modelled using thick plate finite elements. Material and geometrical properties
of the homogeneous plate are E=25x10° kN/m?, v=0.3, a=10 m and h=1 m. The
dimensionless coefficient of subgrade reaction and shear moduli are K,=100, K,x=10 and
Kpy =70, respectively.

The coefficient of subgrade reaction of the soil is ky, =22893.773 kN/m? and shear moduli
of the soil are kyx = 228937.73 kN/m? and kyy =1602564.1 kN/m?. Dimensionless angular

2
frequencies are calculated using w' = % \[p% where p= 2550 kg/m’.

The dimensionless angular frequencies of the system obtained for 7 different material
angles are given comparatively in Table 5. It is seen that the values are very close to each
other which verifies the orthotropic Pasternak foundation model. Note that the
dimensionless angular frequency values are the same for complementary angles due to the
symmetry of the system in both geometry and loading.

Table 5 - Dimensionless angular frequencies of the first 5 modes for different material
angles

6=0° 6=15° 6=30° 6=45° 6=60° 6=75° 6=90°

Ref.[37] 3.5716 3.5616 3.5413 3.5310 3.5413 3.5616 | 3.5716

mode 1 | pregent
study 3.5371 3.5276 3.5082 3.4984 3.5082 3.5276 | 3.5371

Ref.[37] 5.7530 5.8207 5.9895 6.1075 5.9895 5.8207 | 5.7530

mode 2 | Present
study 5.6807 5.7510 5.9266 6.0514 5.9266 5.7510 | 5.6807

Ref.[37] 7.1451 7.0716 6.8915 6.7678 6.8915 7.0716 | 7.1451

mode 3 | Present
study 7.0546 6.9811 6.7995 6.6716 6.7995 6.9811 7.0546

[Ref.37] 9.0773 8.9905 8.8897 8.8529 8.8897 8.9905 | 9.0773

mode 4 | Present
study 8.7947 8.7332 8.6499 8.6178 8.6499 8.7332 | 8.7947

Ref.[37] 9.5259 9.7388 | 10.1921 | 10.6600 | 10.1921 | 9.7388 | 9.5259

mode 5 | Present
study 9.4438 9.6309 10.0631 10.5428 10.0631 9.6309 9.4438

5. SIMPLY SUPPORTED S-FGM PLATE ON ORTHOTROPIC PASTERNAK
FOUNDATION

The finite element analysis of a simply supported S-FGM square plate resting on an
orthotropic Pasternak foundation is performed next, using layered shell finite elements. The
elastic modulus at the bottom surface of the plate is E;= 25 x10° kN/m?, the Poisson’s ratio
is v=0.3, the thickness is h=1 m and the length is a=10 m. The plate is subjected to a
uniformly distributed load of q=100 kN/m?. The dimensionless coefficient of subgrade
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reaction and shear moduli are K,=100, K;,=10 and K;,=70, respectively where the material
angle is 0°.

The deflections of the S-FGM plate along the x direction (at y=5 m) for the cases with and
without membrane effects are obtained for Ei/E>=2 and Ei/E>=30. The plate is modelled
with 2 and 8 layers in order to observe the effect of the number of layers used defining the
variation of the elastic modulus of the S-FGM plate on deflections and it is seen that for all
cases, the deflection values do not change with the number of layers used, Figures 13-14.

Comparison of the deflections according to the inclusion and exclusion of membrane
effects is given in Figure 15 and it is observed that the deflection difference becomes more
apparent as the elastic modulus ratio increases or in other words, as the elastic modulus
decreases with a larger ratio from the bottom to the top surface of the plate.

x/a x/a
0,50 0,60 0,70 0,80 0,90 1,00 0,50 0,60 0,70 0,80 0,90 1,00
0,00 0,00
1,00 1,00
22,00 E200
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= z
4,00 4,00
—a&— (E1/E2=2) 2 layers
5,00 5,00 —a&— (E1/E2=2) 2 layers
, —eo— (E1/E2=2) 8 layers (E1/E2=2) 8 layers
6,00 6,00
a) b)
Figure 13 - Comparison of deflections for different number of layers (Ei/E>=2)
a) membrane effects are included b) membrane effects are excluded
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Figure 14 - Comparison of deflections for different number of layers (E/E>=30)
a) membrane effects are included b) membrane effects are excluded
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7,00 —a&— E1/E2=2 (m.e. excluded)

Figure 15 - Comparison of deflections using 8 layers

The stress distributions through the thickness of the plate centre are investigated according
to the elastic modulus ratio and membrane effects using two layers, Figure 16. oy and oy
stresses are analogous but their magnitudes differ from each other due to the orthotropic
property of the soil material. The stress distributions for Ei/E,=1 corresponding to a
homogeneous plate material are linear and the graphs for ox and oy gradually turn into
curved shapes towards the top surface, as Ei/E; ratio increases. Besides, stress distributions
diverge from each other for the cases with and without membrane effects as Ei/E, ratio
increases. Note that the stress values are obtained at the top and bottom levels of each layer
to be able to capture 3 stress values for the 2 layered solution.

—e— E1/E2=1 (m.e. included)
.5 +=e— E1/E2=1 (m.e. excluded)
—eo— E1/E2=2 (m.e. included)
4 L _e—EI/E2=2 (m.e. excluded)
—eo— E1/E2=10 (m.e. included)
—e— E1/E2=10 (m.e. excluded)
—e— E1/E2=30 (m.e. included)
—eo— E1/E2=30 (m.e. excluded)

—=o— E1/E2=1 (m.e. included)
—e— E1/E2=1 (m.e. excluded)
—eo— E1/E2=2 (m.e. included)
—e— E1/E2=2 (m.e. excluded)
0.3 —e— E1/E2=10 (m.e. included)
—e— E1/E2=10 (m.e. excluded)
2 E1/E2=30 (m.e. included)
—e— E1/E2=30 (m.e. excluded)

0
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g S
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Figure 16 - ox and o, stress distributions for different E/E; ratios
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Then, the stress distributions are recalculated for different number of layers used in
modelling the S-FGM plate and shown comparatively in Figure 17. ox and oy stresses
obtained for 4 and 8 layers are almost the same while they differ slightly near the top and
bottom surfaces when 2 layers are used.

_(125
—e— E1/E2=30 (2 layers) -6,4 —e— E1/E2=30 (2 layers)
|
—@— E1/E2=30 (4 layers) 03 —@— E1/E2=30 (4 layers)
E1/E2=30 (8 layers) 4 ’ E1/E2=30 (8 layers)
[0,2
0,1

400 200\ 0 200 400 600 800

0N
0,1 1\
02
0,2 3

0,3
0.3 N\

-400  -200

0,5 ®
X GV
Figure 17 - oy and oy, stress distributions for different number of layers (membrane effects
are included)

In addition, two alternate arrangements of the S-FGM plate on the orthotropic Pasternak
foundation are considered and solved for the stresses through the thickness of the plate for
comparison. The oy and oy stress components in Figures 18a-19a belong to the arrangement
where the surface with larger elastic modulus is attached to the elastic foundation whereas
Figures 18b-19b indicate the stress distributions of the plate in the reverse arrangement. It
is observed that ox and oy stresses start diverging towards the top surface as the elastic
modulus decreases rapidly and this situation is the reverse for the other case, Figures 18-19.
It is also obtained that zero oy and oy stresses which are at the mid-section of the
homogeneous plate, are below and above the mid-section for the two arrangements,
respectively due to the heterogeneity of the material.

ox and oy stress components are obtained for different material angles ranging from 0° to
90° at intervals of 15° and given comparatively in Figure 20. The elastic modulus ratio of
the S-FGM plate is taken as E;/E>=30 and the system is analysed for the case where
membrane effects are included. o4 and oy stresses have the maximum divergence at the
bottom surface and after converging, they reach the top surface almost with a constant
difference.

Finally, the midpoint deflections are investigated for three different cases in which the non-
dimensional soil parameters are; K,=100 Ky =10 K,,=70 (case 1) ; K\=100 K,=10
Kpy=140 (case 2) ; Ky=100 K,x=10 K,,=280 (case 3) . Coefficient of subgrade reaction
and one of the shear moduli of the foundation are kept constant while the other shear
modulus is doubled in each case.
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Figure 18 - o stress distributions for different E|/E> and Ey/E| ratios (membrane effects
are included)
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Figure 19 - o, stress distributions for different Ei/E> and E»/E| ratios (membrane effects
are included)

Two different elastic modulus ratios for the plate and seven material angles for the
foundation are considered for all cases. It is observed in Figure 21 that the midpoint
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deflections decrease with increasing shear modulus. The maximum midpoint deflection
value is achieved when the material angle is 45° and the remaining values are in descending
order and are the same for complementary angles. Besides, the midpoint deflections for
Ei/E,=30 are larger than the values obtained for Ei/E>=2. In other words, midpoint
deflections increase for “softer” top surfaces. This increment becomes more apparent when
the membrane effects are excluded and with decreasing shear modulus, Figures 21-22.

