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Abstract. Although the splash and spray phenomenon produced by heavy 
trucks on road pavements is not a significant issue in relation to traffic safety, 
it may cause considerable inconveniences for those driving cars or motorbikes. 
This paper addresses the issue of pavement engineering with regard to surface 
characteristics; particularly pavement texture and its influence on water 
mobilization and projection in conditions of wet weather and heavy traffic. 
Considering the theoretical concept of pavement macrotexture, the analysis 
starts with the hypothesis concerning a relationship between Mean Profile 
Depth (MPD) and water splashed during rain. In order to focus on the impact 
of texture on splash and spray, a field experiment was carried out to test the 
hypothesis using 5 test tracks on a range of different pavement textures. The 
experiment was performed using a Traffic Speed Drain Meter (TSDM), which is a 
new drainability survey device presented to PIARC for approval. This equipment 
employs the laser and image technology and allows one to simultaneously obtain 
MPD and water splash data. The results of drainability and MPD were compared 
for each test track. Having analysed the pavements with different MPD ranges in 
the experiment, it has been concluded that MPD and water splashed apparently 
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have an inversely proportional relationship. In addition, the TSDM proved to be 
a suitable equipment (repeatability) at an affordable cost (high performance 
of data collection). Finally, it has been concluded that there is a way to reduce 
splash and spray adjusting the infrastructure rather trying to solve the issue 
modifying vehicle moving modes. Therefore, if the issue is properly addressed 
by civil engineers and road managers, road safety in the areas of heavy rain may 
be improved at an affordable cost. The experiment presented here is considered 
a starting point opening the path for further research.

Keywords: drainability, mean profile depth (MPD), pavement, road, splash and 
spray, texture. 

Introduction

Splash and spray from heavy vehicles occur on wet pavements 
and causes inconveniences for those driving cars or motorcycles. The 
phenomenon analysed scientifically since the 1950s has been known for 
quite a time. The systems of different configurations and designs aimed 
at eliminating the phenomenon and protecting the drivers have been 
developed since the 1880s (Tennent, 1886; Marion, 1915). It was first 
perceived as a hazardous phenomenon for traffic safety, therefore, a great 
deal of research was carried out by different organizations, especially 
the Road Research Laboratory of the United Kingdom (Maycock, 1966) 
and the Federal Highway Administration of the United States (Weir et 
al., 1971). The studies regarding splash and spray were initially focused 
on the loss of visibility and reduction of contrast (Campbell, 1984), 
considering that drivers with low contrast sensibility due to deficiencies 
in their eyesight may be more likely to suffer a crash under reduced 
conditions of visibility (Koppa et al., 1992). Motorcyclists were also 
identified as a high-risk group (Tromp, 1985). However, the National 
Highway Traffic Safety Administration of the United States developed 
a study for the Congress in 1994 and excluded splash and spray from 
the list of significantly hazardous phenomena for traffic safety, based 
on several studies of accident rates carried out in the previous decades 
(National Highway Traffic Safety Administration, 1994).

Notwithstanding the above said, splash and spray from heavy 
vehicles continues posing inconveniences for drivers and particularly 
motorcyclists. Consequently, since the 1990s several studies have 
been carried out (Eklund, 1991; Koppa et al., 1992; Pilkington, 1990; 
Sheppard, 1989) with regard to what can be done to reduce splash 
and spray in the areas of protective devices (fenders and mudguards), 
as well as in the area of car tires and tire slippage. Pavement surface 
improvements are recognized internationally as being of primary 
importance in reducing splash and spray (Ashton & Baas, 1998). 
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Road-based options include texture improvements to chip seals and 
porous asphalt surfaces and to eliminate standing water through 
improved road geometry and drainage.

