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Comparison of elvaloy and styrene-butadiene-styrene added polymer modified
bitumen

Murat Vergi Taciroglu*.

Civil Engineering Department, Engineering Faculty, Mersin University, Tlirkiye =4

e Optimum SBS ratio is in the range of 1.6%-1.8% for B50/70
grade pure bitumen

e Optimum Elvaloy ratio is in the range of 4%-5% for B50/70
grade pure bitumen

e The non-homogeneous dispersion of SBS adversely affects
storage stability

Abstract Information
One of the methods used to produce road pavements resistant to increased traffic volume and Received:
harsh environmental conditions is to improve the properties of bituminous binders, such as high 09.06.2023

temperature resistance and aging resistance, by using various additives. Styrene-Butadiene-
Styrene and Elvaloy are two different commercial additives that are frequently used in pavement
construction. In this study, the performance of three different B50/70 grade pure bitumens was

Received in revised:
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modified by using Elvaloy at 1.6%, 1.7%, and 1.8%, and five different B50/70 grade pure bitumens
were modified using 4.0%, 4.5%, and 5.0% Styrene-Butadiene-Styrene. Penetration, softening Mg
point, elastic recovery, flash point, storage stability, dynamic shear rheometer, beam bending 06.09.2023

rheometer, rotational thin film oven, and pressure aging vessel tests were applied to the binders
in accordance with the Polymer Modified Bitumen technical specifications. According to the test
results, it was determined that the additive rates for both modifiers are the optimum values in
accordance with the specification. The results of the storage stability tests also showed that the
non-homogeneous dispersion of the Styrene-Butadiene-Styrene modified binders during mixing
had a significant effect on the behaviour of the binder after storage.

Keywords: Polymer Modlified bitumen, Styrene-Butadiene-Styrene, Elvaloy

1. Introduction

Bituminous binders are frequently used in bituminous
mixtures in the construction of highway pavements due
to their good adhesion and viscoelastic behaviour [1].
However, increasing traffic density due to the increase in
trade volume and the increase in the number of heavy-
loaded vehicles in the traffic causes the road pavements
to be exposed to more repetitive heavy axle loads. For this
reason, it has become necessary to produce more durable
road pavements. One of the most preferred methods for
the fabrication of durable bituminous pavement layers is
the modification of bitumen binders using various
additives [2].

Bitumen modification is generally defined as changing the
rheological properties of bitumen by mixing various [3].
With this process, which affects the consistency of the
bitumen, the binder hardens, softens, or gains more
elasticity. Some polymers compatible with bitumen used
as additives reduce the sensitivity of the binder to
temperature without harming the behaviour of bitumen
at low temperatures [4]. The main contributions of the
use of modified bitumen in mixtures on road pavement
can be counted as increased resistance to fatigue cracks,
increased resistance to rutting deformation, and
decreased sensitivity to water [5].

Natural materials such as stone dust, lime, rubber tree
sap, and lignin can be used as bitumen modifiers, as well
as artificial materials such as polyethylene, acrylics, and
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polyvinyl chloride [6]. In some studies, researchers have
categorized additives mixed with bitumen as fillers,
elastomers, thermosets, fibers, thermoplastics, oxidants,
antioxidants, hydrocarbons, anti-skinning agents, and
reactive thermopolymers [6-7]. Artificial bitumen
additives are generally commercial products. Among
commercially produced additives, Styrene-Butadiene-
Styrene (SBS) and Elvaloy are products that are frequently
used by institutions constructing highways. These
additives, which have a certain cost, are also used in
academic studies for reasons such as providing economy
in bitumen modification or increasing the performance of
additive bitumen.

During the modification, some molecular structures in the
SBS additive increase in volume and change the
properties of pure bitumen [8]. The different molecular
structures of the additive give the binder strength and
elasticity [9]. Furthermore, SBS modification also affects
the morphological structure of bitumen [10]. In
modifications made with SBS, the amount of additive is
generally limited to between 2% and 5% for economic
reasons [11,12]. Elvaloy is an elastomeric thermopolymer
added to the bituminous binder between 1.5% and 3% by
weight. Due to its molecular structure, Elvaloy causes the
binder to turn into a gel consistency when it is mixed into
the bituminous binder in more than the necessary
amount [13]. For this reason, lower amounts of Elvaloy
are used as a modifier in studies compared to SBS.
According to laboratory tests, bitumen modified with
Elvaloy showed superior resistance to deformations and
fatigue cracking [11].

Glingor et al. [14], stated that the properties of pure
bitumen from different refineries are determinative on
the performance of modified bitumen with SBS and
Elvaloy additives. Geggil and Seloglu [15] prepared
modified binders by adding Elvaloy at the rates of 0.5%,
0.75% and 1% to pure B 100/150 grade bitumen.
According to the test results, the researchers found that
the binders with soft consistency and high temperature
sensitivity became harder with the addition of Elvaloy, the
binder class changed and the temperature sensitivity
decreased significantly. Kumandas et al. [16] stated that
the addition of Elvaloy has positive contributions to the
high-temperature performance of bitumen, according to
the results of DSR experiments. Yalgin [12] produced
modified bitumen by adding 2%—3% and 4% SBS to
B160/220 class pure bitumen, which he obtained from
two different refineries, and applied penetration,
softening point, viscosity, and DSR tests to modified
bitumen. According to the results of the DSR tests, the
researcher stated that although the different bitumen
used were in the same penetration classes, the complex
shear modulus and phase angle values were significantly
different and exhibited different elastic behaviours from
each other. Gedik [17] prepared concrete asphalt
specimens according to the Marshall design method for
the wearing course using B70/100 grade bitumen
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modified with different rates of SBS. The results showed
that asphalt concrete mixtures modified with SBS can be
used in cold climate regions.

Aydin et al. [5] investigated the rheological properties of
Elvaloy and polyphosphoric acid (PPA)-modified bitumen
binder by penetration, softening point, rotational
viscosity, and dynamic shear rheometer (DSR)
experiments. In the study, both additives were added to
B50/70-grade pure bitumen at different rates. According
to the results they obtained, the penetration values of the
bitumen modified by mixing Elvaloy and PPA decreased
and the temperature of the softening point increased.
Although the viscosity value of the mixtures decreased,
the viscosity value of 3 Pa.s, which is the limit condition
for the workability of all binders at 135°C, was not
exceeded. The results of the DSR experiments also
showed that the addition of Elvaloy increased the G*/sin6
values.

In this study, tests were conducted to evaluate the
performance of SBS and Elvaloy additives, which are
frequently used in highway construction. The results of
penetration, softening point, elastic recovery, flash point,
storage stability, dynamic shear rheometer (DSR), beam
bending rheometer (BBR), rotational thin film oven
(RTFOT), and pressure aging vessel (PAV) tests applied to
determine the usability of polymer-modified bitumen
(PMB) prepared by adding SBS and Elvaloy at different
rates were compared. According to the results obtained,
it has been determined that PMBs that meet the required
specification values can be produced by adding 1.6%,
1.7%, and 1.8% Elvaloy and 4%, 4.5%, and 5% SBS
additives to B50/70 grade pure bitumen. Especially when
the storage stability test results are examined, it has been
determined that in cases where high amounts of SBS-
added bitumen need to be stored due to the size of the
road construction to be made, modification processes
should be done carefully in order to provide
homogeneous mixtures during the PMB preparation
stage.

2 Material and Methods

The B 50/70 grade pure bitumen used in the modification
in this study was produced in the Aliaga refinery. The
bitumen performance tests specified in the "Polymer
Modified Bitumen (PMB) Technical Specification" were
applied to the samples obtained by mixing Elvaloy and SBS
additives with bitumen. While preparing modified
bitumen with SBS, pure bitumen was heated at 180 °C for
1 hour before adding the modifier material. Then, SBS was
added in such a way that there was no agglomeration, and
it was mixed mechanically at 1000 rpm rotation speed,
170 °C, and for 1 hour. Polymer-modified bitumen
prepared with Elvaloy was preheated at 180 °C for 1 hour,
and then Elvaloy additives were added and mixed
mechanically for 8 hours at an 800 rpm rotation speed.
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Table 1 shows the tests and specifications applied to
modified bitumen.

Table 1. Tests and standards applied to modified bitumen [18-
28]

Test Specification

Penetration TS EN 1426
Softening Point TS EN 1427
Elastic Recovery TS EN 13398

Flash Point TS EN ISO 2592
Specific Gravity TS EN 15326+A1
Storage Stability TS EN 13399
Dynamic Shear Rheometer (DSR) TS EN 14770
. TSEN 14771
Bending Beam Rhometer (BBR) ASTM D 6648
. .. TS EN 12607-1
Rotional Thin Film Owen (RTFOT) AASHTO T 240
Pressure Aging Vessel (PAV) TS EN 14769

The tests given above were applied to 1.6%, 1.7% and
1.8% Elvaloy doped PMBs and 4%, 4.5% and 5% SBS doped
PMBs. These ratios were determined by taking into
account the recommendations of the additive producer
companies.

3. Results and Discussions

In this study, the results of 3 different PMB modified with
Elvaloy and 5 different PMB modified with SBS were
examined.

3.1. Test results of Elvaloy modified binders

In Table 2, the results of traditional bitumen tests applied
to three different bitumen binders of the B 50/70 grade
modified with Elvaloy are summarized. According to the
results of the penetration tests, as the Elvaloy content in
all modified bitumen increases, the penetration depth
decreases, and the binders acquire a harder consistency,
although there is no significant difference. Similar results
were observed in the softening point experiments: as the
additive ratio increased, the softening point
temperatures of the modified bitumens increased. As the
Elvaloy ratio increased, the penetration index for B2
binder decreased, while the penetration index for B1 and

increased. While the specific gravity values, which are an
important calculation parameter in the calculations of
bituminous mixtures, did not show any change for the B2
binder as the Elvaloy content increased, it caused a
decrease in the specific gravity of B1 and an increase in
the specific gravity of B3. The specific gravity values
calculated for the three binders are generally compatible
with the bitumen specific gravity values, which are
considered to be between 1.00 and 1.10. According to the
results of the elastic recovery test of the modified
bituminous binders, as the Elvaloy ratio increases for the
B1 and B2 binders, the elastic recovery gain decreases,
while it increases for the B3 binder.

The findings of the softening point and penetration tests
applied to the top and bottom halves of the Elvaloy
modified binders subjected to the storage stability test
are summarized in Table 3. It was determined that the
bitumen modified according to the differences between
the penetration and softening point values of the top and
bottom halves of three different samples, which were
close to each other, formed a mixture close to
homogeneous. According to the test results before and
after storage, it was concluded that the softening point
temperature and penetration values of the stored
modified bitumen decreased, and according to these
results, the binders aged to a certain extent during
storage.