—e— () degree

—e— 15 degrees
—o— 30 degrees

45 degrees
—o— 60 degrees
—— 75 degrees

90 degrees

400 600 800

0,5

—e— () degree
—e— 15 degrees
—e— 30 degrees
45 degrees
—e— 60 degrees
—@— 75 degrees

90 degrees
-400 400 600 800
<=
N

0,3

0,4

0,5

Figure 20 - oy and o, stress distributions for different material angles (E1/E>=30),
membrane effects are included)

material angle E1/E2=2

0 15 30 45 60 75 90 (casel)
0,00 ~—e— EI1/E2=30
(case 1)
1,00
= —e—EI1/E2=2
E 200 —~—— (case 2)
S —e— E1/E2=30
o 300 (case 2)
a0 T St—e—t—% % nimno
(case 3)

5,00

(case 3)

7,00

a)

—e— E1/E2=30

material angle —e—E1/E2=2

0 15 30 45 60 75 90 (casel)
0,00 —o— E1/E2=30
(case 1)

1,00
—e— E1/E2=2

EZ,OO .v. (case 2)
5 3,00 —e— E1/E2=30
e S =
= 4,00 —e—EI/E222
5,00 (case 3)

- o 4 e —e—EUE2X0
6,00 V (case 3)

7,00

b)

Figure 21 - Mid-point deflections for different material angles

a) membrane effects are included

b) membrane effects are excluded
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0 15 30 45 60 75 90
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'; 4,00 —

z

m.e. included (case 2)
5,00 m.e. excluded (case 2)

—a#&— m.e. included (case 3)

W‘— m.e. excluded (case 3)

Figure 22 - Mid-point deflections for different material angles (E;/E,=30)

6. CONCLUSIONS

In this study, the finite element analysis of S-FGM plates with and without membrane
effects, resting on orthotropic Pasternak elastic foundations with different material angles is
carried out using SAP2000 software package. It is demonstrated with the verification
examples that the proposed model is convenient and robust. This work can be easily
extended to static and dynamic analyses of FGM plates with various geometries resting on
arbitrarily orthotropic Pasternak foundations for further studies.

The results obtained in the present study can be summarised as follows:

1) For small elastic modulus ratios (e.g. E1/E>=2), the deflections of the S-FGM plate both
with and without Pasternak foundation do not change with the number of layers used for
the plate.

2) For large elastic modulus ratios (e.g. Ei/E2=30), the deflections of the plate on Pasternak
foundation do not change with the number of layers used whereas the deflections of the
plate without Pasternak foundation increase at a lower rate as the number of layers
increases.

3) The deflections increase when the membrane effects are excluded and the deflection
difference between the cases with and without membrane effects becomes more apparent as
the elastic modulus decreases with a larger ratio from the bottom to the top surface of the
plate.

4) Stresses ox and oy through the thickness of the plate centre are analogous but their
magnitudes differ from each other due to the orthotropic property of the soil material. All
stress distributions for a homogeneous plate material are linear while the distributions for
ox and oy gradually turn into curved shapes towards the top surface as Ei/E; ratio increases.
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5) The stress distributions diverge for the cases with and without membrane effects as
E\/E, ratio increases.

6) Stresses ox and o, obtained for 4 and 8 layers are almost the same while they differ
slightly near the top and bottom surfaces when 2 layers are used.

7) Stresses ox and oy start diverging towards the top surface as the elastic modulus
decreases with a larger rate for the arrangement of the S-FGM plate where the surface with
larger elastic modulus is attached to the orthotropic Pasternak foundation. This divergence
is towards the bottom surface for the opposite positioning of the plate. Zero ox and oy
stresses which are at the mid-section of the homogeneous plate, are below and above the
mid-section for the two arrangements, respectively due to the heterogeneity of the material.

8) For different material angles, ox and oy stresses have the maximum divergence at the
bottom surface and after converging, they reach the top surface almost with a constant
difference.

9) The midpoint deflections decrease with increasing shear modulus of the foundation. The
maximum midpoint deflection value is achieved when the material angle is 45° and the
remaining values are in descending order and are the same for complementary angles.

10) The midpoint deflections increase for softer top surfaces and this increment becomes
more apparent with decreasing shear modulus and when the membrane effects are
excluded.
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ABSTRACT

Issues related to readability risks in contracts could exacerbate conflict, claim and dispute
occurrences in construction projects. Determination of root causes of readability risks by
defining casual relationships in construction contracts is essential to improve contract
documentation and enable successful risk management. This paper aims to differentiate net
causes from net effect factors of readability risks in construction contracts. Most significant
readability risks in construction contracts were analyzed using fuzzy decision-making trial
and evaluation laboratory (DEMATEL) method, which is known for its wide
implementation in similar problems. Root cause degree (RCD) diagram was drawn to
illustrate the differentiation of these factors by adopting maximum mean de-entropy
(MMDE) algorithm. Analysis results indicated that poor grammar use, legal terminology,
visual representation, and negative language were the major underlying cause factors; while
lengthy document, use of abbreviations, scope complexity, controversial uses, repetitions,
and ambiguous words were the net effect factors. The results are expected to improve
readability of contract documents, which would contribute to more effective risk
management and better allocation of project resources.

Keywords: Construction projects, contract readability, contract drafting, construction
conflicts, risk management.

1. INTRODUCTION

The adversarial nature, lack of trust, inherent risks and excessive time pressures of
construction projects contribute to the germination of conflicts, claims and eventually
disputes [1]-[4]. Cheung and Yiu [5] conceptualized construction disputes as having three
main components: contract provisions, triggering events and conflicts. Contract
incompleteness with inadequate contract documentation, poor understanding of contracts
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and improper contract administration processes [6]-[9] are leading factors contributing
construction conflicts, as supported by a recent Arcadis report [10]. When the contract is
incomplete, its provisions can be interpreted differently by involved parties, then a conflict
and dispute is inevitable [11]. Magsoom et al. [12] addressed that construction disputes
could be considered as one of the keys for inefficient performance of construction projects.
Therefore, improving contract documents could be regarded as a preventative approach to
dispute occurrence prior to project execution process.

Contracts play a significant role in assisting to meet project objectives as a control and
coordination mechanism [13], especially in construction projects due to their inherent
uncertain, complex and project-specific natures [4], [14]. However, construction contracts
are usually comprised of set of documents that contain numerous provisions, specifications
and requirements, making their administrations difficult for project engineers and
managers. Smooth functioning of contracts can be achieved only with high degree of
readability, simplifying contract documents, reducing ambiguities in responsibilities, and
increasing commonality in the interpretation [15]. Project parties could fail to understand
their responsibilities if the draft of contract is hard to read. In addition, they may seek to
find flaw of contracts to behave opportunistically particularly when conflicts arise [11].
Therefore, proper contract drafting and administration are essential elements for successful
achievement of project objectives [15], [16]. This brought significant attention from both
scholars and practitioners to contract design problems recently [17].

The readability of construction contracts can be improved prominently by exploring the
root causes and causal relationships of readability problems. Poor readability of a document
can be regarded as one of the root causes of contract incompleteness, which has also been
regarded as one of the main root causes of construction disputes [2]. Root cause could be
defined as the fundamental and underlying reason of an undesirable event, which, could
prevent the problem from occurring recurrently, if eliminated properly [18]. In addition,
readability risks leading to poor contract documentation are strongly associated with each
other, highlighting the requirement of differentiating cause factors from effect factors. For
instance, while decreasing the number of words, the structure of sentences could become
more complex with grammatical errors [19], [20]. On the contrary, many scholars have also
addressed that long sentences could make contract less readable [1], [21], [22]. Therefore,
analysis of the most causal factors affecting contract readability is essential to improve
construction contracts, which is the main legal instrument that connects various parties with
a legal bond [23].

Readability risks of construction contracts are seldom examined and underlying causes are
rarely analyzed in the existing literature [24]. In construction risk management literature, it
is very common to focus on contractual risks affecting operations as part of a general risk
management plan in projects. However, this approach mostly focuses on operational risks
due to contractual provisions and requirements. This paper aims to further examine the
risks identified by Koc and Gurgun [25] by investigating the causal relationships among the
most significant readability risks to deliver more effective contract administration and risk
management. Fuzzy decision-making trial and evaluation laboratory (DEMATEL) method
was adopted to determine the causal relationships. Mean plus standard deviation (MPSD)
and maximum mean de-entropy (MMDE) algorithms were both used to determine
threshold values to indicate individual relationships between readability risks and draw the
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root cause degree (RCD) diagram. By emphasizing the most effective measures to improve
the quality of construction contracts, the findings of this study can be useful for contract
drafters, dealing with traditional and standard contract forms such as the International
Federation of Consulting Engineers (FIDIC) and New Engineering Contract (NEC), or
contract modifications.