This paper takes an infrastructure-related approach and presents 
research regarding the influence of pavement texture on the water 
splash phenomenon occurring on wet roads. A joint research project in 
this field implemented by the company Euroconsult and the Technical 
University of Catalonia (Spain) and published by the Transportation 
Research Board (Pérez-Jiménez et al., 2011) was the foundation for the 
development of a new survey device measuring drainability and texture 
through Mean Profile Depth, MPD (Benatov et al., 2013).  Five Test Tracks 
were surveyed using this device in order to analyse the influence of 
surface texture on water splash.

1. Literature review

The characteristics of the splash and spray phenomenon were defined 
in the second half of the 20th century. Splash and spray is a combined 
concept which may be considered as two different water mobilizations 
(Pilkington, 1990):

Splash is “the mechanical action of a vehicle’s tire forcing water out of 
its path. Splash is generally defined as water drops greater than 1.0 mm 
(0.04 inches) in diameter, which follow a ballistic path away from the tire.”

Spray is “when water droplets, generally less than 0.5 mm 
(0.02 inches) in diameter and suspended in the air, are formed after 
water has impacted a smooth surface and been atomized.”

In 1978, (Weir et al., 1978) explained splash and spray through 
different water mobilization mechanisms including capillary adhesion, 
tread pickup, bow splash waves and side splash waves, as shown in Fig. 1.

Figure 1. Mechanisms of splash and spray (Weir et al., 1978)
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The main factors affecting the generation of splash and spray are also 
known (Resendez et al., 2007) and listed below: 

 • water film thickness present on the road surface (function of 
pavement porosity, geometry, drainage capability, texture, and 
rainfall intensity);

 • vehicle speed;
 • tire geometry and inflation and tread design and condition;
 • vehicle aerodynamics;
 • vehicle spray suppression devices;
 • wind vector.

Since the 1990s, several inventions have been developed to measure 
pavement drainability and wetting (Anderson et al., 1998; Benatov et al., 
2013; Brochard & Khoudeir, 2010; Escriba & Jiménez, 2015; Takashi et al., 
1994).

Although the National Highway Traffic Safety Administration 
(NHTSA) issued a study to the Congress of the United States concluding 
that splash and spray is not a significant road safety problem (National 
Highway Traffic Safety Administration, 1994), its impact on user road 
experience is still under research today.

Retroreflectivity measurements were performed to investigate 
wet conditions and the influence of splash and spray on road markings 
(Pike et al., 2007). Not only road markings, but also the relationship 
between the loss of visibility and pavement type under splash and spray 
conditions was studied in 2010. However, it should be note that the 
pavement surface factor in the models used by the aforementioned study 
was entered as one or zero numbers depending on the pavement type 
(porous asphalt = 1, other asphalt = 0), and the authors did not consider 
pavement texture as a factor (Rungruangvirojn & Kanitpong, 2010a).

In 2012, a survey was carried out to assess the impact of splash 
and spray on road users. As suggested by the research, participants 
experienced a greater degree of inconvenience (i.e., higher rates of 
obstructed concentration, distraction and risk and lower rates of 
confidence and control) for manoeuvres related to following other 
vehicles versus manoeuvres related to passing (particularly when 
following a dump truck) under splash and spray conditions (Flintsch 
et al., 2012). The influence of pavement macrotexture (characterized 
through MPD) on drainability (or water evacuation ability) has been 
recently investigated through field tests and finite-element models 
(Srirangam et al., 2014).

Considering the results of the field tests and the finite-element 
models, Srirangam et al. (2014) considered that the wet friction 
coefficient increases with MPD at a constant depth of surface water. The 
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authors came to conclusion that a larger MPD would increase the wet 
friction coefficient and thus reduce the risk of wet weather accidents.

In 2014, a model to measure splash and spray was developed by a 
team headed by G. Flintsch for the Federal Highway Administration 
(Flintsch et al., 2014). The model comprised three elements: a water film 
thickness model, an exposure model to estimate the amount of water to 
be projected by the tire, and a splash and spray model which predicts the 
likelihood of splash and spray occurrence based on the other two models.