The results of the RTFOT tests and the penetration and
softening point tests applied to the samples after RTFOT
are summarized in Table 4. It was determined that the
changes in the Elvaloy ratio in the mixtures made with
each different bitumen sample did not affect the material
loss after the RFTOT test. The softening point
temperatures after RTFOT increased with the increase in
the additive ratio for all three modified binders.
Permanent penetration percentage after RTFOT
increased as the Elvaloy content increased in B2 and B3
binders, while it decreased with the increase in Elvaloy
content in the B1 binder. In the mixtures created by
mixing 1.8% Elvaloy with B1 and B2 bitumens, the
increase in softening point temperature after RTFOT
exceeded the maximum 8 °C difference recommended in

B3 binders increased. According to the flash point test ~ the "Polymer Modified Bitumen (PMB) Technical
results, an increase of at least 5 °C was observed in the Specifications" [29]
ignition temperatures of the binders as the Elvaloy ratio
Table 2. Results of conventional bitumen tests for Elvaloy modified binders
Binder Elvaloy Penetration  Softening Point Penetration Elastic Recovery Flash Point  Specific
Content (%) (0.1 mm) (°C) Indeks (%) (°C) Gravity
Bl 1.7 47.6 65.25 1.89 48.0 307.5 1.046
1.8 45.8 67.35 2.16 42.0 317.5 1.039
- 1.7 40.8 68.20 2.02 76.5 292.5 1.024
1.8 31.7 65.85 1.04 68.0 302.5 1.024
B3 1.6 45.5 62.30 1.24 63.5 225.0 1.02
1.7 43.6 64.75 1.58 75.0 230.0 1.037
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Table 3. Results of storage stability tests for Elvaloy modified binders

Storage Stability

Binder Elvaloy Softening Point (°C) Penetration (0.1 mm)
Content (%) SPiop SPhottom ASP Before storage P D S— AP Before storage
B1 1.7 63.8 62.5 1.3 65.25 43.0 41.6 1.4 47.6
1.8 63.7 63.0 0.7 67.35 43.8 42.5 1.3 45.8
B2 1.7 61.5 60.2 1.3 68.20 35.7 33.1 2.6 40.8
1.8 65.7 64.3 1.4 65.85 31.4 32.3 0.9 31.7
B3 1.6 61.2 61.3 0.1 62.30 34.3 33.8 0.5 45.5
1.7 61.8 61.1 0.7 64.75 36.7 35.6 1.1 43.6
Table 4. Results of RTFOT experiments for Elvaloy modified binders
Binder Elvaloy Content  Mass After RTFOT
(%) Loss Softening Point (°C) Softening Point Difference (°C) Permanent Penetration (%)
B1 1.7 0.3 72.25 7.0 62
1.8 0.3 81.65 14.3 60
B2 1.7 () 73.95 5.8 61
1.8 (V) 75.45 9.6 82.3
B3 1.6 0.03 66.35 4.1 83.7
1.7 0.03 71.75 7.0 84.2
Table 5. Results of DSR and BBR tests for Elvaloy modified binders
Elvaloy DSR After RTFOT After RTFOT and PAV
Binder Content (%) Failure DSR DSR BBR
Temp.(°C) Failure Temp.(°C) Failure Temp.(°C) Failure Temp.(°C)
B1 1.7 84.9 88.3 26.2 -6
1.8 86.2 93.0 26.8 -6
B2 1.7 83.7 89.3 22.7 -6
1.8 83.0 81.0 22.7 -6
B3 1.6 76.0 75.2 24.6 -6
1.7 80.4 77.0 23.3 -6

Table 5 summarizes the results of DSR and BBR tests of
Elvaloy-added binders. The results of DSR tests before
aging, after RTFOT aging, and after PAV aging for all
binder samples are given as the failure temperature
under loading specified in the test standard. According to
the results obtained, as the Elvaloy content increased, the
failure temperatures of all samples before and after
RTFOT aging increased. After pressure aging, as the
Elvaloy content increased, a small increase was observed
in the failure temperature for the B1 binder, while no
change was observed for the B2 binder. In B3 binder, the
increase in Elvaloy content decreased the failure
temperature. According to the results of BBR tests, creep
hardness values less than 300 MPa and m values greater
than 0.300 were reached in all samples at -6 °C.

In the table of "Polymer Modified Bitumen (PMB)
Technical Specifications" shown in the book "Bitumen
Class Selection Maps for HMA Paved Roads" published by
the General Directorate of Highways, there are 3 different
types of modified bitumen, PMB 70-16, PMB 76-16, and
PMB 82-16, for which BBR values at -6 °C are available.
Accordingly, the penetration values of six different
samples modified with Elvaloy are suitable for the PMB
70-16, PMB 76-16, and PMB 82-16 grades.

For the softening point values, all samples provided the
values of the PMB 70-16 grade, while the B1 sample with
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1.8% Elvaloy content and the B2 sample with 1.7% Elvaloy
content also provided the limit values for PMB 76-16.

According to the results of the elastic recovery test, B1
binders with 1.7% and 1.8% Elvaloy content could not
meet the limit values. The remaining binders meet all
recommended values for PMB 70-16, PMB 76-16, and
PMB 82-16.

Flash point, specific gravity, and softening point after
storage for all samples, as well as the results of
penetration tests, provide recommended limit values for
PMB 70-16, PMB 76-16, and PMB 82-16.

Measurements of mass loss, softening point, and
penetration after short-term aging (RTFOT) provide
recommended limit values for PMB 70-16, PMB 76-16,
and PMB 82-16. However, when the softening point
differences were examined, it was determined that 1.8%
Elvaloy added B1 and B2 binders did not provide any PMB
limits.

According to the results of DSR tests performed before
aging, after RTFOT aging, and after PAV aging of B1 and
B2 binders added to 1.7% and 1.8%, Elvaloy provides the
recommended breakpoints for PMB 70-16, PMB 76-16,
and PMB 82-16. The B3 binder, on the other hand,
provides the limit values determined for PMB 70-16 in
both Elvaloy contents for DSR tests.
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When the results of all tests for PMBs prepared with
Elvaloy are examined together, it has been determined
that all samples generally provide at least PMB 70-16
grade modified bitumen values.

3.2. Test results of binders modified with SBS

Table 6 shows the results of penetration, softening point,
elastic recovery, flash point, and specific gravity tests
applied to five different bitumen binders of the B 50/70
grade modified with SBS. As the SBS content in the
modified bitumens increased, the penetration depth
decreased for the B4, B7, and B8 binders, while limited
increases occurred for the B6 and B7 bitumens. On the
other hand, the softening point temperatures increased
with the increasing amount of SBS in the other 4 binders,
except for the B5 binder. Penetration index values
generally increased with the increment of SBS ratio.
According to the flash point test results, as the SBS ratio
changed, close results were obtained in the ignition
temperatures of the binders. Although the specific gravity
values of SBS-modified bitumen are close to each other,
they are compatible with the bitumen specific gravity
values between 1.00 and 1.10. According to the results of
the elastic recovery test, for B4, B7, and B8 binders, the
elastic recovery gains showed limited changes with the
amount of SBS, while the elastic recovery value decreased
by 18% in the B5 binder and increased by 12.5% in the B6
binder with the increase of the SBS amount from 4% to
4.5%.

The findings of the storage stability test results are
summarized in Table 7. It is seen that the difference
values of the top and bottom halves of five different
samples, which were subjected to both softening point
and penetration tests after storage, are well above the
limit values allowed in the PMB technical specification.
This is due to the fact that the SBS additive brands and
pure bitumen used are different from each other. As
specified in the PMB technical specification, the results of
storage stability tests become important if modified
bitumen has to be stored during road construction.

The results of the RTFOT tests applied to the bituminous
binders modified with SBS are summarized in Table 8.
Accordingly, it was determined that adding SBS to
different pure bitumen at the rates specified in the study
changed the material loss after the RFTOT test to a limited
extent. According to the results of the softening point
tests performed after short-term aging, the softening
point difference temperatures of the modified bitumen
prepared with B5 and B8 binders higher than the limit
values given in the PMB technical specifications. In
modified binders prepared with B4, B6, and B7 binders, a
difference within the limit values recommended in the
specification was obtained. Permanent penetration
percentages decreased when the SBS ratio was
subtracted from 4.5% for B7 and B8 binders and increased
with increasing SBS ratios in other binders. Permanent
penetration percentages for all binders provide the limit
values specified in the specification [29].

Table 6. Results of conventional bitumen tests for SBS modified binders

Binder SBS Content Penetration Softening Penetration Elastic Flash Point Specific
(%) (0.1 mm) Point (°C) Indeks Recovery (%) (°C) Gravity
4.0 35.8 71.20 2.19 80.0 310.0 1.037
B4 4.5 32.9 73.20 2.31 79.0 315.0 1.020
5.0 32.5 75.00 2.55 82.0 310.0 1.026
B5 4.0 29.0 88.60 4.07 94.5 310.0 1.030
4.5 29.4 67.15 1.10 76.5 305.0 1.039
B6 4.0 36.3 75.45 2.87 80.0 312.5 1.038
4.5 36.6 82.50 3.86 92.5 307.5 1.037
87 4.5 45.9 98.50 6.27 97.5 312.5 1.031
5.0 44.9 99.40 6.30 96.5 312.5 1.039
B8 4.5 41.0 85.55 4.53 73.8 302.5 1.039
5.0 38.0 89.55 4.82 74.0 307.5 1.040

Table 7. Results of storage stability tests for SBS modified binders

:13 Storage Stability
Binder Content Softening Point (°C) Penetration (0.1 mm)
(%) SPtop SPbottom ASP Before storage Ptop Pbottom AP Before storage
4.0 30.6 63.0 32.4 71.20 89.2 22.9 66.3 35.8
B4 4.5 29.9 62.1 32.2 73.20 88.5 19.0 69.5 32.9
5.0 31.0 60.2 29.2 75.00 90.1 18.4 71.7 32.5
B5 4.0 30.6 63.0 324 88.60 48.5 27.4 21.1 29.0
4.5 29.9 62.1 32.2 67.15 333 30.6 2.7 29.4
B6 4.0 30.9 60.1 29.2 75.45 39.3 30.3 9.0 36.3
) 80.1 99.5 19.4 82.50 38.4 26.0 12.4 36.6
87 ) 77.6 65.4 12.3 98.50 66.2 22.5 43.7 45.9
5.0 76.8 68.3 8.5 99.40 62.6 23.4 39.2 44.9
B8 4.5 85.2 64.9 20.3 85.55 61.7 28.5 33.2 41.0
5.0 86.8 64.6 22.2 89.55 57.1 25.4 31.7 38.0
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Table 8. Results of RTFOT experiments for SBS modified binders

Binder SBS Content Mass After RTFOT
(%) Loss Softening Point (°C) Softening Point Difference (°C) Permanent Penetration (%)
4.0 0.28 73.65 2.5 88.8
B4 4.5 0.00 74.50 1.3 91.5
5.0 0.28 77.45 2.5 91.6
BS 4.0 0.30 81.50 -7.0 82.4
4.5 0.30 81.50 14.4 87.1
B6 4.0 0.30 76.30 0.8 84.2
4.5 0.00 84.05 -1.6 85.2
B7 4.5 0.30 99.60 1.7 85.8
5.0 0.28 96.85 2.7 78.4
B8 4.5 0.30 79.90 -5.6 81.0
5.0 0.40 78.65 -10.9 71.6
Table 9. Results of DSR and BBR tests for SBS modified binders
SBS DSR After RTFOT After RTFOT and PAV
Binder Content Failure DSR DSR BBR
(%) Temp.(°C) Failure Temp.(°C) Failure Temp.(°C) Failure Temp.(°C)
4.0 92.8 90.5 16.9 -6
B4 ) 95.3 93.1 18.1 -6
5.0 99.5 92.7 19.8 -6
B5 4.0 89.0 79.7 16.5 -6
) 84.7 78.9 7.0 -6
B6 4.0 85.7 78.9 11.9 -12
) 84.7 80.2 18.6 -12
B7 4.5 106.5 82.4 9.8 -6
5.0 105.5 82.6 8.9 -6
B8 ) 88.0 81.1 19.2 -6
5.0 94.0 88.0 22.8 -6

Table 9 summarizes the results of the DSR and BBR tests
of SBS-added binders. The increase in SBS content
increased the failure temperatures of B4 and B8 among
the unaged binders, while it decreased the failure
temperatures of B5, B6, and B7 binders. However,
according to the results, the changes in the failure
temperatures were limited. After short-term aging, the
failure temperatures were found to decrease for all the
contents of the SBS modification for all binders. After
long-term aging, as the SBS content increased, the failure
temperatures of B4, B6, and B8 binders increased, while
the failure temperatures for BS and B7 binders decreased.
All results from DSR tests provide the limit values for
failure temperatures specified in the PMB technical
specification. According to the results of BBR tests, creep
hardness values less than 300 MPa and m values greater
than 0.300 were reached at -12 °C for the B6 sample and
at -6 °C for other binders.