2. RELATED WORKS

Construction contracts are voluminous documents making it harder to read and extract
required information whenever needed [26]. In fact, when any document is not readable
hindering its intended meaning, there is just a little value of it [27]. High degree of
comprehension can be achieved only when readability of the contract document is high
[15]. Easy-to-read contract documentation is essential particularly with respect to
construction contracts to minimize conflicts, claims, and disputes among involved parties
[28].

In practice, traditional contracts are regarded to include more clarity issues compared to
standard contract forms such as FIDIC or NEC [29]. Therefore, standard contract forms
have been frequently used in the construction industry to reduce clarity and readability
problems [30]. However, while adopting standard contract forms, various modifications in
some clauses are made by clients to satisfy requirements of the projects [22]. Rameezdeen
and Rodrigo [22] found that modifications to standard contract forms generally make the
contracts more difficult to read. All these considerations require a thorough analysis of risk
factors affecting readability of construction contracts for smooth contract administration.
Existing literature mostly lacks systematic and overall assessment of readability risks and is
not sufficiently contributing to the revelation of root causes regarding readability issues in
standard forms and traditional contracts. Even studies that analyze readability of
construction contracts are limited in the literature.

As examples of limited studies, Broome and Hayes [29] compared the clarity of traditional
contracts and NEC, and found that while not being perfect, standard contract forms were
more clear than traditional contracts. Rameezdeen and Rajapakse [15] investigated
readability of FIDIC and NEC by using a readability formula to determine whether there
was a relationship between readability and degree of commonality in interpretation and
found a positive relationship. Chong and Zin [1] investigated the standard contract form in
Malaysia, proposed measures to develop its language structure, and ranked those related to
length of the sentences at top. Koc and Gurgun [25] investigated and prioritized readability
risks in construction contracts based on their dispute potentials related to time, cost and
quality criteria. Rameezdeen and Rodrigo [22] examined the impact of modification to
standard contract forms on readability, and asserted that more than 50% of the original and
modified contract clauses were still difficult to read. Besaiso et al. [2] compared the
suitability of FIDIC and NEC standard forms in Palestine and addressed that NEC appears
to be more capable than FIDIC to minimize disputes. Youssef et al. [31] assessed semantic
risks of ad hoc and amended standard contract forms and found a strong correlation
between contract risk rating and the magnitude of contingency included in the tender price
of contractor. Lee et al. [32] proposed a proactive risk assessment model based on rule-
based natural-language processing to detect missing contractor-friendly clauses in the
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modified FIDIC conditions by clients, and included some of the readability factors in the
proposed automated model. Previous studies show that there is a gap in the literature about
root cause analysis of readability risks.

3. DETERMINATION OF READABILITY RISKS IN CONSTRUCTION
CONTRACTS

Fundamentally, readability can be defined as a function of a text and a reader. It is the
integration of the structure, characteristics, and context of a text with the information
processing features and abilities of a reader [27]. In this study, readability risk of a contract
is defined as structural and textual issues in a contract that hinder comfortability in reading
and inevitably diversify the interpretation of contract clauses. A structure of a typical need
for reading a construction contract is illustrated in Fig. 1. Contract management can be
typically defined in three phases: pre-award, award and post-award phases. In pre-award
phase, involved parties plan, prepare the scope, develop the contract to offer required
services, define responsibilities and allocate risks to meet contract provisions. Then in the
award phase, project parties negotiate and sign upon agreement of the contract terms.
Finally, in post-award phase, project managers monitor the performance to meet the
requirements according to contract provisions without any flaws until the end of the
projects. In case of any flaw, conflicts may arise and the readability of the contract becomes
more speculative. Parties usually seek evidence to justify events based on their interests
referred in contract provisions. Such opportunistic approaches sometimes lead to conflicts
that may jeopardize successful completion of projects [33] and hinder effective long-term
relationships [34]. Therefore, acceptable degree of readability of construction contracts is
essential from the initiation to the termination of construction projects.

Trust and clarity decrease
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Fig. I - Generic structure of a typical need for reading construction contract.
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There are numerous factors affecting the readability of construction contracts. Koc and
Gurgun [25] performed a comprehensive literature review accompanied by a pilot study to
unveil readability risks in construction contracts, which resulted in 18 readability risks.
These risks mainly included ambiguity, specialized vocabulary, length-related, legalese,
inconsistency, layout, and grammatical structure. The researchers analyzed and ranked
these risks by using fuzzy VIKOR method to identify the most significant ones. Top ten
risks which were identified in that study are shown in Table 1. These risks formed the basis
of this research.

In this study, underlying facts of top ten risks are examined deeply and explained as
follows:

R1) Unnecessary length in the clauses, sentences, and words: Construction contracts are
mostly voluminous and complex documents. They contain a significant number of
provisions with long sentences that nobody in the project could read with full attention,
failing to comprehend project requirements [24]. It was addressed that putting accurate
punctuation in long sentences could make the document easier to read [38]. The Flesch
Reading Ease Score (FRES), which is one of the most widely used readability formula,
considers two variables to estimate readability of documents as; average length of
sentences and average number of syllabus per word [15]. Therefore, length in the
clauses and sentences, and the number of words in construction contracts need to be
minimized adequately to expedite reading and enable clear understanding. When
construction contracts are drafted with long clauses, sentences and unnecessary words,
then they are hardly read and understood by contractors during contract drafting
process.

Table I - Most significant readability risks ([25]).

ID  Readability risks References
Rl  Unnecessary length in the clauses, sentences and words Ameer Ali and Wilkinson [35], Besaiso et al [2],
Broome and Hayes [29]

R2  Unnecessary complexity in the scope of work with Chong and Oon [36], Rameezdeen and Rajapakse
complex noun phrases and improper use of referents [15]

R3  Repetition of words and provisions Ameer Ali and Wilkinson [35], Broome and Hayes

[29], Chong and Oon [36]
R4  Use of negative style of language Besaiso et al [2], Chong and Zin [1], Menches and
Dorn [37]

R5  Controversial uses to legal terms and incoherence Chong and Zin [1], Murphy et al. [20],
including other contracts in the projects Rameezdeen and Rajapakse [15]

R6  Abstractness and ambiguity in word or sentence Ameer Ali and Wilkinson [35], Besaiso et al [2],
causing more than one meaning Broome and Hayes [29]

R7  Use of specialised vocabulary, legal terms and legal Rameezdeen and Rajapakse [15], Rameezdeen and
jargon Rodrigo [22], Broome and Hayes [29]

R8 Lack of visual representations Schuhmann and Eichhorn [24]

R9  Poor grammar use including missing nouns, words Ameer Ali and Wilkinson [35], Chong and Zin [1]
formation

R10 Unnecessary use of abbreviations Murphy et al. [20], Beaumont [19]
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R2) Unnecessary complexity in the scope of work with complex noun phrases and
improper use of referents: Construction contracts may contain complex and lengthy
work descriptions including the scope of the work, responsible entities, the way
requirements are handled etc., which could cause disagreements resulting with conflicts
due to improper expressions. Scope of the intended works can be explicitly described
without complex noun phrases and improper use of referents. Using verbs instead of
noun phrases are recommended to increase the readability of construction contracts [1],
[39]. Besides, using “he” or “she” could increase the complexity of the works since they
can be used to indicate project manager, engineer or foreman [40]. This risk factor can
also be associated with use of double negative phrases and “shall” [36]. For instance,
Ameer Ali [41] highlighted the use of “shall” with reference to Malaysian Government
design & build construction contract (Clause 42.1). “... the Contractor shall (meaning:
must) pay the Government a sum calculated at the rate ... such damages shall
(meaning: may) be recoverable from the ...”. Additionally, the following sentence can
be given as an example of a complexity of noun phrase “the Government shall in no
circumstances be liable to...” [9].

R3) Repetition of words and provisions: This refers to the repetition of any information
that has already been provided in other parts of the contracts. It was included in this
study since particularly legalese language, with which construction contracts are heavily
drafted, is criticized for being complicated and repetitive [42]. It also covers repetition
of words with the same meaning to clarify contract documents [36], which is common
in legal jargon. (e.g. “claim by any and every...” [9])

R4) Use of negative style of language: Contract clauses that contain negative language
and expressions are usually associated with negative emotional reactions to the clauses
[37]. The adopted way of expressions in contracts affect the readability of contracts,
particularly emotional reactions during reading. Negative language in construction
contracts could reduce trust and collaboration among parties [37], [43], which could
increase the possibility of conflicts. The following clause component can be given as an
example of negative style of language: ““...shall not be removed except for use upon the
Works, unless the S.O. has consented...” [1].

RS5) Controversial uses to legal terms and incoherence including other contracts in the
projects: This refers to all incoherent uses with respect to legal terms, other clauses in
the contract and other contracts in the projects. Controversial expressions make it hard
to interpret the actual meanings and intentions of the provisions [1], [36], [44]. This
could result in opportunistic behaviors by contracting parties when things go wrong,
thus conflicts. Resolution procedures of conflicts and disputes could be tedious in case
of incoherence. When additional clauses or provisions are added, inconsistencies and
mistakes need to be avoided to prevent further conflicts [20]. It was addressed that
inconsistencies between modifications were one of the top causes of construction
disputes in Australia [22].