The infrastructure component in this research was represented by 
the water film thickness model, which predicted water film thickness 
on pavement surfaces based on pavement surface properties and rain 
intensity. The team considered four infrastructure factors affecting 
splash and spray: pavement geometry (introduced by considering 
longitudinal gradient and pavement cross slope), pavement texture 
(involving Manning’s roughness coefficient), pavement porosity 
(distinguishing between dense asphalt mixes and porous asphalt) 
and pavement drainage (particularly considering the influence of 
longitudinal drains installed on the road).

The water film thickness model predicts water film thickness on 
pavement surfaces based on pavement surface properties and rain 
intensity and is based on laboratory experiments. The model used 
(Anderson et al., 1998) was based on the kinematic wave equation and 
included Manning’s roughness coefficient as a variable.
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where WFT – water film thickness, in; n – Manning’s roughness 
coefficient; L – drainage path length, in; i – rainfall rate, in/h; S – slope of 
drainage path, in/in; MTD – mean texture depth, in.

In 2011, the University of Southern California (USC) carried out an 
experiment about the spray development behind a tire rolling over wet 
pavement. Several tires with different kinds of grooves were tested and 
the process was monitored by a laser and a video camera (Plocher, 2011). 
The aim of the project was to determine a technique for evaluating the 
time-to-drain. This concept represents the time interval required to 
remove all (or most) of the liquid in a tire groove. Although the study 
was interesting considering the reaction of the vehicle, the influence of 
infrastructure (pavement) was not considered in this study.

One of the latest significant studies on the relationship between 
pavement drainability and macrotexture was performed recently in 
Virginia using several surveys (Mogrovejo et al., 2016). The study 
covered 32 different road sections, involving almost all types of asphalt 
pavement used in the state of Virginia. The team ran several surveys 
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with four different types of equipment: CT meter for static macrotexture 
measurements, HSLD for dynamic macrotexture measurements, 
GripTester for slip friction measurements and OBSI for tire-pavement 
noise measurements.

The aim of the study was to characterize the macrotexture in detail, 
which allowed researchers to propose an index for providing a good 
correlation with asphalt surface properties by estimating the effective 
area for water evacuation (EAWE). The proposed EAWE index (measured 
in mm2) defines the area between the tire enveloping profile and the 
pavement profile where tire-pavement contact occurs. EAWE index is 
defined as following:

 EAWE
b b
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where bi is the difference of the i-th data point in the enveloping profile 
minus the i-th data point in the original pavement profile, h = 0.5 mm, 
which is the spacing between data points in the profiles.

That research showed that texture measured as the mean profile 
depth (MPD) overestimates the pavement ability to evacuate water 
(Mogrovejo et al., 2016), and it was concluded that such drainability 
indicator as EAWE gives a more realistic relationship with real pavement 
texture, it also better correlates with pavement characteristics than 
MPD.

Recently, the problem of visibility loss due to splash and spray has 
been analysed with mathematical scattering formulation (Yu & Sun, 
2018), considering the principle of multiple scattering of photons. 

Figure 2. Effect of visibility loss (percentage of light reduction (LRM) and 
percentage of colour change (CCM)) for each mix type. PC, passenger car 
(Rungruangvirojn & Kanitpong, 2010b)
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Just as in Plocher’s study, the influence of infrastructure has not been 
considered in this case.

A study focused on the visibility loss that considers an infrastructure 
approach (Rungruangvirojn & Kanitpong, 2010b) analyses it by 
using laser technology and digital LUX meters. In this study, two test 
procedures were used for measuring visibility loss due to splash and 
spray. The first procedure is called the light reduction method (LRM) 
and the second is called the colour changing method (CCM). The tests 
were carried out over porous asphalt (PA), stone mastic asphalt (SMA) 
and conventional dense asphalt. The main findings about the influence of 
infrastructure are displayed in Fig. 2.