The B4 binder did not achieve the minimum 72 °C
softening point limit value suggested for the PMB 82-16
class at 4% SBS content with a very tiny difference when
the results of the storage stability tests are not taken into
consideration. However, all remaining test results for the
B4 binder provide recommended limit values for the PMB
82-16 grade. For mixtures prepared by adding 4.5% and
5% SBS to B4 binder, the recommended limit values for
PMB 70-16, PMB 76-16, and PMB 82-16 grades were
provided in all test results.
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B5 binder could not provide the recommended softening
point temperature limit value for PMB 82-16 grade at
4.5% SBS content. In addition, B5 binder could not provide
the softening point increase and decrease limit values
after RTFOT recommended for PMB 70-16, PMB 76-16,
and PMB 82-16 grade binders at 4% and 4.5% SBS
content, respectively. However, in all other tests for B5S
binder, the recommended limit values were provided for
PMB 70-16, PMB 76-16, and PMB 82-16 grade binders at
4% and 4.5% SBS content, respectively.

B7 binder provides the recommended limit values for
PMB 70-16, PMB 76-16, and PMB 82-16 grade binders in
all test results at both 4.5% and 5% SBS content.

B8 binder provided the recommended limit values in all
the remaining tests, except for the after-RTFOT softening
point increase/decrease temperature limit values
recommended for PMB 70-16, PMB 76-16, and PMB 82-
16 class binders at 4% and 4.5% SBS content, respectively.

B6 Binder, on the other hand, provided the required limit
values for the BBR test at -12 °C. According to all test
results obtained, B6 binder provides all recommended
limit values for modified bitumen of PMB 70-22 and PMB
76-22 grades at 4% and 4.5% SBS content, respectively.
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4. Conclusions

According to the results of this study, which was
conducted to examine the rheological properties of
Elvaloy and SBS-added PMBs, which are frequently used
in highway construction, it has been determined that
PMBs prepared by adding Elvaloy additives at the rates of
1.6%, 1.7%, and 1.8% to B50/70 grade pure bitumen meet
the desired specification limit values in all tests. It was
determined that PMBs prepared with pure bitumen of
B50/70 class by adding 4%, 4.5%, or 5% SBS additives
meet the other specification limit values when the
storage stability test results are not taken into account.
Due to the granular structure of the SBS additive, the fact
that the material is not dispersed homogeneously when
mixed with pure bitumen is the main reason why the limit
values cannot be met in the storage stability experiments.
However, as stated in the specification, if the prepared
PMB at any polymer additive ratio is to be used in highway
construction without being stored, storage stability limit
values do not need to be met.
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Abstract Information
In urban areas, traffic density is seen due to the congested residential areas and the high number Received:
of vehicles. The problem of drivers searching for parking spaces in central areas creates traffic. 29.05.2023

The Internet of Things (loT) technology offers important solutions with its networking feature to
solve problems such as traffic congestion, road safety and inefficient use of parking areas, which
are waiting for solutions within the scope of Intelligent Transportation Systems. In this study, the
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technological infrastructures used by loT-based smart parking systems are examined and
integrated building models are proposed for system designs where parking lots are managed. For Accepted:
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examined and requirements were determined. The criteria of an application based on design
central management are given. The criteria of an application based on design center management
are given. Thanks to the smart parking system to be created in the light of these criteria, the
closest parking area will be determined. These designed loT-based systems will contribute to the
reduction of traffic congestion, loss of time in full parking areas, air pollution caused by stop and
start vehicles, and fuel savings in the economic field.

Keywords: Cloud, intelligent transportation systems, internet of things, smart parking

1. Introduction

Intelligent transportation systems have been enriched
with information and communication technologies as
technology progresses. The Internet of Things (loT)
technology has emerged as a tool to increase the
efficiency of city services by supporting smart cities in this
context. Electronic devices in the digital world equipped
with internet connection and sensor networks are
interconnected with loT technology [1,2]. Recently, many
loT-based smart city applications have been developed.
Among these applications, there are many studies that
overcome challenges such as smart transportation
services, road safety, traffic management and vehicle
parking [3-7].

Transportation has been one of the basic needs for
humanity. The traffic congestion caused by the increasing
number of vehicles over time has become an important
urban problem by causing high energy consumption and

air pollution [8]. Lack of parking spaces is one of the most
important causes of traffic congestion. The relationship
between congestion and parking arises from the fact that
searching for parking spaces causes additional delays and
amplifies local circulation. In the center of major cities,
10% of traffic congestion is caused by driving, and it has
been found that drivers spend about 20 minutes
searching for an empty parking [9].

Urban development faces significant challenges,
particularly when it comes to limited parking spaces, and
addressing sustainable urban mobility and reducing traffic
congestion rank among the most crucial tasks [10]. Cities
are becoming smarter through the implementation of
data processing techniques, artificial intelligence
algorithms, and the integration of various sensors [11-16].
One of the major concerns of today's smart cities is their
inability to create adequate and well-managed parking
lots to avoid traffic congestion in urban areas.
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Raj et al. [17] developed an loT-based smart parking
system for smart cities based on vehicle-to-vehicle
communication and vehicle-to-infrastructure
communication for autonomous vehicles. They propose a
highly automated parking management system that is
self-reliant in directing the driver to a nearby parking. The
proposed smart parking system has created an electronic
device that gathers the parking status information and
helps drivers find and select the desired parking spot
among the available parking spaces. One study designed
a smart parking system that monitors parking spaces,
which can be viewed on the website. The system uses
MFRC522 for operations, ultrasonic sensor to detect
parking spaces, a microcontroller sent to LCD via database
to display parking space data on website [18]. Fahim et al.
[19] compared a comprehensive technological approach
in terms of sensors, network technologies, user interface,
computational approaches and service provided in smart
parking systems.

With a system design in which the data of loT-based smart
parking systems are transferred over the cloud, systems
that inform the drivers in advance of the occupancy status
of the parking lots in terms of location, day and time are
developed. Canli and Toklu, A novel mobile smart parking
application, leveraging deep learning and cloud-based
technology, has been developed to mitigate the issue of
parking space search. Within the application, a predictive
parking space service utilizing deep learning, specifically
Long Short-Term Memory (LSTM), has been devised.
Dynamic access to the previously created LSTM-based
model is provided via the user's mobile device, and the
occupancy rates of the parks are displayed on the mobile
device by entering the relevant parameters [20]. Perkovic
et al. conducted a study on the actual performance and
power consumption of widely used sensor devices and
Low Power Wide Area (LPWA) radio technologies (such as
LoRa, Sigfox, and NB-loT) presently accessible. They found
that the lowest consumption was for LoRa devices
utilizing the loT system architechtures [21].

There have been many evaluation studies investigating
applications, classifying parking systems, revealing smart
parking sensors and technologies supported by loT
technology on smart parking systems [3, 22-28]. Similar
sensors and communication protocols used in studies
covering the application of loT technology in different
areas and current systems designed are shared in the
literature [29-34].

According to the literature review given, instant data from
the parking areas can be followed with various sensors. In
addition, if an loT-based structure is created, data can be
transferred over a network. In this context, data is actively
transferred to the cloud over the network connected to
the technological infrastructure used in the parking areas,
and a system that can be monitored remotely is designed
and studies are carried out to provide solutions. In this
study, current loT-based technologies used in smart
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parking systems were investigated. Considering the
differences in the technological infrastructure used in the
parking areas, the criteria for integrating into cloud
structures are given. Requirements and suggestions have
been presented about the creation of designs that enable
the control and monitoring of these systems by the
center. It is clear that park management center designs,
which provide solutions to traffic congestion in urban
areas thanks to loT technology, will become widespread
with the arrangement of existing infrastructures in an
integrated way.

2. Internet of Things

The term Internet of Things, coined by British technology
pioneer Kevin Ashton, co-founder of the Auto-ID Center
at the Massachusetts Institute of Technology in 1999, has
become increasingly common [35]. This technology
makes it possible to network everything around us and
communicate with each other with less human
intervention. loT is defined as the connection of things in
the physical world or an environment to a network with
wired or wireless connections by connecting them with
sensors or any embedded system. These connected
devices are called smart devices or smart objects. And it
consists of intelligent machines that communicate,
interact with other machines, the environment, objects.
Data can be processed using some processors such as
network processor, hybrid processor MCU/MPU. Devices
are connected using some technologies such as GPS, Wi-
Fi, BT/BTLE, RFID [36]. Devices can be monitored and
controlled using remote computers connected over the
internet.

Application Layer

Processing/Transport
Layer

Network Layer

Physical/Perception
Layer

Blueteoth  \Wi-Fi RFID ZigBee

Figure 1. Sample figure and caption

An loT architecture offers a comprehensive perspective
on functionality and connectivity in an loT ecosystem.
Due to the constrained capabilities of loT devices,
authorization solutions specifically designed for IoT
environments are frequently implemented in
middleware. A four-layer loT architecture model
consisting of physical, network, middleware and
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application layers is given in Figure 1. The main functions
of the layers are;

Application Layer: It is the top layer of the architectural
stack that enables a participant to interact with the
system. It encompasses Application Programming
Interfaces (APIs) that facilitate communication with
middleware, as well as user interfaces that enable end
users to access services. Users can search and book their
preferred parking spaces using a mobile app or web app.
Likewise, parking service providers have the capability to
transmit their parking-related information to the
integrated system. As users engage directly with the
integrated system, this layer delivers the ultimate service
to end users.

The predominant protocol in the application layer is
Hyper-Text Transfer Protocol (HTTP), which operates over
Transmission Control Protocol (TCP) and User Datagram
Protocol (UDP). Nonetheless, HTTP is known for its
verbosity, complexity, and substantial parsing overhead.
As a result, it may not be well-suited for resource-
constrained devices in loT systems. Consequently, several
alternative application layer protocols have been devised
[37].

The Constrained Application Protocol (CoAP) [38] stands
out as one of the extensively adopted protocols for loT
devices, employing a client-server model and operating
over UDP. It facilitates asynchronous message exchange
and boasts minimal header overhead, simplifying
message parsing [39]. Another prevalent application layer
protocol is the Message Queue Telemetry Transport
(MQTT), which operates above Transmission Control
Protocol/Internet Protocol (TCP/IP) as a messaging
protocol. MQTT is primarily employed for communication
with remote locations where network bandwidth may be
limited. However, due to its dependency on TCP, it may
not be suitable for real-time processing applications. The
Extensible Messaging and Presence Protocol (XMPP) [40]
is another widely utilized application layer protocolin loT.
It is designed for streaming Extensible Markup Language
(XML) elements and facilitating real-time exchange of
structured data.

Middleware layer serves the purpose of facilitating
connectivity and interoperability within the loT
ecosystem. It comprises intermediate nodes responsible
for processing data received from lower layers and
forwarding it to the application layer. The role of
middleware in the 10T ecosystem often entails enabling
connectivity, interoperability, storage, and data
computation. Various types of middleware solutions have
been proposed for loT [41-42]. A comprehensive
literature review of loT reveals that many existing
solutions are predominantly based on cloud computing
and edge computing as middleware [43]. Cloud
computing holds a central position in most loT platforms,
offering flexible and scalable data storage and processing
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capabilities. The role of the cloud in IoT architecture
varies based on the specific application needs and
requirements.