R6) Abstractness and ambiguity in word or sentence causing more than one meaning:
Contract ambiguity can be considered as one of the primary causes of conflicts and
claims in construction projects [45]. A contract can be regarded as incomplete based on
several factors such as ambiguity, deficiency, inconsistency and defectiveness [11].
Ambiguity can also contribute to possible opportunistic behaviors, thus leading
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disagreement between parties. This factor includes words having double meanings by
their nature and expressions such as “meaningful” or “reasonable”, and considered in
this study since their interpretations may differ based on parties with their incompatible
interest [4], [46], [47]. In this context, “inclement weather” can be another example of
ambiguous words [9]. When there is high ambiguity in construction contracts, then its
readability can be regarded as low.

R7) Use of specialized vocabulary, legal terms and legal jargon: Presence of legalese
language can be considered as one of the main causes of clarity and readability issues in
construction contracts [22]. This factor refers to the use of too many legal terms and
phrases, vocabulary deemed to legal jargon, making the contract difficult to read and
understand [1]. It was addressed that minimizing legalese with plain language structure
could increase the transparency of contracts [24]. In addition, FIDIC conditions have
been criticized for containing many unnecessary legal expressions [2], [29]. It was
addressed that drafters of NEC have taken a revolutionary step by abandoning legal

language [2].

R8) Lack of visual representations: Visual representation of the contracts can increase
the transparency of construction contracts, ensuring that the contracts are handled by
project managers adequately [24]. It also includes inadequate presentation of technical
documents, implementation details and work visualization that could reduce the clarity
of the intended work and increase unwillingness of the employers to read the contracts.

R9) Poor grammar use including missing nouns, words formation: Missing nouns,
complex words formation and poor grammar use can be related to clarity problems in
construction contracts [1] eventually affecting its readability. For instance, NEC was
regarded to promote clarity and simplicity within the contract, however, some
researchers asserted that while decreasing the number of words in sentences, it failed to
propose good grammar use with missing nouns [19], [20].

R10) Unnecessary use of abbreviations: Abbreviations are naturally used to prevent
lengthy sentences and contexts. However, too many abbreviations in a single sentence,
provision or clause can reduce their readability. Using abbreviations more than
necessary in contracts can be pertained to poor grammatical structure of documents
[19].

The following clause can be given as an example of a poorly drafted contract clause in
several ways [41]: “This Contract shall be deemed to be a Malaysian Contract and shall
accordingly be construed according to the laws for the time being in force in Malaysia and
the Malaysian Courts shall have exclusive jurisdiction to hear and determine all actions
and proceedings arising out of this Contract and the Contractor hereby submits to the
Jurisdiction of the Malaysian Courts for the purposes of any such actions and proceedings.”
First, the sentence is too long (69 words, threefold of what has been suggested by Chong
and Zin [1]), legalese and redundant [41]. In addition, the meaning of “Malaysian Contract”
is not clear (whether it means that the contract is formed in Malaysia or based on Malaysian
law). Separation of “hear” and “determine”, and “actions” and “proceedings” could also be
considered as clearer. Besides, the role of employer in jurisdiction is also not clear, such
that only contractor is referred. For more detailed criticism of this clause (and many others),
one may refer to the study of Ameer Ali [41].
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4. RESEARCH METHODOLOGY

The main objective of this study is to reveal causal relationships of readability risks leading
conflicts by determining their root causes in construction projects. Analysis of these
relationships is important since in most cases, risks are found with inextricable cause-effect
interrelations and identification of the most significant readability risks may not always be
sufficient for proper risk management. Their cause-effect interrelations can exist in varying
extents that may impose further elaboration. For instance, when shortening the long
sentences as an improvement in the readability of a contract, the document can become
poor in grammar with missing nouns and too many abbreviations, as NEC standard contract
is criticized in this respect by some scholars [19], [20]. On the other hand, addition of
redundant technical information that could be included in technical specifications would
increase the length of the sentences, provisions and clauses. Such examples of cause-effect
relationships need to be analyzed, which actually establish the major aim of this study. The
research steps and adopted methods to analyze the causal relationships of the most
significant readability risks are shown in Fig. 2.

Assessment of causal relationships

) . Development of
Data collection J [ Data analysis ] l RCD diagram J

Discussion of

Fuzzy DEMATEL MPSD and MMDE
analysis algorithms

] findings

A group of 20 experts [

Fig. 2 - Research flow.

The first step of the assessment of causal relationships was to collect data in order to
identify root causes of the most significant readability risks. A total number of 20 experts
contributed to this study. Their professional backgrounds can be seen in Table 2. Past
literature supports the sample sizes used in this study in terms of fuzzy DEMATEL method
[48]-[50], since the quality of the data is regarded highly essential in a qualitative research
as originally aimed in this study [48], [51]. In the data collection step, a decision framework
was formed based on 10 readability risks (Table 1) leading to 10x10 decision matrix. Then,
respondents were asked to provide their judgments using the linguistic variables (Table 3)
regarding the influences of readability risks on each other. In other words, the influence of
each readability risk on the others were inquired leading to 90 decisions (10x9) of each
expert.
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Table 2 - Professional background of experts.

Experience in  Experience in

. Education o construction contract Bu_dget
ID Proficiency level Role Organization industry administration responsgb)le (USD
(Year) (Year)

El Civil engineering Bachelor Owner Subcontractor 21 16 1 —10 Million
E2 Civil engineering ~ MSc Director Contractor 24 12 1 — 10 Million
E3 Civil engineering PhD Senior executive director Client 22 16 10 — 100 Million
E4 Civil engineering Bachelor Senior executive director Client 25 17 10 — 100 Million
E5 Civil engineering Bachelor Owner Contractor 32 27 > 100 Million
E6 Civil engineering Bachelor General manager Client 17 13 > 100 Million
E7 Civil engineering Bachelor Project manager Client 27 23 1 — 10 Million
E8 Civil engineering Bachelor ~ Vice general director Client 21 18 10 — 100 Million
E9 Civil engineering Bachelor Contract manager Contractor 29 22 1 - 10 Million
E10  Architecture MSc  Technical office architect ~Contractor 7 4 <1 Million
El1 Civil engineering Bachelor Senior executive director Client 32 21 > 100 Million
E12 Civil engineering Bachelor Project coordinator Contractor 20 13 10 — 100 Million
E13 Civil engineering Bachelor Site engineer Subcontractor 5 5 <1 Million
El14  Architecture Bachelor General manager Client 24 20 1 — 10 Million
E15 Civil engineering PhD Contract manager Contractor 21 21 1 — 10 Million
E16  Architecture Bachelor Project manager Client 14 11 10 — 100 Million
E17  Architecture MSc  Technical office manager Client 11 8 1 — 10 Million
E18  Architecture MSc Design manager Client 13 10 1-10 Million
E19  Architecture Bachelor Project coordinator Client 28 20 10 — 100 Million
E20 Civil engineering Bachelor Technical office engineer Client 8 6 1 — 10 Million

Table 3 - Fuzzy linguistic scales used in fuzzy DEMATEL method.

Linguistic variables

Influence score

Triangular fuzzy numbers

No influence 0
Very low influence 1
Low influence 2
High influence 3
Very high influence 4

(0.00, 0.00, 0.25)
(0.00, 0.25, 0.50)
(0.25, 0.50, 0.75)
(0.50, 0.75, 1.00)
(0.75, 1.00, 1.00)

The collected data was analyzed by a multi-criteria decision-making method, fuzzy
DEMATEL. DEMATEL was selected particularly for its wide application as a practical
method to underly root causes of various problems in the literature [52] such as labor
productivity [53], intersection safety [54], waste management [55], and project performance
[56]. This method has been used by many researchers, since it is powerful in separating net
causes from net effects ensuring the underlying causes of the problems [54], drawing a root
cause degree (RCD) diagram and aiding the development of countermeasures to the
specific issues [57]. DEMATEL approach is very useful when critical and suitable
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decisions for specific problems are sought [58], [59]. In addition, a network relation map
can be constructed, which enables the observations of the correlated factors [60]. The
method has been regarded as one of the most prominent methods to evaluate the importance
of causal relationships among included criteria as well as having an ability to validate the
interrelationships of evaluated criteria [48]. Since traditional DEMATEL method considers
neither fuzziness, nor subjectivity in decision-making processes, fuzzy DEMATEL
approach was adopted. Respondents, who participated in the questionnaire were chosen by
judgment sampling based on their experiences and roles in construction contract
administration [61]. At this point, a variety of participant features were considered to mark
diversification in contract administration with respect to backgrounds of the participants.
Interviews were performed through face-to-face individual discussion sessions. The
objective of the research and fundamentals of DEMATEL analysis were explained to
maximize the accuracy in their judgments for better representation.