The results are logical, considering that porous asphalt has a high 
void content (about 20%) unlike SMA (4–7% in SMA) and conventional 
dense asphalt (typically 3–6%).

2. Experimental study

2.1. Description of survey equipment 

In order to analyse the correlation between pavement texture 
characterized through MPD and water evacuation, the authors used a 
new device called ‘Traffic Speed Drain Meter’ (hereafter TSDM, known 
in Spanish as DVT). Leonardo Benatov (private engineering company), 
Felix Perez and Rodrigo Miro (Polytechnic University of Catalonia) 
patented this equipment in 2013.

The TSDM measurement system is based on recording the amount 
of water splashed by a tire driving over a wet pavement. This system 
consists of a towed water tank which releases a constant stream of 
water ahead of a given standard tire. A high-resolution camera captures 
the water drops as they cross a measurement plane illuminated by 
a laser light source on its back. The measurement plane is close to the 
tire pavement interface and the drops are measured at different heights. 
Based on this system, a range of measurement parameters and variables 
has been defined and set, such as the position of the measurement plane, 
the type of tire, the water flow to provide, and the way the water falls 
on the pavement, together with the type of camera and its measurement 
conditions. 

As shown at the beginning of the measurement, it is necessary to 
release a constant and controlled stream of water over the pavement 
ahead of the test tire in order to measure splash and spray. To do so, the 
system is installed under a standard trailer with a water tank on top 
of it, which can be towed by a commercial truck. The following figure 
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shows the commercial trailer towed by a SCRIM® measurement system, 
but it can be towed by any type of vehicle with enough power to keep a 
steady, fixed speed. An installation sample is shown in Fig. 3.

The performance of the device is based on the controlled simulation 
of the conditions, under which the water splash and spray takes place, 
in order to collect this information and process it by means of image 
analysis. To such end, a certain volume of water is released in front 
of the measurement tire, thus creating a controlled water film over 
the pavement. The wheel used to generate the splashes over the wet 
surface is mounted on tires with the tread pattern commonly used in the 
automotive industry, and is ballasted with a constant load so as to keep 
permanent contact with the driving surface. The lighting system and 
the camera must be protected from the surrounding light, so the whole 
ensemble is covered by a case or box protecting and keeping the tire, the 

Figure 3. a) view of the Traffic Speed Drain Meter (TSDM) in the process of 
conducting a survey; b) view of the trailer with a tank capacity of 15 000 L 
and the system of water projection before the tandem axle

b)a)

Figure 4. a) measurement principle of the Traffic Speed Drain Meter and 
the diagram of the measurement tire under the vehicle; b) water projection 
system installed on the trailer and plane for image collection

b)a)
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measurement plane and the high-speed camera in the dark. The diagram 
in Fig. 4 shows the basic measurement system of the device.

The measurement plane is perpendicular to the road surface. The 
truck used a conventional tire, with an aim to simulate a typical heavy 
vehicle. The water is controlled by the equipment, which provides 
a constant water flow to the tire to produce splash and spray. The 
water flow is similar to that used in the SCRIM survey (Standard UNE 
41201:2020). The camera used in the survey was a high-resolution 
colour camera and the laser worked at 650 nm wavelength.

This equipment provides repeatable and reliable measurements. The 
device was presented to PIARC for assessment and approval (Moffatt, 
2016), as well as presented to the European Pavement and Asset 
Management Conference in Mälmo, Sweden (Sánchez Domínguez et al., 
2012). In addition, the TDSM has been considered as a ‘probe vehicle’ 
at the PIARC International Seminar “Global Approaches on Sustainable 
Pavements”, held in Cancun, Mexico (Briessinck & Moffatt, 2017).

2.2. Comparison with the existing technology

The existing technology used to measure splash and spray has 
evolved significantly since the first prototypes. Several different 
approaches have been tried since the 1960s. They can be classified by the 
type of measurement system they use.