The network layer in an loT ecosystem serves the purpose
of facilitating network support and data transfer between
nodes [44]. It is responsible for implementing
communication protocols required for seamless data
exchange. The prevalent network layer protocols utilized
in loT systems are IPv4 and IPv6. IPv6 mandates a
minimum MTU (Maximum Transmission Unit) size of 1280
bytes, whereas the IEEE 802.15.4 link layer permits a
maximum frame size of 127 bytes. Consequently,
supplementary protocols are necessary to enable packet
compression for transmitting IPv6 packets over IEEE
802.15.4.

The IPv6 over Low Power Wireless Personal Area
Networks (6LOWPAN) [45] protocol is designed to operate
on the Low-Rate WPAN specification. It utilizes
encapsulation and header compression techniques to
facilitate the transmission of IPv6 packets over IEEE
802.15.4 networks. This enables the establishment of a
mapping between the link and network layers. The
primary objective of 6LOWPAN is to provide IP support for
low-power loT devices. Additionally, Thread7 is another
network layer protocol specifically tailored for device-to-
device communication in building automation. It is based
on IPv6 and 6LoWPAN, offering a comprehensive solution
for building automation networks.

loT systems further expand upon the architectures and
protocols utilized in Wireless Sensor Networks (WSN) by
incorporating web resources. WSN represents a specific
type of loT network architecture known as a Low-Power
and Lossy Network (LLN). In LLN, both devices and routers
possess constrained memory and processing capabilities.
RPL [46] is an IPv6 routing protocol designed specifically
for LLN, efficiently routing various types of traffic,
including device-to-central point, central point-to-devices
and inter-device communication.

The network layer facilitates communication between the
integrated system and users, encompassing parking areas
located at various points. It enables the transmission of
data from users and parking centers to the integrated
system. This layer incorporates diverse communication
technologies, including LAN and WAN, for utilization by
users, parking service providers, and loT devices
associated with the parking system (e.g., parking sensors
and security cameras). It integrates multiple wireless
communication technologies such as Lora, Bluetooth, Wi-
Fi, along with existing GSM technologies like 4G and 5G.
Additionally, this layer ensures scalability and handles the
physical layer security of the system.

The physical layer of an loT system serves to define the
sensing and control capabilities. It comprises physical
nodes, including sensors and actuators, which detect and
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interact with the environment based on changes or user
commands [47]. These nodes generate resources that are
subsequently transmitted to application nodes through
the network and middleware layers. The physical layer
encompasses a variety of loT devices, forming a diverse
combination [43].

In 10T ecosystems, different protocols are employed in
the physical layer and data link layer, classified based on
the type of network they support: Local Area Network
(LAN), Personal Area Network (PAN), and Wide Area
Network (WAN). Among the commonly used PAN
protocols in loT are Radio Frequency Identification (RFID),
Bluetooth, ZigBee, and Z-Wave. RFID is extensively
utilized in IoT environments for device identification
purposes.

The IEEE 802.15.4 standard is specifically developed for
low-speed wireless personal area networks (LRWPAN),
providing cost-effective and low-power communication
for devices in close proximity. Zigbee is a protocol that is
built upon the LRWPAN concept, incorporating additional
components for the network and application layers.
Similarly, the Z-Wave protocol operates on low-frequency
radio bandwidth and is proprietary, not based on a
specific standard. Z-Wave encompasses the entire
network stack, ranging from the physical layer to the
application layer [48].

3. loT and Cloud Based Smart Parking Systems

Many problems such as vehicle traffic congestion, road
safety and ineffective utilization of parking spaces are
solved by the loT technology. When trying to reduce
traffic congestion, loT-based traffic control systems must
evaluate all congestion-causing situations. Searching for a
parking space can cause traffic congestion and increase
Carbon Dioxide (CO2). In order to find a safe and fast
parking spot for drivers in traffic, identifying a parking
spot close to its destination and making a reservation in
advance has a great effect on reducing congestion.

With loT-based smart parking systems, the information of
empty parking spaces is obtained with the help of sensors
and the closest parking location information is sent to the
driver. Intelligent systems allow drivers to see their
parking spaces and even make online reservations based
on their remaining distance to the parking spaces. The
needs and infrastructures of smart parking systems
should be designed according to the requirements of loT
technology and should be developed in an integrated
manner with new technologies. In this section, sensors,
network and communication protocols, auxiliary
communication technologies used in the infrastructure to
be created with loT technology for smart parking systems
are given.

RFID is a communication technology that enables the
identification of specific targets and the reading and
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writing of relevant data without the need for mechanical
or optical contact. This is accomplished through the
implementation of the RFID system, also referred to as
electronic tags. It is also the largest and fastest developing
identity technology widely applied to the loT. RFID
technology can be categorized into energized, de-
energized, and semi-powered types. Energized RFID tags
are equipped with their own battery, enabling them to
have a long read and write distance. However, they tend
to be larger in size and come with a higher cost. On the
other hand, de-energized RFID tags do not have built-in
batteries and rely on power provided by the reader
emitter. These tags are smaller in size, more cost-
effective, and boast a longer life cycle. They typically have
a reading distance ranging from 10mm to 5m, making
them widely utilized in applications such as public vehicle
cards, food carts, and bank cards [49].

In addition to Wireless Sensor Networks (WSN), RFID is
employed to maintain the driver's awareness of the
closest parking spot available in the loT environment. It
can be specifically tailored software-driven to gather real-
time data on the status of parking spaces. It provides
many conveniences to the user, such as the possibility of
paying the parking fee via e-wallet. RFID-based systems
can easily support extensive parking applications such as
parking lot reservation and false parking warning [50].

WSN technology consists of nodes that provide sensing
and communication. WSN nodes are usually small and
battery powered devices. It easily provides innovative
services that facilitate drivers' work quickly and efficiently
when searching for an empty parking space nearby in the
city. The WSN network architecture can be established by
deploying monitoring nodes within parking lots and
routing nodes responsible for transmitting the data
collected by the monitoring nodes to the base station,
forming a tree-like topology. The communication
between different sensors and the base station relies on
ZigBee technology, enabling short-range communication
and minimizing energy consumption [51]. Smart parking
reservation applications using ZigBee technology and
Bluetooth are being developed. ZigBee sensors are used
to detect the vehicle, while Bluetooth communication
technique is used to authenticate the driver and also to
book a place by identifying free spaces. The Bluetooth
range is limited, so if the driver is not active, the
connection will be lost and a new slot must be reserved
again [52].

ZigBee, renowned for its energy-efficient nature, can
operate for extended periods using a single battery. This
technology leverages the IEEE standard 802.15.4, offering
an impressive outdoor range of 120m and an indoor range
of 40m, surpassing the capabilities of Bluetooth and Wi-
Fi. Within the smart parking model, each router node
utilizes network topology to establish a connection with
the main coordinator, enabling direct communication
except for the end nodes. ZigBee technology stands out
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as a superior choice compared to Wi-Fi and Bluetooth due
to its inherent self-orientation and self-healing
capabilities. It excels in monitoring and controlling real-
time applications, thereby facilitating drivers in locating
nearby parking spots, reducing the incidence of accidents,
and enhancing vehicle safety. The ZigBee device operates
as a transceiver, enabling the acquisition of data from
vehicle-detecting sensors and its transmission to the
central base station, depending on its operational state
[53].

The automatic detection of parking spots, utilizing visual-
based methods, relies on the Area View Monitor (AVM)
system. Within this system, the mall is strategically
positioned to offer an expansive perspective of the
parking lot for a single vehicle. The identification of
parking spaces is achieved through the implementation of
the Line Segment Detector (LSD). Moreover, the AVM
employs image segmentation techniques and stereo
vision algorithms to effectively identify and navigate
around minor obstructions present near parking spaces
[54].

The integration of the Fusion Sensor with the AVM and
ultrasonic sensors enables the identification of vacant and
occupied parking spaces. The process begins with the
utilization of various AVM image sequences to detect the
markings associated with the parking spaces.
Subsequently, the occupancy status of the parking spaces
is determined by employing ultrasonic sensors, resulting
in the acquisition of relevant information.

The AMR Sensor utilizes Anisotropic Magneto Resistive
(AMR) sensors that are deployed within parking slots
located alongside the road. The detection of slots is
classified as a binary pattern recognition challenge,
distinguishing between two states: either occupied (full)
or unoccupied (empty).

Ultrasonic Sensor is used together with loT technology to
detect empty and occupied parking spaces. Two
ultrasonic sensors are used for each parking space. A
specific threshold is established for each sensor to
identify the presence of a vehicle within the designated
parking space. The parking space is considered occupied
only when both sensors detect the presence of a vehicle,
thereby indicating its occupancy. These sensors work by
emitting higher pitched sounds than the human ear can
detect. These sound waves are reflected by nearby
objects and send signals back to the sensors. The sensors
determine and construct a suitable representation of the
surrounding environment by assessing the duration of
sound wave reflections from various points within the
field.

The Magnetometer Sensor is a device that can seamlessly
detect vacant parking lots by measuring the wireless
magnetic field change. Parking lot with empty slots is
easily detected, mostly using sensors such as
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magnetometer and accelerometer to minimize parking
search time.

Infrared Sensor is an electronic device that emits light to
detect any surrounding object. It detects motion and
measures the temperature of the object. The presence
and absence of the vehicle is detected by placing IR
sensors to find the available parking space.

The accelerometer is among the cellular sensors via
smartphones as an accelerometer embedded sensor. It
helps to determine whether the driver inside the vehicle
is moving the vehicle. At the same time, GPS and
gyroscope sensors are used to detect empty parking
spaces and create a heat map on the smartphone [25].

Transducer Sensor is a test device that can detect the

tested information and convert the detected information
into electronic information or other necessary forms.

Network Layer

Lo ™

Processing/
Transport Layer

Application Layer

Parkinformation Park Location Car Tracking Park Surveillance
Service Service Service Service

Decision Support Systems

GIS and GPS
Service

Car Park Information Systems

loT Integrated Services loT Management

Figure 2. Smart parking system layer and components

In the examples of loT-based smart parking systems,
sensors detailed in this field are used as basic
components, and a network is established by selecting
the appropriate communication technologies for the
system. In Figure 2, the components in the layers as a
whole within the scope of the smart parking system are
given. When objects are made accessible to the Internet
with the designed systems, they can be supported by
mobile applications and web applications, and operations
such as data collection, data processing and data sharing
can be easily provided over a cloud system.

3.1 Cloud design in smart parking systems

A cloud fabric is a model that offers universal, instant
network access to a shared pool of customizable
computing resources, thereby providing a synonym for a
highly available and scalable infrastructure (networks,
servers, storage, applications, and services). The Cloud's
effectiveness as a model stems from its layered
architecture and standardized service models, which are
pivotal characteristics contributing to its success. Cloud
computing services are offered as Software as a Service
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(SaaS), Platform (Platform as a Service-PaaS) and
Infrastructure (Infrastructure as a Service-laaS) [55-56].
laaS contributes to creating a scalable data center
structure by creating infrastructure and virtual server as
the basic and flexible cloud model provided by cloud
computing technology.

Cloud architecture can be divided into four layers: data
center (hardware), infrastructure, platform and
application layers. Parking systems, which are considered
an important component of ITS for smart cities, should be
planned to include all layers. Within this system, it is
possible to incorporate an embedded web server, a
central web server, sensors, and mobile or web
applications specifically developed for parking purposes.
Especially in the application part, a parking service should
be considered together with supporting cloud
applications, web applications and mobile applications.