For the initial step of the fuzzy DEMATEL method, direct relation matrix (T) was formed
by experts through adopting pairwise comparisons between readability risks. Each element
in T was converted to triangular fuzzy number (TFN) denoted as (I;;,m;;, 1;;) indicating
the influences of risk i on risk j. Triangular fuzzy scale used in fuzzy DEMATEL method is
presented in Table 3 [62].

Adopted fuzzy DEMATEL method included five main steps as follows [62]:

1) TFNs were converted into direct relation matrix (Z). For this preliminary step,
normalization was performed by using Egs. (1) — (3).

r-n»—minl‘-”»)
n _ ( ij ij
X1 = T gmax (1)
min
n : n
n_ (mi]-—mmli]-)
xm;; =  max (2)
min
ln-—minln-)
no_ ( ] ij
xlij - amax (3)
min
where AT = maxr{} — min l{}; n=1,2,3,..,his the number of experts. Then,

right (rs) and left (Is) normalized values were calculated as follows:
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I
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Then, aggregated crisp values were calculated by using Egs. (6) — (8).

xls{lj(l—xls{lj)+xrs?j xxrs{}-
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Z{i = minljj + xj; X Ay (7
G e D)
7y = SR ®)

where x/; is the total normalized crisp values; Z;} is the computed crisp value for expert
n.

2) Generalized direct relation matrix (S) was calculated by Eq. (9).

S= ———— X7 9

maxi<i<n z};lzij
3) Total relation matrix (M) was computed by using Eq. (10) as follows:
M= SI-95)"1 (10)
where, I is the identity matrix. Therefore, indirect effects of readability risks on each

other were taken into account. The overall total relation matrix of readability risks is
presented in Table 4.

Table 4 - Total relation matrix.

R Rl R2 R3 R4 R5 R6 R7 R8 R9 RIO
R1 0.78 092 0.85 0.85 093 0.90 0.78 0.62 0.81 0.72
R2 094 0.87 090 091 0.99 0.97 0.82 0.66 0.88 0.78
R3  0.89 093 0.79 0.89 095 093 0.79 0.64 0.84 0.75
R4 091 096 0.90 0.79 0.95 0.96 0.79 0.64 0.85 0.76
R5 094 1.00 093 091 0.89 0.99 0.83 0.67 0.88 0.78
R6 095 1.00 094 094 1.00 0.89 0.84 0.68 0.90 0.81
R7 0.86 091 0.85 0.85 091 0.90 0.68 0.62 0.80 0.71
R8 0.69 0.70 0.67 0.67 0.73 0.70 0.59 043 0.62 0.56
R9 096 1.00 0.96 0.95 1.01 1.01 0.84 0.67 0.80 0.79
R10 0.72 0.75 0.70 0.70 0.76 0.75 0.63 0.51 0.67 0.53

Note: Bold values are equal or higher than the MMDE, and underlined
values are equal or higher than the MPSD thresholds.

In Table 4, the sum of rows and the sum of columns were then referred as D and R,
respectively. D + R was denoted as the prominence (P;), while D — R was the net effect
(E;). Prominence and net effects of readability risks are presented in Table 5. It is
important to note that positive E value indicates that the corresponding risk is a net
cause factor (influences others more than it is influenced by), while a negative E value
indicates that the risk is a net effect factor (influenced by others more than it influences
others).
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Table 5 - Prominence and net effect.

D D R E; P,

RI 814 864 -050 16.78
R2 872 905 -033 17.77
R3 840 849 -0.09 16.89
R4 850 846 0.04 16.96
RS 882 913 -031 17.96
R6 895 9.02 -0.07 17.97
R7 809 758 051 15.68
R8 639 614 024 1253
R9 9.01 805 095 17.06

R10 6.74 7.19 -044 13.93

4) Since all readability risks have effects on others in a varying extent, an acceptable
threshold value must be established to keep the complexity of the identified system
manageable, so that the ones with smaller impacts in total relation matrix can be filtered
out. It should be noted that only an acceptable degree of threshold value can provide
meaningful information about the relation system [63]. Therefore, threshold values
should be neither very high, nor very low. Two different approaches were addressed in
the literature for threshold value determination as mean plus standard deviation (MPSD)
approach and maximum mean de-entropy (MMDE) algorithm. In this study both
threshold values were calculated.

Average and standard deviation of all elements in Table 4 were calculated in MPSD
approach and their sum was set as a threshold value. 0.946 was computed as a threshold
value by adopting MPSD approach through Eq. (11).

TMPSD — Sp + & (11)

where SD and X are the standard deviation and average values of all 100 elements in
Table 4, and TMPSP is the threshold value calculated by adopting MPSD approach.

As an alternative approach, the threshold value was also determined based on robust
MMDE algorithm based on entropy approach proposed by Li and Tzeng [63]. This
algorithm has been implemented in information science, in which entropy refers to the
criterion used to determine the amount of uncertainty. MMDE algorithm used in fuzzy
DEMATEL analysis involved the following steps [48], [63]-[65]:

(i) Matrix M in Table 4 was converted to an ordered set M, which involves
{my, mqg, ..., Myy, My, ..., My, } where my,, is an element of nxn total
relation matrix. Then, each element in the matrix was rearranged from the
highest to the smallest and converted into a M* denoting an ordered triplet as
(myj, x;, x;). In this triplet, m;; is the influence value computed in the matrix
M, x; and x; are the order of row and column numbers referred as dispatch
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node and receive node, respectively. For simplification reasons, only dispatch
node was considered in the steps (ii)-(iv).

(ii) The second element of M* was obtained for each element of the total relation
matrix, to generate new set of ordered dispatch node, MP' as
(x4, X5, ..., X,) With a corresponding probability of P = (p4, D3, ..., Pn)-

(iii) The first element of MP! was taken as a new set MP'to assign the probability
of each element in the new set. Accordingly, Hp of the set MP', HP' was
computed by using Eq. (12).

H(py,p2, -, Pn) = — X pi-In(p;) (12)
pi Zi (13)
Subject to:

=P =1 (14)
pi-In(p) =0 ifp; =0 (15)
HP =H (3,2, .,2) = HQy, Pz s ) (16)

where p; is the probability of the variable x;, m is the number of variables in

MPi, k is the observed frequency of variable x;, and HP is the de-entropy
value.

(iv) The mean de-entropy was determined by using Eq. (17) as follows:

Di _ HP!
MDE;* = NP 17)

where N(MPY) is the number of variables with unique values. Maximum
MDEP! and its corresponding MP! values were then chosen in a number of
C(MP") mean de-entropy values, where C(MPY) is the total number of
variables. This dispatch node set was denoted as M5%,,..

(v) An ordered receive node set M®¢ and a MMDE set ME¢. was computed by
adopting the same steps (ii)-(iv).

(vi) First u elements in M* was taken as the subset while having TT", which
consists of M2L . and MZe., the threshold value was determined from the
minimum influence value in TT". After all the calculations made in Excel,
MMDE value was calculated as 0.964.

Hence, threshold values calculated through MMDE (0.964) and MPSD (0.946)
algorithms were used to highlight significant relationships between readability risks and
indicated in Table 4 (with bolded and underlined values, respectively). It is important to
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note the difference between significant relationships calculated through MMDE and
MPSD algorithms. The relationships between readability risks were stronger regarding
threshold value calculated through MMDE algorithm compared to one attained via
MPSD method. In this study, both MMDE and MPSD threshold values were used to
draw attention to the causal risks, while other researchers might consider relationships
based on only MMDE method to focus on the more crucial causal relationships.

5) At the last step of fuzzy DEMATEL analysis, root cause degree (RCD) diagram was
drawn by mapping the dataset of (D + R, D — R), where (D + R) was put at horizontal
axis, and (D — R) was put at vertical axis. If (D, — Ry) > 0, then the criterion x
dispatches the impact on other factors more than it receives [66]. RCD diagram of
readability risks is illustrated in Fig. 3. Calculated threshold values from both MPSD
and MMDE approaches were used in the diagram to show the relationships between
readability risks. RCD diagram (Fig. 3) drawn based on total relation matrix (Table 4)
and threshold values shows that R9, R7, R8 and R4 were the cause factors (influences
other risks more than influenced by others), while the rest of the readability risks were
effect factors (affected by the factors rather than affecting the others). R9 was the most
significant causal factor influencing majority of the readability risks apart from R7, R8
and R10, which were found to be independent readability risks. On the other hand, R1
was the most affected readability risk in the overall scheme, which was directly
influenced by R9 (with respect to MMDE) and R6 (with respect to MPSD).
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Fig. 3 - RCD diagram of readability risks.
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5. DISCUSSIONS

Based on analysis results of Koc and Gurgun [25], the top five most significant readability
risks were identified as “unnecessary complexity in the scope of work with complex noun
phrases and improper use of referents (R2)”, “abstractness and ambiguity in word or
sentence causing more than one meaning (R6)”, “unnecessary length in the clauses,
sentences, and words (R1)”, “lack of visual representations (R8)”, and “controversial uses
to legal terms and incoherence including other contracts in the projects (RS)”. These
findings may be of interest for decision makers and contract drafters during contract
preparation and administration phases. With a closer look into the analysis of their causal
relationships, further details and outcomes could be provided to understand their impacts on
each other, which is actually the aim of this study. Findings of fuzzy DEMATEL were
helpful to map out the root cause factors within the most significant risks based on their
causal relationships. For example, “poor grammar use including missing nouns, words
formation (R9)” and “use of specialized vocabulary, legal terms and legal jargon (R7)”
were found to be the root causes of readability risks in construction contracts, with 0.95 and
0.51 net effect values, respectively. Other two cause factors (R8 and R4) were assessed
with net effect values less than 0.25, separating top two from them. It can be noted that the
results of prioritization solely may not always be adequate to develop effective measures,
since improvements regarding them may not clarify the contract document as expected due
to lack of understanding the causal relationships between them. Table 6 shows the most
significant ten readability risks and their roles in causal hierarchy developed by using fuzzy
DEMATEL approach.