Physical collection: used in early studies, were based on physical 
collection of splashed water droplets. Several authors used this method 
(Maycock, 1966; Pilkington, 1990; Ritter, 1974). The problem with this 
method consists in the fact that results cannot be repeated and it is 
difficult to reproduce the physical collection.

Static optical methods: the splash and spray phenomenon is 
assessed with the help of static laser technology. Some lasers are 
installed on the fixed structures and cameras are placed at each side 
of the test track. Various studies have been performed using this 
measurement system (Chatfield et al., 1979; Koppa et al., 1985; Society 
of Automobile Engineers, 2011). The main problems with this system 
are the changes in contrast, the subjectivity of the observation and the 
occlusion occurring at moderate speeds.

Dynamic vehicle-mounted systems: this technology consists of 
lasers which are mounted on the survey vehicle. The lasers may assess 
the water in different ways (directly toward the pavement, toward a 
plane perpendicular to the pavement). This system may be aided by 
high-definition cameras. This method has materialized via several 
different prototypes over in the last few years (Benatov et al., 2013; Tang 
& Flintsch, 2015).
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The “Traffic Speed Drain Meter”, equipment used in this experiment, 
was designed by Benatov et al. and its main advantages is the 
repeatability of the measurements, the ease of data collection (high 
performance) and its affordable cost (dynamic vehicle).

2.3.  Survey features

Once in the field, the survey was performed, setting the following 
parameters:

 • vehicle speed: 25 km/h;
 • image time acquisition ratio: 10 images/s;
 • image spatial acquisition ratio: 1.44 images/m.

No data were collected in the roundabouts, the water supply was cut 
off as a safety measure to prevent accidents. 

2.4.  Test tracks surveyed

In order to have enough data and assess different roads with different 
pavement structures and surfaces, five test tracks in three roads in the 
Madrid region were surveyed with the TSDM device. These roads have 
three well differentiated pavements: two of them were dense-graded 
bituminous mixtures, and the other one had an open-graded mixture.

A map with the track route is displayed in Fig. 5.
The test tracks surveyed are those set out below:
 • Roundabout “Río de Janeiro” (starting),
 • Test Track 1: Road Río de Janeiro roundabout – El Nogal. Starting 

station: 0 + 140. Final station: 1 + 970,
 • Test Track 2: Road Algete – Exit to Fuente el Saz de Jarama. 

Starting station: 3 + 310. Final station: 3 + 810,
 • Test Track 3: Road Exit from Algete – Fuente el Saz de Jarama. 

Starting station: 3 + 890. Final station: 8+290,
 • Test Track 4: Road Fuente el Saz de Jarama – Exit to Valdetorres. 

Starting station: 8 + 390. Final station: 9 + 450,
 • Test Track 5: Road Junction at Río de Janeiro roundabout. Starting 

station: 19 + 550. Final station: 20 + 930.
The test tracks have different texture ranges. Test Track 1 had MPD 

values between 0.2–0.8, while Test Track 2 and 4 were between 0.5–0.8. 
Test Track 3 was between 0.3–1.0 and Test Track 5 had an MPD range 
between 0.4–1.0. Different texture ranges allude to dissimilar aggregate 
grading: dense-graded, more open-graded, with more quantity of fine 
aggregates, or a higher degree of coarse aggregates. It was found useful 
to analyse the trends between texture depth and water splashed for 
different configurations. These textures are presented in Fig. 6.
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Figure 5. Test tracks analysed. Test Track 1 is marked dark blue, Test Track 
2 – yellow, Test Track 3 – red, Test Track 4 – light blue, Test Track 5 – purple. 
Map source: Openstreet Maps

Figure 6. Photographs of the Test Tracks 1 to 5 (from left to right and up to 
down)
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3. Theoretical analysis

The methodology applied to the conducted drainability analysis 
is based on the software procedures developed for this purpose. The 
software receives digital images and conducts two different types of 
analysis: image analysis and contextual analysis.