Based on the state of the parking systems, structures
based on the distributed cloud architecture of IoT are
being created to improve the process of finding the
nearest parking lot in minimum time and to manage the
parking systems. Users who have access to the cloud can
monitor their reservation information, parking lot
location, number, parking fee, distance to the parking lot
and availability time as real-time data. In order to prevent
the fuel and time spent searching for empty parking
spaces, and to prevent traffic jams, a large network is
established with the management of the car parks, which
are designed as a smart parking system, from a central
point.

Steps to be followed in Smart park design created in a
cloud system: A designed Cloud-based Smart Parking
system should be integrated in all directions. Sensors can
be added to the system according to demands, as well as
middleware and end-user software that serve the user,
variable demands should be presented in a customizable
structure for each parking area. With the establishment
of an loT management center, loT integrated services are
connected to the communication layer in the background
with a common interface. These are parking lot finding,
inspection and information services, GPS services, license
plate reading, vehicle tracking services, etc. Common
challenges include  security, reliability,  scale,
heterogeneity. Enabling the provisioning of essential
resources, storage, and computational power in a
transparent and secure manner for vast volumes of
diverse and personalized data originating from dispersed
sources is accomplished through the advancement of
diverse middleware platforms within a finely grained
system. Middleware platforms are important so that
different loT ecosystems can communicate with each
other.

Within the scope of smart parking systems, different
detection technologies can be used in the first layer; laser,
infrared, microwave radar, ultrasonic, acoustic sensors or
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vehicles with video image processing to detect the status
of car parks, 3G/4G communication module installed for
tracking cars, etc. is selected.

The processing unit acts as an intermediary between the
sensors and the cloud. All sensors are wired/wirelessly
connected to the processing unit. Data collected from
various sensors is sent to the microprocessor, which we
call the processing unit. It transmits this data to the server
via various protocols over a channel.

In the communication layer, a connection is provided
between the application and the sensor layer using
various wireless technologies.

At the application layer, the mobile application acts as an
interface for web application end users to interact with
the system. The application must connect to the server by
selecting a secure channel and authorization. The
purpose of this developed application includes services
such as providing information about the location and
availability of parking spaces, and providing the shortest
direction. Data transfer takes place between the server
and the user application. Platform as a Service (PaaS),
Software as a Service (SaaS), Infratructure as a Service
(laaS) services are selected based on different parking
services information, processing and storage resources.
The cloud acts as a database to store all records regarding
parking spaces and end users who have access to the
system. It keeps a record of each user connected to the
system and can include information such as the time the
vehicle was parked, the parking time, the amount paid by
the user, and the payment method. It can be structured
based on the adaptable essence of the cloud, which
permits the system to incorporate an unrestricted count
of users at any hour of the day.Continuous backups of
data stored in the cloud should also be made so that data
can be easily and quickly recovered in case of any system
failure.

Maragement and Contral Unit

GSM
Base station
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' X Rendice

U Antenna

Y N
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User Mobile Device

Street/Road/Hotel/Restaurant Parking Garage Lot
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Figure 3. Cloud-based smart parking system and loT supported
smart city architecture

An example design of a smart parking system with
centralized management is given in Figure 3. Cloud-based
platforms help make it easier to develop and deliver loT
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plugins that enable device to connect to the Cloud. While
this service model hides the complexity and
heterogeneity of the infrastructure, it also meets the
complex requirements for the Cloud such as high activity,
scalability, security, easy configurability and flexibility. If
there is a demand for smart planning in a city consisting
of car parks or indoor car parks in areas such as streets,
roads, hotels, restaurants, sensor information is
evaluated using multiple communication protocols, and a
management system is established by transferring them
to the common data center. The data coming to the
management center of the system is transferred to the
drivers in the fastest way via web or mobile applications.

When cloud-based loT systems receive a request from the
driver looking for the nearest parking spot, the system will
process the driver's GPS coordinates and create an area
around that location. The system will prepare the road
planning that the driver will follow towards one of these
parks depending on the traffic situation in this area and
the total travel distance between the driver. To get the
status of traffic in this area, the number of vehicles on a
given route, services such as Road Side Unite (RSU) and
Google Traffic can be used. By determining the traffic
situation in a certain area, the most suitable route for the
driver to reach the nearest parking lot will be created.

4. Conclusion

Smart parking systems and traffic management systems
have become reality with the growth of Internet of Things
and Cloud technologies. Insufficient parking spaces result
in traffic congestion, imbalanced supply and demand,
overcrowded parking areas, unfair pricing, on-road and
off-road parking, aimless driving, environmental
pollution, and deterioration. It has been determined that
the presence or knowledge of parking information at the
destination to improve the parking facilities of a city and
increase the quality of life of the people provides an
important solution to the traffic that will be caused by the
delay of finding a parking place. Therefore, a parking
space estimation system should be developed that can
inform the drivers in advance of the occupancy status of
the parking lots in terms of location, day and time. In this
study, a system design in which the data of loT-based
smart parking systems are transferred over the cloud and
the criteria for a system design that provides central
management are presented. For smart parking design,
devices, networks and cloud architecture used in loT-
based systems were examined and considering the
differences in technological infrastructure used in parking
areas, requirements and suggestions were given about
the features of integration into cloud structures, the
creation of designs that allow these systems to be
controlled and monitored by the management center.

The cloud structure offers a scalable and flexible data
center structure thanks to its configurable computing
resources. Within the scope of this study, the
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technologies used in the creation of loT and cloud systems
are detailed and the necessary criteria for a smart parking
system are presented in order to solve the heterogeneity
of parking spaces established in different locations and
with different technologies. It has been determined that
the technological findings revealed as a result of the
applications given in the literature review and all the
researches are sufficient for the creation of integrated
structures for the smart parking system. The
recommendations given for the necessary hardware and
software selections in an effective design are matched
with the literature. Service is provided to users by
selecting the most suitable protocols for loT devices at the
application layer. Services such as vehicle information,
location, tracking services work in this area. Network and
communication protocols and auxiliary communication
technologies that provide the connection to the physical
layer through the network layer are selected depending
on the infrastructure. While using a large number of
different sensor technologies created in parking areas as
infrastructure, appropriate design suggestions were given
to be integrated into the upper layers. Thus, thanks to
these cloud-based structures, it contributes to ensuring
the regular flow of vehicles in the city without traffic jams,
preventing time loss in full parking areas, reducing air
pollution caused by vehicles that stop and start, and
saving fuel in the economic field.
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Abstract Information
Evaluating flexible pavement performance is mandatory for managing transport infrastructure. Received:
This study focuses on modeling the relationships between international roughness index (IRl) and 05.06.2023

a total of 10 types of pavement distress, including alligator, block, wheel path length, wheel path
longitudinal, non-wheel path longitudinal, transverse crackings, patches, bleeding, raveling areas,
and pumping. The data recorded under the Long-Term Pavement Performance was used to
develop the models. Data sets covering General Pavement Studies from seven states of the United
States were used in modeling. The study used modeling approaches, including nonlinear
regression analysis, multivariate adaptive regression splines, and artificial neural networks (ANN),
in which IRl was the dependent variable and pavement distress was the independent variable. In
the developed models, 0.516, 0.623, and 0.684 regression coefficients values were obtained for
nonlinear regression analysis, multivariate adaptive regression splines, and artificial neural
networks approaches, respectively. The analysis results have determined that the artificial neural
networks technique performs more successfully than the other techniques. The statistical error
analyses of the root mean square error, Nash-Sutcliffe coefficient of efficiency, mean absolute
error, and normalized root mean square error also showed that the same modeling approach
performs more successfully. With these data generated from a universally used database, it has
been determined once again that ANN is the most efficient mathematical approach in modeling
the relationships between surface distresses and IRI.
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1. Introduction The effectiveness and efficiency of several civil

engineering structures mainly depend on their

Roads are one of the essential parts of a provincial's
infrastructure for economic and social growth. Roads are
necessary because they link different parts of the country
together and make it easier for people and goods to move
around. Every year, governments spend billions of dollars
developing new roads and repairing and maintaining
existing ones. Roads become more valuable as a country
grows, especially if there are no other ways to get around,
like railways or canals. The increase in annual expenses
shows that coordinated efforts are needed to get the
most out of these investments [1, 2].

administration. This ensures that such constructions have
a long lifespan, serve their intended purpose, and incur
the lowest possible cost. A Pavement Management
System (PMS) is a collection of planned and directed
activities or procedures that maximize the Return on
Investment (ROI) relative to the available budget [3].

The PMS is a structure for managing and maintaining
roads based on statistical and mathematical methods. In
the 1970s, when there were many more roads to keep
track of, the idea of “pavement management” began.
PMS was first described at the workshop organized in
1980 as a system that finds the best solutions at different
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levels of management and keeps pavements in a good
state for use. For many years, many authorities, especially
The American Association of State Highway and
Transportation (AASHTO) and the Federal Highway
Administration (FHWA), have been trying to establish and
develop PMS in road networks of different scales [4, 5].

The pavement performance is an essential component of
any PMS. The measurement, evaluation and prediction of
performance are crucial in managing pavements. The
term “deterioration” describes the reduction in the
performance level of pavements over time. Road
pavements will inevitably deteriorate over time due to
axle loads transferred from vehicles, environmental
effects, materials used and manufacturing quality. These
various parameters contribute to the complexity of the
operation. Using performance models, the status of the
road at any given time can be approximately predicted [6,
7].

The predicted performance plays a significant role at both
the management levels (network and project). The entire
facility can be planned using performance models to
justify the budget and resources. The planning and timing
of maintenance work for specific projects depend on
when a section falls out of service. This may be predicted
with precision using performance models. In addition to
the performance and interplay between the
infrastructure facility and its user, formulating an
acceptable transportation policy and evaluating its
economic benefits depend on the performance and
interaction [7].

The pavement's roughness can be considered a simple
way to measure road users' satisfaction level and a
significant indicator in determining the level of
performance. It measures the road surface, ride quality,
and comfort of drivers and passengers. Increases in
pavement roughness are associated with higher fuel
consumption, higher costs for car maintenance and
repairs, higher emissions of greenhouse gases, and
reduced vehicle efficiency. It might cause traffic safety
problems that cost millions of dollars annually to repair.
The International Roughness Index (IRI) is a universally
accepted parameter to quantify pavement roughness,
measured with automated, multifunctional measuring
devices or tools [8, 9].

Similar studies recorded in the literature can be
summarized as follows. Al-Omari and Darter [10]
investigated the correlations amongst them IRI, present
serviceability rating (PSR), and several pavement distress
types, including rutting, deformations, potholes, and
cracks. The Long Term Pavement Performance (LTPP)
database data were used in their study. Mactutis et al.
[11] studied the relationship between distress and
roughness using WesTrack Project data. In this study, a
correlation was found between the IRI and the initial IRI
of the pavement, the extent of fatigue cracking and the
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average rut depth. Reportedly, the initial IRl has a
significant impact on roughness. Fatigue cracks are very
sensitive to roughness, but ruts are not so sharp. Dewan
and Smith [12] investigated how pavement distress can
be used to calculate vehicle operating costs (VOC)
directly. They collected data from the California LTPP sites
to establish a relationship between IRl and pavement
distress. The correlation was determined on the basis of
39 observations at 15.2 m intervals along a 152.4 m test
section. However, Lin et al. [13] studied the capability to
estimate IRl from pavement distress collected from
pavement videos and photos of a camera sited on an
Automated Road Analyzer (ARAN) vehicle. 125 road
sections, each section 1-kilometer-long of Taiwan's
provincial highways and country roads, were surveyed for
data collection. This investigation discovered and
examined relationships between 10 different distress
types. In addition, some analyzes were made in the study
on using IRl to measure the correlation between
pavement distress severities and types. Aultman-Hall et
al. [14] analyzed the correlations between IRI, cracking,
and rutting. This research aimed to determine whether
these correlations were able for IRI, the more easily
measurable variable, to be substituted for the others. The
findings showed that although there are statistically
significant correlations between cracking, rutting and IR,
these correlations are insufficient for IRI to substitute
pavement conditions.