Table 6 - The role of the most significant ten readability risks in causal hierarchy.

Risk Rank in fuzzy VIKOR  Causal rank in Fuzzy Causal

factor  Koc and Gurgun, [25] DEMATEL position Influence on Influenced by
R2 1 8 Net effect R5,R6 R4,R5,R6,R9
R6 2 5 Net effect RI1,R2,R5 R2, R4, RS, R9
R1 3 10 Net effect - R6, R9

R8 4 3 Net cause - -

RS 5 7 Net effect R2,R6 R2,R3, R4, R6, R9
R9 6 1 Net cause R1,R2,R3, R4, R5,R6 -

R7 7 2 Net cause - -

R4 8 4 Net cause R2,R5,R6 R9

R3 9 6 Net effect R5 R9

R10 10 9 Net effect - -

Some additional highlights can be pointed out based on analysis findings. One of the most
remarkable outcomes was that four of the top five readability risks, which were highlighted
by Koc and Gurgun [25], were actually found to be net effect factors. The results may be of
particular importance, since in fact improvements in effect factors may not be effective as
much as expected, allowing related problems remain in the contract documents if
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underlying causes are disregarded. For instance, despite reducing the length of the
sentences could be regarded as one of the mostly recommended measures, this could lead
poor grammatical structure with missing nouns [20], which was found to be the most
significant causal factor in this study. A clear flow from R9 to R1 was found in this study
(Fig. 3), which is on the contrary to what is generally believed [20]. The reason of this
could be that poor grammatical structure and missing nouns could cause potential readers
of construction contracts to perceive the sentences are unnecessarily long complicating its
readability. That is probably why reducing sentence length was ineffective in facilitating
the readability of sentences due to issues caused by poor grammatical structure [20]. As
another example, excessive use of legal terminology could make contracts even harder to
read since they are drafted by lawyers but used by engineers. It can be noted that
abandoning legal terminology has been regarded as one of the revolutionary steps of NEC
drafters [2], and use of specialized vocabulary, legal terms and legal jargon (R7) was found
to be the second causal readability risk in this study. Five of the six net effect factors in
Table 6 were influenced by “poor grammar use including missing nouns, words formation
(R9)”, making it the most significant causal factor affecting readability of construction
contracts. In other words, even though problems about noun phrases, referents, ambiguous
words and controversies could contribute to the poor contract document at most; using
wrong grammatical structure with missing nouns and poor word formations could be the
root causes of these problems. Fig 3. shows clear flows from R9 at the top, to the net effects
in the middle and at the bottom. R7 was determined and shown as the second most
significant causal factor in RCD diagram. Although it was not found to be the significant
cause of any of the other risks, it was identified to be affecting all the others in some extent,
without being influenced by them. One of the experts contributed to this study indicated
that sometimes it was very difficult to incorporate the updated standards to contract
provisions, thus increasing the readability risk of the corresponding clauses. Frequently
updated conditions with legal terminology could decrease the quality and readability of
contract documents [21].

According to the threshold values calculated by MPSD and MMDE approaches, “use of
specialized vocabulary, legal terms and legal jargon” (R7), “lack of visual representations”
(R8), and unnecessary use of abbreviations (R10) were found to be independent readability
risks. In other words, when these risks emerged, then the readability of overall contract
document was affected, more than due to emergence of other individual risks. Visual
representation (R8) with respect to transparency [24], and use of abbreviations (R10) with
respect to simplicity [20] were important readability factors, affecting and affected by
others below the threshold values. The results are considered pertinent since R8 and R10
cannot easily be associated with other readability risks. Visualization could significantly
supplement contract documents through diagrams, charts, timelines, images etc., which
may appear inside a contract or alongside of it [67], making it harder to relate with other
readability factors. Similarly, excessive use of abbreviation could paralyze the ability of the
readers to think clearly [68], as a discriminating attribute of it from others. On the other
hand, despite “use of specialized vocabulary, legal terms and legal jargon” (R7) was the
second most causal factor in RCD diagram, it was determined as an independent readability
risk. The reason of this could be that experts participated to fuzzy DEMATEL
questionnaires kept the influences of R7 on the other risks in a large extent but just below
the calculated threshold values. At the very bottom of the RCD diagram, “unnecessary
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length in the clauses, sentences and words” (R1) was seen as a net effect factor influenced
by “poor grammar use including missing nouns, words formation” (R9), with respect to
MMDE and R6 with respect to MPSD. Despite R1 was the third most significant
readability risk, amelioration of sentences in terms of length could not be as effective as
expected since it was the most affected factor placed at the bottom of the RCD diagram.
There were some other readability factors contributing to the length of the sentences,
provisions and clauses, relatively less significant but underlying cause factors. Therefore,
improvement of the length related risks should not be considered individually to improve
the quality of construction contracts [20].

Interestingly, “unnecessary complexity in the scope of work with complex noun phrases
and improper use of referents” (R2), “controversial uses to legal terms and incoherence
including other contracts in the projects” (R5), “abstractness and ambiguity in word or
sentence causing more than one meaning” (R6) triangle emerged with a dyadic nature such
that all affected each other (Fig. 3). This can be another significant finding since it indicated
that differentiating these three from each other during contract drafting process could be
less effective, compared to the risk mitigation measures covering all three risks. The results
implied that scope complexity with inadequate noun phrases, ambiguous expressions and
words, and incoherence could be regarded as bound to each other in construction contracts.
For instance, when the scope of the work is complex by using inadequate noun phrases,
then its provisions relationally unclear. Correspondingly, when there are too many
ambiguous words in the provisions, then the scope of the work would become more
complex. Similar to this, when incoherence with controversial uses is high, then the scope
of the work could become more complex. If the complexity of the scope of the work is
apparent in different contracts in a project, then it is likely to include inconsistent
expressions between other contracts in the project. This highlights that in some cases,
considering group of measures could be more effective than treating them individually.

6. IMPLICATIONS FOR CONTRACT DRAFTERS

Poor contract documentation was considered by various scholars as major causal factors
incurring construction conflicts [69], [70]. With the aim of increasing the ease of contract
reading, this study further revealed the underlying causes of readability problems in
construction contracts. Ranking the most significant readability risks could provide contract
drafters a guideline for risk management; however, solely focusing on this might cause
overlooking the fact that risk factors affecting readability of construction contracts are
related to each other. With the butterfly effect in mind [71], estimating the consequences of
any positive steps on the other readability risks is essential for improved contract drafting
process. By managing underlying causes determined through fuzzy DEMATEL analysis
[72], sub-optimality in the readability of construction contracts can be improved in a more
effective manner, differentiating cause factors from effect factors.

While drafting contract and performing modifications, it can be difficult for contract
drafters to consider the impacts of the modifications on the clarity and readability of
documents [22]. Traditionally, reducing the number of syllables in words, words in
sentences, and sentences in clauses are recommended [1], which are also considered in
readability formulas [73], and adopted commonly by contract drafters to increase clarity
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and ease of reading. This can be related to the fact that construction contracts are usually
considered as voluminous documents, with long and complex sentences. However, despite
regarded as one of the most significant readability risks, “unnecessary length in the clauses,
sentences, and words” was found to be the most affected factor in this study, ranking last in
the causal hierarchy. This finding entails particular attention, since it reveals that the efforts
made by improving contract documents through Ilength-related measures could be
ineffective at some point if other causal risks that result in lengthy documents are not
managed properly. Furthermore, “scope complexity with improper noun phrases and
referents” was found to be the most significant factor affecting the readability of
construction contracts, however, ranked eighth in causal hierarchy based on the fuzzy
DEMATEL method outcomes. By looking into RCD diagram, poor grammar use,
ambiguous words and sentences, and their incoherent uses should be avoided to reduce
complexity of the scope of work. RCD diagram can also be used to develop
countermeasures for some of the particular readability problems. Fig. 4 shows a framework
for scope drafting in a construction contract developed based on RCD diagram, as a
practical implication.