3.1.  Image analysis

This task consists in determining the number of water droplets 
belonging to or present in a picture. To achieve this, the software 
performs normalization of the illuminated plane, which allows extracting 
those elements (water droplets) from the picture background. A sample is 
shown in Fig. 7.

Once we identified the number of water droplets belonging 
specifically and only to the illuminated plane of each picture, the 
software proceeds with calculating their representative values; that is to 
say, the “droplets characterization”. The values obtained for each water 
droplet are as follows:

 • coordinates bounding-box (droplet position),
 • droplet size (number of pixels),
 • droplet mass (droplet size x illumination intensity),
 • centre of mass (1st moment),
 • covariance matrix (2nd moment).

After having determined, characterized and filtered the digital 
images, the software starts the process of generating the image 

Figure 7. Segmented digital picture from image processing software with 
identified water droplets
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descriptor, which will characterize each picture. This process involves 
three tasks:

 • image division in sections and calculation of their histograms,
 • generation of the descriptor vector,
 • classification of the image descriptor.

Once the image descriptor vector has been classified, the assessment 
of the punctual pavement drainability is made. The equipment, in 
addition to providing the drainability analysis, also gets an MPD value 
in the same track point with the help of the laser profilometer. A one-
time measurement is not enough to characterize a road stretch, so it is 
necessary to evaluate its coherence with the adjacent values in order 
to get a track measurement. For this reason, the software performs the 
second process called Contextual Analysis.

3.2.  Contextual analysis

The contextual analysis involves generation of the contextual 2nd 
order descriptor prior to its classification. In order to generate the 2nd 
order descriptor, it is necessary to accumulate certain drainability 
measurements for consecutive pictures. This is performed with a buffer 
which allows accumulating measurement data for a 10-meter stretch of 
pavement. This buffer has a circular structure; i.e., once “n” pictures are 
obtained, incorporating a new picture, the first picture obtained is lost. 
It is a concept similar to the moving average used in other applications 
related to road engineering.

After calculating this second descriptor, the software starts 
the classification process. In this task, similar as it occurred in the 
classification of the 1st order descriptor, the obtained value is then 
entered into a neural network developed exclusively for this descriptor, 
which is independent from the previous one. This neural network 
classifies the descriptor by taking the coherence of the contextual 
information into account. When the software finishes the analysis for 
all digital images in a road track, the application generates a result chart 
which shows the road track divided into drainability categories.

4. Results: the influence of texture on drainability at 
the test tracks

In order to present the quantitative information about the collected 
data, Table 1 lists the main parameters for each test track. Each record 



14

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

means one value for MPD, one value for water droplets (number) and one 
value for water droplets (mass).

Table 1. Quantitative information about the collected data

Test Track 1 Test Track 2 Test Track 3 Test Track 4 Test Track 5

Starting station
Final station

0 + 140
1 + 970

3 + 310
3 + 810

3 + 890
8 + 290

8 + 390
9 + 450

19 + 550
20 + 930

Length 1.83 km 0.50 km 4.40 km 1.06 km 1.38 km

Number of records 182 51 325 107 139

Given that the research team had a dynamic measurement vehicle, 
the tests could be performed on the same day, so the effect of wind was 
not considered in this study. The results in terms of splash produced by 
the truck are summarized in the following charts, which represent the 
number of droplets identified during the route, distinguishing between 
different test tracks, and the mass of the water droplets.

The following charts in Fig. 8 to Fig. 12 show the number of water 
droplets in the y axis versus pavement texture in the x axis.

Figure 8. Number of water droplets on Test Track 1
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Note: the lines exhibited by the figures are given by the statistic 
software and have the following meaning: dark blue line is the best 
adjustment, green lines are the lower-confidence limits, and light grey 
lines show external prediction limits.