Besides, Hozayen and Alrukaibi [15] presented a
methodology for establishing acceptance criteria
determining the performance levels to manage

pavements. In their studies, they conducted performance
tests on rural roads to learn more about surface
roughness and pavement distresses. The overall length of
this road is 572 kilometres; it has been divided into three
segments 390 kilometres, 139 kilometres, and 43
kilometres. The results showed a regression relationship
between raveling and roughness for the three roadway
segments, with the coefficient of determination (R2)
varying from 0.946 to 0.962. Prasad et al. [16] created a
model correlating PMGSY road pavement distress with
roughness in India. Data concerning pavement distress
were obtained at regular intervals of 50 meters. Bump
Integrator, calibrated using MERLIN, was used to collect
roughness data. Based on the data obtained in the field, a
regression equation was created with the IRl and the
visual distresses. The maximum value of the
determination coefficient (R2) was 0.66. Also, Meegoda
and Gao [17] studied the GPS test section roughness data
given in the LTPP database over time to create a model
that estimates how pavement roughness would change as
the pavement ages. They created and normalized a
computable correlation between IRl progression, traffic
loads transferred to the pavement, structure number,
and climatic area. They created a scale of one to five
performance levels to quantify the degree of
deterioration of asphalt pavements.
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Kirbas et al. [18] investigated the correlation between
pavement distress and roughness in flexible pavements.
It has been shown that a specific amount of surface
distress affects the IRI. A mathematical modeling analysis
of the correlations between IRl and 32 distresses with 13
surface distress types, and severities was implemented in
their models. The modeling techniques included linear
regression, multivariate adaptive regression splines
(MARS), and artificial neural networks (ANN). It has been
confirmed that the ANN technique is the most accurate.
Also, Kirbas et al. [19], in another study, created a
pavement performance estimation model that estimates
the performance of hot mix asphalt (HMA)-coated
provincial roads and state highways under the authority
of the General Directorate of Highways (KGM) over the
next several years. An empirical equation expressing the
relationship between PCl and IRl is also proposed in the
study.

Reviewing the literature, Chandra et al. [20], Sandra and
Sarkar [21], Mubaraki [22], H Joni et al. [23], Yu Qiao et al.
[24] and many more researchers seem to have developed
mathematical models that determine the relationships
between IRl and surface distress. It is understood that
many modeling approaches, such as linear and nonlinear
regression models, ANN, fuzzy logic, and MARS, are used
to develop models in research. Notably, studies have
frequently investigated the relationship between IRI and
seven types of deterioration, including potholes, raveling,
rutting, cracking, patching, corrugation, and depression.
In the models generated, performances up to 0.986 were
obtained as the determination coefficient (R2).

The LTPP database collects climate, traffic and
performance data on over 2500 road sections. Data
entries into this database are made randomly due to the
field operators' work plans. While some data can be
entered annually, others are entered in the study plans
every 2 or 3 years. In addition, overlapping data stacks
seasonally is quite troublesome. In this study, special
efforts were made to ensure that the data collection
dates for each surface disturbance and IRI data evaluated
were close to each other. The data stack was prepared
carefully, considering the date and significance of each
data used in modelling and the climate situation at the
time of measurement. In this way, a data set suitable for
modelling was obtained. In the literature, it is clearly seen
that the similarity values are low in studies that utilize the
LTPP database, but the dataset is not created with similar
precision. In addition, as seen in other studies of the
authors of this study, the ANN method has once again
been proven to be the most suitable technique for
investigating the relationships between surface
distortions and IRI.

There are many studies in the literature that investigate
the effects of distress that negatively affect driving
comfort on IRl and model the relationships. Also, it is seen
that there are limited studies that evaluate the types of
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distress by considering the severity levels such as low,
medium and high. Kumar et al. [6], Prasad et al. [16],
Meegoda and Gao [17], and similar studies do not
consider the severity levels of pavement distress types.
On the other hand, it is understood that one or two types
of modeling techniques are frequently evaluated in the
investigation of relationships. It is noteworthy that in
Shrestha and Khadka [9], Al-Omari and Darter [10], Qiao
et al. [24] and similar studies, only one or two techniques
were used to investigate the similarities between
pavement deterioration and IRI. In terms of the modeling
techniques evaluated, there are hardly any studies using
three or more methods. With many studies conducted
today, it has become clear which parameters affect the
estimation of the service level provided by pavements to
road users. It is now understood that the research topic
focused on is the correct selection of the modeling
approach to be used in developing relationships. For this
reason, using many techniques in researching
relationships and bringing their comparative results to
the literature will undoubtedly provide convenience to
researchers in solving the problems. Within the scope of
this study, the relationships between IRl and a total of 22
independent variables at different severity levels were
investigated in 10 various distresses, alligator cracking,
block cracking, wheel path longitudinal cracking, non-
wheel path longitudinal cracking, transverse cracking,
patches area, bleeding area, raveling area, pumping and
bleeding, and wheel path length crack, and 6 of them
were low, medium and high severity levels, using LTPP
data. Three techniques, Nonlinear Regression Analysis,
MARS and ANN, were used to investigate the
relationships. The working principle established in the
study can be seen in the flowchart in Figure 1.

= =

-

-] =
$

Figure 1. Flowchart of the study
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2. Introduction
2.1. Long term pavement performance (LTPP)

The LTPP programme, which has collected data from
more than 2581 road segments in the United States and
Canada over the past 33 years, is the largest pavement
performance research programme. The goal of the LTPP
programme is to monitor the performance of pavements
in these sections over the long term. The data collected
includes information about construction, pavement
structure, material quality, maintenance and
rehabilitation activities, pavement conditions, pavement
loading, and environmental conditions. The LTPP
database was developed to record the pavement's
characteristics, condition, maintenance activities and
reconstruction projects over some time. Each road in the
database has a section number indicating where it is
located, what material it is made of and how thick the
structure is.

Utilizing the LTPP database by the Federal Highway
Administration (FHWA) is the principal means for
amassing and scrutinizing pavement-related information
within the United States and Canada. The LTPP program
exhibits a broad reach, enabling the assessment of a
pavement's extended-term effectiveness in diverse
loading and environmental circumstances. Its objective
involves identifying how loading, environment, material
characteristics, fluctuations, construction quality, and
maintenance levels influence the deterioration and
functionality of pavements. Furthermore, it endeavours
to enhance design methodologies and strategies and
formulate equations that facilitate the rehabilitation of
existing and newly constructed pavements [25, 26].

The LTPP database is designed so that users can easily
access data from many modules, e.g. inventory,
maintenance, monitoring, remediation, materials testing,
transport and climate. Within the LTPP program, two
distinct categories of experiments are incorporated:
general pavement studies (GPS) and specific pavement
studies (SPS). These experiments encompass different
research approaches and objectives to investigate and
analyze various aspects of pavements comprehensively.
The general pavement studies (GPS) entail a broader
scope, aiming to understand and evaluate pavements'
overall performance and behavior under diverse
conditions. In contrast, specific pavement studies (SPS)
concentrate on more focused research inquiries,
targeting particular aspects or phenomena within
pavement systems; by combining GPS and SPS, the LTPP
program endeavours to provide a comprehensive
understanding of pavements, encompassing their overall
performance and specific factors and phenomena that
influence their functionality and deterioration.

Access to the LTPP data is available through both online
and offline means. Starting from March 2003, the online
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LTPP data have been accessible via the
http://www.infopave.com website. This study uses data
from the LTTP InfoPave website [26].

2.2. Data collection

The LTPP database is this study's main data source,
containing data up to 2023. The LTPP database's accuracy
is acceptable and has been used in several studies. The
LTPP data set consists of a classified collection of
information from different types of pavement. The data
collection includes comprehensive details on the types of
pavement, the environment, traffic, maintenance, and
rehabilitation. Therefore, LTPP sites located in Arizona,
Florida, Minnesota, Mississippi, North Carolina,
Oklahoma, and Tennessee from seven states of the
United States have been selected to obtain the necessary
data according to specific criteria [26].

The LTPP InfoPave website's 'Data' tab was used to obtain
the data. A filtering tool allows the selection of only the
relevant data. Data was selected, then extracted into a
Microsoft Excel file that could be downloaded. In this
study, the extracted Excel file for both the IRl and distress
tables had the same fields, such as State_Code, SHRP_ID,
Survey_Date, and Construction_Number. In this study,
the distress data used were obtained from the LTPP table
MON_DIS_AC_REV, and IRl data from the LTPP table
MON_HSS_PROFILE_SECTION, respectively, and
downloaded from the LTPP InfoPave website.

This research selected asphalt concrete pavement on a
granular base (GPS-1) and asphalt concrete pavement on
a bound base (GPS-2) test sections because these are
commonly constructed pavement types. 102 LTPP test
sections were selected from GPS—1 and GPS—2, as shown
in Table 1. We consider only asphalt concrete (AC)
pavements that did not undergo maintenance or
rehabilitation at the measurement time. The data
collection step was then started. The performance of
pavements captured in the LTPP database can be
influenced by numerous factors, which can be categorized
into four primary domains: structure, climate, traffic, and
performance. However, this study selected some factors
considered the most important to pavement
performance problems, especially the IRl and pavement
distress.

Table 1. Presents the final number of test sections in each LTPP
state for GPS-1 and GPS-2 pavements

State Code State Name Section Total

4 Arizona 17
12 Florida 20
27 Minnesota 13
28 Mississippi 13
37 North Carolina 16
40 Oklahoma 10
47 Tennessee 13

Total Sections 102
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The primary aim of this study is to construct empirical
models capable of predicting the behavior of flexible
pavements in granular base sections. A multitude of
internal and external factors can influence the
formulation of the pavement performance model. When
constructing or evaluating pavements, it is crucial to take
these factors into account to anticipate the long-term
functional and structural conditions of the pavement.

The selection of independent variables is determined by
considering the structure and accessibility of the LTPP
data, its limitations, previous research utilizing the LTPP
data, as well as engineering knowledge and expertise.
Therefore, the independent variables used for this study
are Alligator Cracking (Low), Alligator Cracking (Medium),
Alligator Cracking (High), Block Cracking (Low), Block
Cracking (Medium), Block Cracking (High), Wheel Path
Longitudinal Crack (Low), Wheel Path Longitudinal Crack
(Medium), Wheel Path Longitudinal Crack (High), Non-
Wheel Path Longitudinal Crack (Low), Non-Wheel Path
Longitudinal Crack (Medium), Non-Wheel Path
Longitudinal Crack (High), Transverse Crack (Low),
Transverse Crack (Medium), Transverse Crack (High),
Patches (Low), Patches (Medium), Patches (High),
Bleeding Area, Raveling Area, Pumping and Bleeding
Length, Wheel Path Length Cracked. The designated
dependent variable is the International Roughness Index
(IRT).