Check the incoherence
between (R5):
i) other contracts in the

project,
i1) other clauses in this
contract,
iii) legal procedures
A
Check the complexity of the
scope (R2): v
i) use verbs instead of noun Collaborative language (R4): Structural control
P B phrases, o i) adopt positive style of (R9):
) ) ii) correct the use of referents, A »| language instead of negative, i) missing nouns,
scope of iii) minimize double negative ii) ensure the collaborative ii) words formation,
the work S .
phrases, language throughout the iii) grammatical
iv) Ensure the intended clause errors
meanings with employees A
from different departments
Y
Check the ambiguity
(R6):
i) ambiguous goals,
» i) ambiguous words,

iii) ambiguous sentences,
iv) terms that may lead
opportunism

Fig. 4 - Example of a scope drafting based on proposed RCD diagram.

To perform useful improvements in overall contract readability to prevent contractual
conflicts, four of the readability risks, which were determined as net causes require proper
management. These factors are particularly important for contract drafters since effective
measures should be adopted to minimize the negative impacts of the underlying cause
factors, solving the readability problems in contracts immediately. These readability risks
were identified as: poor grammar use including missing nouns, words formation; use of
specialised vocabulary, legal terms and legal jargon; lack of visual representations; and use
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of negative style of language. Therefore, while drafting construction contracts or
modifications to standard contract forms, contract drafters should pay more attention to
these four risks to increase clarity and readability of documents. Such a preventative
approach against potential disputes can be considered as an effective strategy for
construction projects since the conflicts between contracting parties can be avoided from
emerging during project execution process, with the efforts made during contract drafting
process.

7. CONCLUSION

This study aimed to reveal underlying root causes of readability risks in contraction
contracts. In this context, the most significant readability risks were analyzed by fuzzy
DEMATEL method to specify the cause-effect relationships among them. The adoption of
fuzzy DEMATEL analysis contributes a lot to obtain the findings in this study since
components of contracts have strong relationship with each other. Without focusing on the
underlying cause factors, the intended measures could not be as effective as expected.

Some significant highlights can be implied from the findings of fuzzy DEMATEL analysis.
First, four of the most significant five risks were found to be net effect factors, indicating
the ineffectiveness of the traditionally suggested measures for smooth, readable, and clear
contract documentation. “Poor grammar use including missing nouns, words formation”
and “use of specialized vocabulary, legal terms and legal jargon” were determined as the
most causal factors, while “unnecessary length in the clauses, sentences, and words” and
“unnecessary use of abbreviations” were the most affected readability risks. Contract
clarification strategies can be employed for proper grammar use, missing nouns, words
formation, and specialized legal terms to improve the whole contract documents most
effectively. Scope complexity, ambiguity, and incoherence were determined to be as a
triangle with dyadic relationships with each other. Therefore, remediation in any of them
could improve the conditions of others relationally. This can depict the picture of scope
complexity in construction contracts.

The literature lacks the investigation of underlying causes of readability risks in
construction contracts. Discovering the root causes of readability risks and developing
countermeasures accordingly to improve the readability of construction contracts can
establish the fundamentals of successful risk management. Without the proposed approach,
the real facts of risks and their underlying causal relationships could be overlooked
resulting without substantial benefits from risk management implementation. Therefore,
these interrelationships need to be accounted for particularly during contract drafting phase.
The root cause degree diagram can be used to develop countermeasures for some particular
readability issues. The findings of this study are useful for contract drafters, dealing with
traditional, standard contract forms such as FIDIC and NEC, or contract modifications, by
emphasizing the most effective measures to improve the quality of contract documents.
Modifications to the specific clauses in standard contract forms could be made based on
RCD diagram proposed in this study, and the results can be investigated in a case study by
interested researchers in the future.
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ABSTRACT

This study aims to compare the municipal water distribution performance and classify the
municipal water distribution systems in the provinces of Turkey using the Gray Relational
Hierarchical clustering method for both 2006 and 2016. A correlation analysis was used to
determine the variables affecting the distributed water. The Hierarchical gray clusters and the
changes during the decade are presented with spatial distribution maps using statistically
significant variables. Consequently, the findings reveal that the municipalities of Istanbul,
Izmir, Bursa, Gaziantep, and Kocaeli managed water distribution effectively, whereas the
municipalities of Konya, Sanlwrfa, Diyarbakir, Samsun, Trabzon, and Sakarya managed it
poorly.

Keywords: Climate change, municipal water use, water management, sustainability.

1. INTRODUCTION

The importance of water distribution systems has increased gradually in recent years due to
direct or indirect factors such as increasing population, water consumption, industrialization,
seasonal conditions, and climate change [1, 2]. Currently, a critical concern is to ensure urban
water sustainability and to improve the decision-making processes for sustainable
development planning [3]. Water distribution modelling is used to predict what the future
water consumption and requirements depend on, based on various socio-economic and
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climatic factors that affect water use. Domestic water consumption is the most significant
component of municipal water use, and precise estimation techniques are required to
accurately predict future water needs with appropriate methodologies [4].

Gray Relational Analysis (GRA) is a method that has been used recently in cases where the
data set is small and contains insufficient information. Missing and insufficient information
is very common in hydrological data in water research [5]. GRA was initially developed to
be used for interval analysis in cases of insufficient information [6, 7]. Deng [8-10], on the
other hand, produced the gray system theory, which can formally deal with small samples
using fuzziness. GRA and its simple concept can be observed in many analyses that exhibit
excellent performance when there is a small sample and insufficient information. In this
study, Hierarchical Gray Relation Clustering (HGRC), a combination of GRA and
Hierarchical Cluster Analysis, is applied to the distribution water model.

This study aims to compare the water distribution performance of the municipalities for 2006
and 2016 and to classify the provinces using HGRC. One of the main goals of the study is to
use the HGRC method to determine the variables and regions that affect municipal water
distribution.

This study is structured as follows. First, the scientific literature on water distribution systems
and the basis of applying the method to municipal water distribution models is reviewed.
Then, the study area and data are presented, followed by a discussion of the calculation
procedure for hierarchical relation gray clustering analysis. Next, HGRC is applied to the
variables that explain the distributed water, and the results are visualized with three spatial
distribution maps. The cluster results in this study are then discussed, and the changes in the
variables affecting the water distribution during the decade of study are determined.
Additionally, the contribution of this analysis to water distribution management is discussed.
Finally, suggestions are made for future steps by determining the levels of water management
for the provinces and regions.

2. STUDY AREA AND DATA

Turkey is a country with a total geographical area of 780,000 km?, comprising 81 provinces.
Its municipalities are units with a population of over 2000. According to UN estimates,
Turkey has a population of about 84 million, and 75.7% of its population lives in urban
centers. Municipal water statistics are published by Turkstat [11] every two years and cover
Turkey and its provinces. Therefore, instead of using a time series method, data from this
source are analyzed separately for both 2006 and 2016 to illustrate changes, and the variables
used are presented in Table 1. Municipal water statistics have been published in Turkey since
2003 (biennially after 2004) and the two years with complete data are 2006 and 2016. The
study includes the annual data for 81 provinces.

Previous studies have shown that streamflow has a significant effect on the main variables
(river, dam, lake, well, etc.) affecting water distribution [12, 13]. The streamflow is not
included in this study due to the lack of data and discontinuities.

The variables used in the study and their correlations are presented in Table 1. The analysis
in this study was concluded on the basis of 81 provinces, reflecting the general characteristics
of the data, and the total values for Turkey are displayed in Table 1.
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The amount of distributed water is the most convenient variable to represent the municipal
water distribution system in Turkey. Therefore, the aspects that explain the amount of
distributed water are also described in the water distribution system. Existing literature has
revealed that there are many variables that directly or indirectly affect the amount of water
distributed [14-16]. Correlation analysis was thus used to determine whether all the data
received from Turkstat [11] are related to the amount of water distributed. These variables,
their definitions, and the correlation table are presented in Table 1. As can be observed in this
table, the variables that have a significant correlation with the amount of water distributed
are TNM, RPSD, NS, WIN, TAWA, LAKE, RIV, DAM, WAPC, NTP, TC, and AWT, while
the variables whose correlations with the AWD are insignificant are TNM, SPR, and WELL.
The variables that were not significant in the correlation analysis were removed, and only the
significant variables were used in the HGRC analysis.

Table 1 - Variables used in the study (with descriptives for 2006 and 2016) and their
correlations.