Confirmation of the hypothesis is certainly weak, considering the 
regression between drainability and pavement texture. However, a 
slight trend can be observed for the highest MPD values: in most of cases, 
when MPD is higher, the amount of evacuated water increases, and the 
lower the texture value, the lower amount of water is mobilized. The 
relationship appears relatively clear for Tracks 1, 3 and 5. However, 
for Tracks 2 and 4 it seems to be relatively horizontal (low variation 
of water splashed with texture variation). Nevertheless, the inversely 
proportional relationship seems to be present in most cases.

Figure 9. Number of water droplets on Test Track 2
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Figure 10. Number of water droplets on Test Track 3

Figure 11. Number of water droplets on Test Track 4
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In light of the linear correlations, it should be noted that data 
dispersion has an impact on the solidity of the relationship so, 
statistically, the relations between the pavement texture and a physical 
phenomenon (splashed and sprayed water) appear weak, which can be 
seen in Table 2.

Table 2. Correlation coefficient, R2 and p-value for the linear regressions 
between MPD and splashed water (No. droplets)

Test track Correlation 
coefficient R2 p-value

Test Track 1 –0.045 0.002 0.540

Test Track 2 –0.002 0.000 0.988

Test Track 3 –0.181 0.033 0.002

Test Track 4 –0.062 0.004 0.551

Test Track 5 –0.248 0.062 0.003

Figure 12. Number of water droplets on Test Track 5

W
at

er
 d

ro
pl

et
s, 

nu
m

be
r

Plot of Fitted Model
Water droplets T5 = 897.114 – 488.198 × MPD T5

Mean Profile Depth, mm

1600
1400
1200
1000

800
600
400
200

0

0 0.2 0.4 0.6 0.8 1.0 1.2



18

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

In order to get a more accurate perception of the relationship 
between the pavement texture and the physical phenomenon (splashed 
and sprayed water), a multiple variable analysis was carried out, 
involving in this case the mass of water droplets, which represents, 
physically, the water sprayed when a truck drives on a wet road. 
Considering the variables (pavement texture, which represents 
infrastructure influence; number of water droplets, which represents 
water sprayed; and mass of water droplets, meaning water splashed), 
scatterplot matrices were created and Pearson product-moment 
correlation and Spearman rank correlation were calculated. The 
scatterplot matrix is displayed in Fig. 13.

In this regard, Pearson product-moment correlations between 
each pair of variables were determined for each road test track. These 
correlation coefficients range between –1 and +1, they measure the 
strength of the linear relationship between the variables. p-values below 
0.05 indicate statistically significant non-zero correlations at the 95.0% 
confidence level. In several road test tracks, the results were moderately 
satisfactory taking into account the initial hypothesis. The number of 
water droplets shows a statistically significant relationship with the 
pavement texture, considering a value of −1 implies that all data points 
lie on a line for which y decreases as x increases, and the coefficient 
reached was –0.31. The graphics from Fig. 14 to Fig. 18 show the Pearson 
product-moment correlations for Test Tracks 1 to 5.

Regarding the Pearson product-moment correlations, only Test Track 
5 provides a relevant Pearson value (–0.31) between MPD texture and 

Figure 13. Scatterplot matrix of Road Section 3

Water droplets T3, mass

Water droplets T3, number

Mean Profile Depth T3, mm
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water splashed. Test Track 3 demonstrates a weak correlation value 
(–0.18), and the remaining test tracks do not show any apparent Pearson 
correlation.

Figure 14. Pearson product-moment correlations between each pair 
of variables for Test Track 1

Figure 15. Pearson product-moment correlations between each pair 
of variables for Test Track 2
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Figure 16. Pearson product-moment correlations between each pair of 
variables for Test Track 3

Figure 17. Pearson product-moment correlations between each pair of 
variables for Test Track 4
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Additionally, Spearman rank correlations between each pair 
of variables were calculated. These correlation coefficients range 
between –1 and +1; they measure the strength of association between 
the variables. In contrast to more common Pearson correlations, the 
Spearman coefficients are computed from the ranks of the data values 
rather than from the values themselves. Consequently, they are less 
sensitive to outliers than the Pearson coefficients. The results for road 
Test Track 3 can be seen in Table 3.