3. Research Analysis Results

Pavement performance modeling is an essential part of
the pavement management system (PMS), which aims to
accurately estimate the requirement for pavement
maintenance, rehabilitation, or reconstruction. These
models estimate how the pavement will be in the future
so that maintenance treatments can be made better, and
we can see how maintenance operations might affect the
future condition of the pavement. Improving the
prediction accuracy of estimating methods would result
in @ more efficient allocation of financial resources,
substantial cost savings, and the systematic selection of
various maintenance treatments. Researchers have made
several models that can predict how well flexible
pavements will work using data from extensive
experiments in different parts of the world.

The main goal of this study is to use LTPP data from seven
states of the United state (Arizona, Florida, Minnesota,
Mississippi, North Carolina, Oklahoma, and Tennessee) to
build empirical pavement performance models. The
relationship between the dependent variable IRl and the
independent variable, pavement distress, was studied
using regression analysis. In order to identify the best
model, regression analysis used three techniques:
Nonlinear Regression Analysis, MARS, and ANN.

3.1. Nonlinear regression analysis

Regression analysis is commonly used to estimate the
dependent variable given the values of the independent
variables. The regression function, which is a function of
the independent variables, is the estimation target.
Mainly, regression analysis explains how the mean value
of the dependent variable changes due to changes in the
independent variables. Essential goals of regression
analysis include fitting the model to the data and
determining the model's adequacy. The quality of the fit
is evaluated, resulting in either modification of the model
or adoption of the model. Regression analysis is a set of
statistical approaches for determining how a dependent
variable relates to one or more independent variables.
There are three most common types of regression
analysis, linear, multiple linear, and nonlinear regression.
Most models are either linear or nonlinear. Nonlinear
regression analysis is frequently applied to more complex
data sets where the relationship between the dependent
and independent variables is nonlinear. Linear regression
models have parameters that look like they move in a
straight line, while nonlinear regression models have at
least one parameter that moves in a way that does not
look like a straight line. In general, engineering models are
nonlinear models. This is because the response of some
variables is nonlinearly dependent on the implementation
of some independent factors. Nonlinear regression
analysis was used to develop the relationship between
the international roughness index as a dependent
variable and pavement distress as an independent
variable, which is the main goal of this research. The
Statistical Product and Service Solutions (SPSS) program
develops the nonlinear regression model [3, 27].

This study used data from the General Pavement Studies
(GPS-1 and GPS-2) to choose 102 test sections to be
analyzed. With the help of nonlinear regression analysis
modeling, the mathematical relationship between the IRI
and 10 types of pavement distress was studied. There are
six types of pavement distress, including Alligator
Cracking, Block Cracking, Wheel Path Longitudinal Crack,
Non-Wheel Path Longitudinal Crack, Transverse Crack,
and Patches area with three severity levels: low, medium,
and high, and four types of pavement distress have a
single severity level, including Bleeding Area, Raveling
Area, Pumping and Bleeding Length, Wheel Path Length
Cracked. The nonlinear regression analysis was developed
at a 0.05 significant level to create the model. The results
of the nonlinear regression analysis are shown in Tables 2
and 3.

Table 2. ANOVA results

ANOVA
Source Sum of Squares df Mean Squares
Regression 1145.772 23 49.816
Residual 142.054 614 0.231
Corrected Total 293.451 636
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Table 3. Model summary

R R2 Adjusted R?

0.718 0.516 0.497

The above result was obtained using the SPSS software
and nonlinear regression analysis. Table 3 and Figure 2
summarizes the created model, including the correlation
coefficient (R), determination coefficient (R2), and
adjusted determination coefficient. The ANOVA table is
shown in Table 2.

The dependent variable in the model is the international
roughness index, while the independent variable is
pavement distress. It is mathematically formulated as
Equation (1).

r 0.972+Alligator Cracking (L)x6.115E-5
+Alligator Cracking (M)x0.001
+Alligator Cracking (H)x0.001

+Block Cracking (L)x0.001
+Block Cracking (M)x 0.002
+Block Cracking (H)x 0.001
+Wheel Path Longitudinal Crack (L)x0.003
+Wheel Path Longitudinal Crack (M)x0.004
-Wheel Path Longitudinal Crack (H)x0.029
-Non Wheel Path Longitudinal Crack (L)x0.001

-Non Wheel Path Longitudinal Crack (M)x0.001

+Non Wheel Path Longitudinal Crack (H)x0.001
+Transverse Crack (L)x0.002
+Transverse Crack (M)x0.004
+Transverse Crack (H)x0.025

+Patches Area (L)x0.014

+Patches Area ( M)x0.040

+Patches Area (H)x0.009
L +Bleeding Lengthx0.001

INE

x
°
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Observed IRI
Figure 2. SPSS model prediction accuracy

3.2. Multivariate adaptive regression splines (MARS)

Multivariate Adaptive Regression Splines (MARS) is also
known as the MARS method, which comes from the four
letters of its name. Friedman was the first to propose this
method [28]. MARS is a non-parametric technique that
makes no assumptions about the basic functional
relationship between dependent and independent
variables. However, it develops a dynamic relationship
between cause-effect variables. The MARS technique
investigates the relationships between each independent
variable and the dependent variable and the interactions
between independent variables. It shows the effect of the
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interactions between all independent variables on the
dependent variable. The results of the technique vary
based on the number of degrees and modeling terms
used [18, 28].

Consequently, it is essential to accurately select these
parameters to perform the most effective model analysis.
The MARS algorithm is established on the principle of
linear partial function expansion with truncation. This
situation is represented by Equation (2).
[+(X-Dl.[-X-9].= [al., [al. (2)
Where [q]+ stands for the expression "max (0, q)", and t
stands for a knot with a single variable. The MARS
algorithm investigates the relationships between each
variable and the locations of knots (nodes) in all feasible
partial linear representations [29]. The technique closely
follows curve-fitting techniques. The MARS technique has
the general form shown in Equation (3).

Bbj(+)Max(0,Xj - Hy)+

3
By, (IMax(0, Hy- X;) (3)

y=Bo+ jP= 1 EE= 1

Where P represents the independent variable, and B
represents the basic function. These two univariate
equations express the basic functions max (0, x- H) and
max (0, H - x), and if the B coefficients are 0, just one
equation is required. The H values are known as "knots."
In contrast to regression analysis, this approach separates
the data sets into regions by knots and can deactivate the
independent variables under specific conditions and
within specified limits. Therefore, it is possible to avoid
the occurrence of meaningless result (estimation) values
by using the independent variables with extreme values
as the model inputs. This has been seen as an important
advantage of the MARS approach [18, 30].

The MARS technique uses a stepwise regression process
to eliminate basic functions that decrease the model's
prediction performance while using a step-by-step
progression procedure to investigate the model constants
for these basic functions and identify the knots. The
generalized cross-validation criterion (GCV) calculates the
knot adjustment metric. The GCV criteria are calculated
by multiplying the mean residual error by a penalty that is
compensated for the variability brought on by the
prediction of additional model parameters [31- 33]. GCV
formula shown in Equation (4).

13 (Vi'Vi)z

SCY = e

(4)

This study used data from the General Pavement Studies
(GPS-1 and GPS-2) to choose 102 test sections to be
analyzed. With the help of the Multivariate Adaptive
Regression Splines (MARS) modeling approach, the
mathematical relationship between the international
roughness index (IRI) and 10 types of pavement distress
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was studied. There are six types of pavement distress,
including Alligator Cracking (AC), Block Cracking(BC),
Wheel Path Longitudinal Crack (WPLC), Non-Wheel Path
Longitudinal Crack (NWPLC), Transverse Crack (TC), and
Patches area (PA) with three severity levels: Low (L),
Medium (M), and High (H), and four types of pavement
distress have a single severity level, including Bleeding
Area (BA), Raveling Area (RA), Pumping and Bleeding
Length (PBL), Wheel Path Length Cracked (WPLC). A
prediction model was developed between IRl and
pavement distress. The mathematical model is shown in
Equation (5).

I 2.8704736 + 0.0190581 x BF1 ]
—0.0517728 x BF2 — 0.0019054 x BF3

—0.0042911 x BF4 — 0.0285172 x BF5
—0.0212036 x BF6 + 0.0020690 x BF7

+0.0073641 x BF8 —0.0036871 x BF9
—0.0262217 x BF10 + 0.0130658 x BF11

—0.0137322 x BF12 + 0.0018260 x BF13
—0.0031871 x BF14 + 0.0339321 x BF15

—0.0136603 x BF16 —0.0384471 x BF17
+0.0074482 x BF18 — 0.0216615 x BF19

+0.0061849 x BF20 + 0.0291398 x BF21
+0.0279002 x BF22 + 0.0247000 x BF23

+0.0010227 x BF24 — 0.0028995 x BF25
—0.0025667 x BF26 + 0.0033225 x BF27

+0.0123699 x BF28 — 0.3345593 x BF29
+0.0962880 x BF30 — 0.0231241 x BF31

L +0.0056054 x BF32 .

INE

The mathematical model has 32 basic functions, 22
independent variables, and only one dependent variable.
A GCV error of 0.215327 and a threshold of 0.0005 were
used to conduct the model analysis. The model's variables
are represented by basic functions (BF), which are shown
in Table 4.

The regression coefficient (R?) for this model, which
measures how well it can predict, was found to be
0.623109. This model's regression coefficient is 0.623109,
which indicates that 62.3% of the IRI variation can be
related to the variance of pavement distress. Table 5
shows the statistical regression values of the developed
model. The IRI values measured and estimated through
the model are comparatively shown in Figure 3.

3.3. Artificial neural networks (ANN)

Artificial Neural Networks (ANNs), or simply neural
networks, are one of the intelligent modeling approaches
for processing information that may be used for analyzing
the interactions among the variables. It is a generalized
mathematical model that works like the human brain,
which is composed of interconnected neurons of the
organic nervous system [34]. In 1943, McCulloch and Pitts
introduced the concept of artificial neural networks, but
until 1986 when Rumelhart et al. developed the
backpropagation algorithm, ANNs gained wide
acceptance. ANNs are one of the most popular Artificial
Intelligence (Al) approaches.
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Table 4. Basic functions used in the MARS model
BF1 = max (0; TC—H —7.0999999)
BF2 = max (0; 7.0999999 - TC — H)
BF3 = max (0; AC— M - 165.3000031)
BF4 = max (0; 165.3000031 - AC— M)
BF5 = max (0; WPLC — L - 29.8999996)
BF6 = max (0; 29.8999996 - WPLC — L)
BF7 = max (0; BC— M - 114.8000031)
BF8 = max (0; 23.2999992 — NWPLC — L)
BF9 = max (0; P&BL - 17.0000000)
BF10 = max (0; 17.0000000 - P&BL)
BF11= max (0; PA —L - 0.0000000)
BF12 = max (0; NWPLC — H - 150.3999939)
BF13 = max (0; BC — H - 0.0000000)
BF14 = max (0; 155.1999970 —BC—L)
BF15 = max (0; PA— M - 0.0000000)
BF16 = max (0; TC— M - 8.8999996)
BF17 = max (0; 8.8999996 —TC— M )
BF18 = max (0; PA — H - 0.0000000)
BF19 = max (0; WPLC — H - 0.0000000)
BF20 = max (0; 122.0000000 — AC—L)
BF21 = max (0; TC— M - 31.2999992)
BF22 = max (0; WPLC — L - 43.5999985)
BF23 = max (0; 8.5000000 — WPLC — M)
BF24 = max (0; 248.0000000 — NWPLC — M)
BF25 = max (0; WPLC - 133.6000061)
BF26 = max (0; 133.6000061 - WPLC)
BF27 = max (0; TC — L - 55.2000008)
BF28 = max (0; NWPLC—H - 115.0999985)
BF29 = max (0; WPLC - 302.7999878)
BF30 = max (0; WPLC - 294.2000122)
BF31 = max (0; TC— M - 63.9000015)
BF32 = max (0; AC—L-31.2999992)

Table 5. IRl Prediction Model Regression Statistical Values

Regression Statistics IRI

Mean (observed) 1.249411
Standard deviation (observed) 0.679265
Mean (predicted) 1.249411
Standard deviation (predicted) 0.536193
Mean (residual) 0.000000
Standard deviation (residual) 0.417011
R-square 0.623109

R?=0.6231
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Figure 3. MARS model prediction accuracy

Al can be described as the study or process of teaching
machines to learn on their own. Artificial intelligence aims
to construct machines that work like the human brain and
can "think." ANN models are commonly used for
prediction and analysis. Even if the sample size is
relatively small, models based on artificial neural
networks (ANNs) can be used in complicated systems with
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multiple interrelated variables. It provides the necessary
information by analyzing the stored data. Artificial neural
networks (ANNs) copy the human brain using a computer
and mathematical processing [20].