Municipal Water Use Indicators, 2006-2016

Variable Codes  Definition of Variables 2006 2016
AWD Amount of water distributed (m?) 2375043 3732875
TNM Total number of municipalities 3225 1397
TMP Total municipal population 58581515 74911343
RPSD e entplatsin totsl municpal population (%) 4 5

NS Number of subscribers 19358951 27486201
WIN Water income (Turkish Lira) 3096377755 14217798093
TAWA Total amount of water abstracted (Thousand m®) 5163500 5838561
SPR Spring (Thousand m®) 1380057 1000205
LAKE Lake (Thousand m®) 232621 104354
RIV River (Thousand m?) 305271 552624
DAM Dam (Thousand m®) 1843736 2618225
WELL Well (Thousand m®) 1401815 1563154
WAPC X?:Sr/ g:;g:_cé;c;r; per capita in municipalities 245 217
NTP Total number of treatment plants 139 519
TC Total capacity 3994060 6592863
AWT The total amount of water treated 2426639 3350389
Source: Turkish Statistical Institute [21]
R R T A T B T e B S
o oo | 02| 5 o Y om | oot fos OF om | ooas |om G T oss
° P- Value ol p>0.05 ol p>005 ool p>005
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HGRC analysis was then applied to examine the municipal water distribution system and
yearly changing state of water management for all provinces in Turkey. Excel for HGRC was
used to perform the analysis. Variables found to be significant through the correlation
analysis in explaining the amount of water distributed were used in HGRC, and their spatial
distribution maps are presented with the help of maps.

3. METHODS
3.1. Hierarchical Gray Relational Clustering

Deng [17] first proposed the gray system theory in 1982. Gray means that a system provides
partially known and partially unknown information; thus, it basically is an attempt to model
uncertainty. Gray systems theory is used to examine systems that analyze relationships
between systems, make predictions and decisions, and create models [18]. In 1987, Deng
[19] first proposed gray cluster analysis (GCA). A new method has been developed known
as gray relational clustering (GRC), which combines gray relational analysis and clustering
to capture the complex factors and mixed structure in gray cluster analysis. The GRC method
cannot use a tree diagram for classification without recalculation [20]. Hence, Wu et al. [20]
combined the GRC method with hierarchical cluster analysis.

The calculation procedure for hierarchical gray relation clustering analysis proceeds as
follows for the data set used in our study.

Let xj specify the kth coordinate axis of the jth province, and let x; represent the indices for
the jth province. It may be written as follows:

‘xj:(‘le)ij) (1)
Step 1. Compute the difference series:
A, (k) =, (k) —x, (k) )

Step 2. Compute the minimum and maximum of the difference series:

Amax = ng/aax rnv%x‘xi(k)_xj (k)‘ (3)
Amm = l'glln n%,}cn ‘xi (k) - Xj (k)‘
Step 3. Compute the gray relation coefficient:
Ay +6 Ay ‘
Yo (k) x, (k) =——=—m= - ¢=01i=12,.,m, 4)
! A (k) +6 A,

The value of ¢ is used to expand or compress the range of the gray relation coefficient; it is
called the distinguishing coefficient and represents the significance of Amax [21, 22]. If the
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difference between the analyzed data is large, the ¢ value should be determined to be close
to 0 [23]. Therefore, the value of ¢ is taken as 0.1.

Step 4. Compute the gray relation grade to develop the matrix R(R=(T}), i,j=12...m):

k
r, :%Zy(xi(k),xj(k)) i=1,2,m,jei, k=12 (5)

k=1

Step 5. Develop the matrix G(g; =(I'"; +1°;)/2) (known as the gray similar matrix, this

is the crucial output for gray relational clustering):
G:[ggj:|a i,j=1,2,....,m (6)

Step 6. Determine the two points (province) of the most near.

Step 7. Repeat steps 1-6 until all data are in one cluster [20].

4. RESULTS AND DISCUSSION

4.1. Hierarchical Gray Relational Clustering for 2006 and 2016 and Changes during
the Ten-Year Period

In this study, the distances of the cluster centers to each other are calculated. Provinces are
then divided into five classes to demonstrate the data’s general structure and facilitate
interpretation. As a result of the evaluations made based on the variables, clusters are named
according to their characteristics from very poor to very high for both 2006 and 2016.

When the results of the HGRC analysis were evaluated for 2006 (Figure 2), Istanbul, which
is Turkey’s most populous city, emerged as the city with the best water management.
Furthermore, it is notable that the provinces neighboring Istanbul were at poor and very poor
levels. While the capital Ankara had medium-level management, the water management level
of Izmir, which is another high-population province, was very poor. It was observed that
Konya, Eskisehir, and Antalya followed a well-distributed water policy for 2006 in the
Central Anatolia region. The provinces in the eastern and southeastern regions apart from
Sanliurfa and Diyarbakir showed a poor level, and only the province of Balikesir performed
well in the Aegean region.

Turning to 2016 (Figure 3), while Istanbul maintains a well-distributed water management
system, it may be observed that Ankara, the capital city, remained at the same level. Contrary
to its poor level in 2006, Izmir improved to a medium level in 2016, while its surrounding
provinces dropped to a very poor level. It can be clearly seen from Figure 3 that there were
severe problems in distributed water management system in the Mediterranean and Black
Sea coastal regions. While Gaziantep continued to have a high standard of water management
approach, the management approach of the other municipalities in the Southeastern Anatolia
region in 2016 had deteriorated. It was determined that the distributed water management of
Turkey had deteriorated in 2016 compared to 2006.
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Figure 4 shows how the management of the distributed water changed over 10 years. This
figure illustrates the general structure of the long-term change result of the HGRC spatial
distribution maps depicted earlier in Figures 2 and 3. It demonstrates that Izmir, Bursa,
Kocaeli, and Gaziantep Provinces displayed positive developments in distributed water
management over the decade. The Aegean region, on the other hand, is the region where
water management generally worsened. It was also determined that in the Central Anatolia
region, Eskigehir and Konya managed to distribute water poorly. Figure 4 shows that in the
Eastern Anatolian region, water distribution in Erzurum, Sanlwrfa, and Diyarbakir has
deteriorated. On the other hand, the provinces colored white showed no change in distributed
water management level between 2006 and 2016.

@ Very High
High
Medium

@@ Poor

@@ Very Poor

Figure 2 - Municipal water distribution model results for 2006 according to Hierarchical
Gray Relational Clustering

@ Very High
High
Medium

@@ Poor

@@ Very Poor

Figure 3 - Municipal water distribution model results for 2016 according to Hierarchical
Gray Relational Clustering
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Water Management Differences Between 2006 and 2016
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Figure 4 - Municipal water management results according to Hierarchical Gray Relational
Clustering for a ten-year period

5. CONCLUSIONS

This study presented a comparative analysis of the relationships between such variables as
water withdrawal, dams, lakes, wells, and treated water affecting the distributed water
systems in Turkey over a decade (2006 and 2016). Population, water income, dams, streams,
wells, and treated water can be considered as studied factors affecting water distribution,
since their respective correlation coefficients are statistically significant.

According to the results of Hierarchical Gray Relational Clustering, we conclude that the
municipalities of Izmir, Bursa, Gaziantep, and Kocaeli displayed an improved water
management system over ten years. In contrast, the municipalities of Konya, Sanlurfa,
Diyarbakir, Samsun, Trabzon, and Sakarya experienced challenges in managing the water
distribution. For example, the main reason for the shift in water management in Sakarya is
the water withdrawal project for Istanbul. Istanbul, which is a megacity, is able to directly
affect the environment in the distributed water management system and is part of the source
of the distributed water from the surrounding municipalities. Large withdrawal water projects
like the Melen River Project [24] can provide a valuable water source for Istanbul from the
provinces of Diizce and Sakarya. The project is outlined for water withdrawal from the Melen
River, which is located 180 kilometers east of Istanbul in Diizce Province in the Black Sea
region [25]. For instance, in the province of Sakarya, water distribution management was in
a poor condition in 2006, and this situation continued in 2016. It has been observed that the
large amount of water withdrawal for the megacity of Istanbul affected Sakarya and the
provinces surrounding Sakarya (this can be observed in Figures 2, 3, and 4). The amount of
distributed water in the province of Diizce has doubled in 10 years (5,393,040 m®in 2006 and
11,293,906 in 2016 according to TUIK, Municipal Water Statistics [11]). When we consider
the province of Diizce, whose current water management is poor, it can be expected that the
withdrawal of large amounts of water will have a major effect on water management. One of
the external factors affecting water distribution during this period was migration. Gaziantep,
Sanlwrfa, Istanbul, and Izmir were some of the major cities witnessing immigration.
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Migration was one of the factors in Sanlurfa’s deterioration in 2016, which had a good water
management system in 2006. A reverse trend can be observed in Gaziantep [26].
Additionally, the province of Konya was one of the municipalities that witnessed the greatest
groundwater withdrawal, which was responsible for the formation of a large number of
sinkholes and the disappearance of groundwater resources [27]. For the surrounding
provinces and the Central Anatolian region, this problem raises the problem of water scarcity,
and this problem will worsen in the future if the distributed water is not managed well.

Most importantly, this study revealed that the distributed water management system was in
a poor condition and that the number of provinces showing deterioration have been
increasing.

From the study results, we note that the efficient management of the municipal water
distribution is highly dependent on the environmental policy of the distributed water
management, and this dependence reveals the necessity for an integrated water management
system. Provinces sharing the same water basin and its source should thus follow a common
distributed water policy. The results of this study will have a significant impact on research
and analysis of distributed water system management in Turkey, which is an important
contribution, due to the use of the Gray Relational Hierarchical clustering method.
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