ANNs are mathematical systems made up of several
neurons connected to one another and have weights
assigned to them. An equation commonly referred to as a
transfer function is a processing unit. This processing unit
gathers and mixes data from other neurons before
producing a numerical output. Process units are
interconnected in a network and resemble actual
neurons. Neural networks are composed of these
patterns [19].

The basic structure of an ANN model is usually made up
of three layers: the input layer, where known data is
added to the model; the hidden layers; and the output
layer, where the result of the last search is found. Each
layer comprises different parts, called neurons or nodes,
with a transfer function connecting it to the layer below
it. The number of hidden layers is theoretically unlimited;
it should be mentioned [35].

Consider that there are (n) number of input variables in
the input node (xi, i = 1, 2,..., n), (p) number of nodes in
the hidden layer (zj, j = 1, 2,..., p), and (k) the number of
output variables in the output node (ym, m =1, 2,..., k).
The ANN model can be described in Equations (6) and (7).

Im = fy(Z’j-’:l Z;Wy; + by) (6)

zj = f,(Tiy %W + ¢;) (7)
Where the weight parameters Wkj and Wiji indicate the
strength of the connections between the nodes, bk, and
cj are the bias functions, and fy and fz are the activation
functions connected with weight parameters.

The main objective of the ANN model is to optimize the
best weight parameters using a training algorithm. The
backpropagation technique is most typically used for ANN
training, which works by readjusting the weight
parameters between the hidden and output layers to
minimize output error. There is no exact procedure to
determine how many hidden nodes are best, so trial-and-
error methods are used to find the best number of hidden
nodes. However, it was shown that better outcomes may
be achieved when the number of hidden nodes is less
than or equal to the number of input nodes. Several
activation functions, including the sigmoid, hyperbolic
tangent, and sign functions, can also learn nonlinear
correlations between the input and output. In ANN
modeling, the objective is to create a model that improves
accuracy on the training set and then use that model on
the test set [36].

In order to figure out the efficiency of ANNs, we divided
the input data into three sets. The training data set has
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been used to compute gradients to improve network
weights. The second set of data, which is used for
validation, determines the best neural network training.
In reality, the lowest error from the validation phase
determines network weights and biases. Regularization
can be performed using a validation set to prevent
overfitting. After the validation stage of a network, its
effectiveness is measured using the test dataset. The
training, validation, and testing stages data are randomly
selected using various percentages. Training, validation,
and testing sets can typically use 70%, 15%, and 15% of
the data, respectively [37].

The ANN approach was used in this research for
prediction modeling in which pavement distress,
including alligator cracking, block cracking, wheel path
longitudinal crack, non-wheel path longitudinal crack,
transverse crack, patches area, bleeding area, raveling
area, pumping and bleeding length and wheel path length
cracked were imported as input variables, and IRl was
imported as the target variable. A multilayer feed-
forward backpropagation network was created and
trained with the Levenberg-Marquardt algorithm in
MATLAB®O software. The number of neurons in the
hidden layer can affect the overall number of weights in
an ANN model. Selecting a sufficient number of neurons
in the hidden layer is important. If the hidden layer has
few neurons, the ANN will have less computational
resources to deal with the problem. When too many
neurons are in the hidden layer, the network can learn
insignificant information regarding the training set that is
usually unimportant to the overall problem's behavior.
Therefore, using the minimum number of neurons in the
hidden layer is important.

Figure 4 shows the relationships between the predicted
and calculated values using the created ANN model. In
this study, the R2 value used to determine the importance
of the ANN model developed is 0.684241. The results
show that 68.4% of the variance in the IRl could be related
to the variance of pavement distress in the developed
model.

R?=0.6842
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Figure 4. ANN model prediction accuracy

Table 6 shows the structural features of the ANN model
developed and calibrated within the scope of the study.
As the architecture of the network, there are 22 neurons
expressing distress along with severity levels in the input
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layer and one neuron expressing IRl in the output layer.
Many hidden layers and many neurons were analyzed in
the calibration of the network. The highest level of
performance was found in 23 neurons in a single hidden
layer.

Table 6. Structural details of the ANN model

22 inputs, 23 hidden
layers, and 1 output
Training: 70% of the data
Validation: 15% of the
data

Testing: 15% of the data
Feed Forward Back
Propagation
Backpropagation
TANSIG
Levenberg-Marquardt
Mean- Squared Error

The structure of the Network
used

Percentage of the data used for
training, validation, and testing

Type of Network

Function used for training
Transfer Function
Training Algorithm
Performance Function

4. Discussion

In the study, nonlinear regression, MARS and ANN
methods were used to model the relationships between
inputs and outputs. Briefly, a method progressing from
simple to complex was preferred in modelling the
relationships between surface distortions and IR
Besides, nonlinear regression analysis, though relatively
interpretable, has limited flexibility in capturing complex
relationships between variables. MARS offer adaptability
and non-parametric modeling, automatically identifying
interactions without distribution assumptions, yet may
suffer from increased complexity and potential over-
fitting. ANNs excel in capturing intricate non-linear
patterns, adaptively learning from data, but their black-
box nature, tendency to over fit, and computational
demands can limit interpretability and make them
resource-intensive. The choice among these approaches
hinges on a trade-off: nonlinear regression for
interpretability, MARS for a blend of interpretability and
adaptability, and ANNs for maximal predictive accuracy
while accepting their complexity and computational
requirements.

All three mathematical modelling techniques used in the
study are solution tools frequently used in science. They
have been the subject of numerous studies and scientific
publications for years. When you want to examine the
recent developments and usage examples of these
approaches, you can look at Frost [38] for nonlinear
regression, Rodriguez [39] for MARS, and Aggarwal [40]
for ANN.

To evaluate more objectively the modeling approaches
used in this study between pavement distress and IR, it is
necessary to compare all modeling approaches by using
traditional statistical comparison methods such as
correlation coefficient (R), determination coefficient (R2),
root mean square error (RMSE), Nash-Sutcliffe Efficiency
Coefficient (NSCE), mean absolute error (MAE), and
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normalized root mean square error (NRMSE). Correlation
coefficient in equality (8), determination coefficient in
equality (9), root mean square error in equality (10),
Nash-Sutcliffe Efficiency Coefficient in equality (11), mean
absolute error in equality (12) , and normalized root mean
square error are expressed mathematically in Equation
(23).

L (Xi - X) (Y;- V)

TG - %02 x T (V- V)

(8)

R2= (ZRL (X - %) (Y- V)2
T -X02x I (V-

(9)

n AV
RMSE= |Etit (10)
_1_ [ZRa0-v)?
NSCE=1 zi":l(xi-foz] (11)
MAE= 2=l (12)
[F 20, 06-v02
NRMSE= ¥*——— (13)
max- Xmin

Here Xi is the observed value, Yi is the predicted value, X
is the average of the observed value, Y is the average of
the observed value, n is the number of samples in the data
set, Xmax is the maximum observed value, and Xmin is the
minimum observed value. The statistical parameter
values found in the three different modeling approaches
evaluated in the study are shown in Table 7.

Table 7. Comparison of the model's performance

MARS SPSS ANN
R 0.789372378 0.711546953 0.827188522
R? 0.623108751 0.506299066 0.684240851
RMSE 0.416683207 0.479350493 0.382164363
NSCE 0.623108751  0.50121841 0.682967028
MAE 0.313949559 0.351148571 0.294739697
NRMSE 0.102757879 0.118212204 0.094245218

These results indicate that the ANN model performs
better than MARS and SPSS models. Similar findings were
obtained in previous research, confirming that the ANN
model's prediction accuracy is satisfactory [7, 8, 41]. The
prediction performance of the MARS approach is also
better than that of the most used SPSS approaches.

5. Conclusion

Several pavement performance prediction models have
been constructed using in-service pavement databases.
However, the LTPP database was used in this study
because it is the world's largest pavement performance
database. The LTPP program is the largest pavement
performance research program, collecting data from over
2,581 pavement sections in the United States and Canada
over the past 33 years and aiming to study pavement
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performance in these sections for a longer period of time.
The LTPP program includes two types of experiments:
General Pavement Studies (GPS) and Specific Pavement
Studies (SPS).

The models have been developed based on the Long-
Term Pavement Performance (LTPP) Database. The LTPP
data were derived from GPS-1 and GPS-2 sections for
seven U.S. states: Arizona, Florida, Minnesota,
Mississippi, North Carolina, Oklahoma, and Tennessee.
The main purpose of this study was to create pavement
performance models to predict IRl from pavement
distress using LTPP data.

In this study, regression analysis was performed to
develop models from the data collected to study the
relationship between IRI as the dependent variable and
pavement distress as the independent variable. To
develop the best model, regression analysis is performed
using three methods Nonlinear Regression Analysis,
Multivariate Adaptive Regression Splines (MARS), and
Artificial Neural Networks (ANN).

The developed models have coefficients of determination
(R2) equal to 0.516, 0.623, and 0.684 for nonlinear
regression analysis, multivariate adaptive regression
splines (MARS), and artificial neural networks (ANN),
respectively. The models generated, calibrated and put
into use within the scope of the study are explained in
sections 3.1, 3.2 and 3.3 of the study. Finally, the results
showed that the developed ANN model could predict the
IRI of GPS-1 and GPS-2 pavement sections with very good
accuracy and less error compared to nonlinear regression
analysis and multivariate adaptive regression splines
(MARS) models. The most valuable statistics error
analyses, including R, R2, RMSE, NSCE, MAE, and NRMSE,
were employed to compare the developed models are
also supported the ANN model for better performance.

The performance levels of mathematical models are
evaluated with the benchmark parameters allowed by
statistics. In this study, six of these benchmark
parameters were used for comparison. According to all
these parameters, it is clear that the level of agreement
between the prediction results of the models developed
with three different techniques and the actual data is
highest in the model developed with the ANN approach.
This comparison is explained in chapter 4.

Due to the complex structure of fiel[dwork and the need
for intensive labour, surface distress and IRl
measurements cannot be made on very recent dates and
in a recurring format every year. In addition, although
some surface distress data have a negative impact on the
mechanical strength of the pavement, their negative
impact on surface irregularity (roughness) is limited. Even
if some surface distresses are on the coating surface, their
effect on discomfort remains limited since they are not on
the trace of the IRl measurement. All these constraints
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are the main reasons prediction similarities remain at
limited levels in modelling studies. As a result, the effects
of each distress type and severity on IRl can be
determined with precision only with similarity models
created in a universe where data sets are created under
idealized conditions. It is clear that until these idealized
conditions are met, repeating similar studies on data
produced under actual application conditions will
continue to shed light on science.
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