Table 3. Spearman rank correlations for road Test Track 3

Water droplets 
[Mass]

Water droplets  
[Number]

MPD 
[mm]

Water droplets 
[Mass]

0.8155 –0.1133

0.0000 0.0485

Water droplets 
[Number]

0.8155 –0.1984

0.0000 0.0006

MPD 
[mm]

–0.1133 –0.1984

0.0485 0.0006

Figure 18. Pearson product-moment correlations between each pair of 
variables for Test Track 5
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The upper number in each box is the Spearman coefficient, and the 
number in bold is the p-value correlation coefficient.  p-values below 
0.05 indicate statistically significant non-zero correlations at the 95.0% 
confidence level.

Considering the low R-squared correlation value, and with the aim 
of stating the statistical significance of water splashed depending to 
pavement texture for 5 test tracks, an ANOVA analysis was performed. In 
order to get proper and affordable results, MPD values were divided into 
five categories summarized in Table 4.

Table 4. MPD ranges for ANOVA analysis

MPD range Min Max

1 0.00 0.30

2 0.30 0.50

3 0.50 0.70

4 0.70 0.90

5 0.90 ∞

The ANOVA analysis was performed by comparing water droplets as 
a dependent variable and MPD range from Table 4 as a factor. Statistical 
significance between the differences among MPD ranges for water 
droplets collected would confirm the hypothesis of this paper: the 
existence of a relationship between water splashed in a wet road and 
pavement texture. The performed analysis is displayed through three 
graphics: scatterplot by level code, graphical ANOVA and box-and-
whisker plot, displayed from Fig. 19 to Fig. 21.
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Figure 19. Scatterplot by level code. ANOVA analysis

Figure 20. Graphical ANOVA plot for water droplets
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The results of the ANOVA analysis are given in Table 5.

Table 5. Results of ANOVA analysis of water droplets by MPD ranges

Source Sum of Squares Df Mean Square F-ratio p-value

Between groups 3.18 · 106 4 7.95 · 105 11.39 0.0

Within groups 5.49 · 107 786 69 816.9    

Total (Corr.) 5.81 · 107 790      

The ANOVA table decomposes the variance of water droplets number 
into two components: a between-group component and a within-group 
component. The F-ratio, which in this case equals 11.3911, is a ratio of 
the between-group estimate to the within-group estimate.  Since the 
p-value of the F-test is less than 0.05, there is a statistically significant 
difference between the mean water droplets number from one level of 
MPD range to another at the 5% significance level. This result confirms 
that the range of pavement macrotexture (infrastructure factor) has an 
influence on the water splashed from a tire rolling over wet road.

Figure 21. Box-and-whisker plot. ANOVA analysis
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Finally, in order to get a better view after the qualitative analysis 
of the survey data, a quantitative analysis was performed; it is shown 
below. As mentioned earlier in the section “Methodology”, the MPD 
values were collected simultaneously with the drainability test, and 
the longitudinal results for this parameter are shown in the chart 
below. Potentially, observations could have been made using the 
results displayed separately. However, an entire chart was deemed to 
be preferable in order to have a longitudinal view of the survey data, 
particularly of the differences between pavement sections with different 
surface conditions. The quantitative analysis is displayed in Fig. 22.

The test tracks have different texture ranges. However, in a 
continuous display, the trend in the relationship is more noticeable. 
When pavement texture (light blue) increases, the amount of water 
splashed declines in the majority of test tracks. A reasonable explanation 
for this behaviour would lie in the physical concept of texture depth: 
when rainfall has more space to be deposited, more water remains in the 
pavement texture between aggregates. The natural consequences are a 
reduction of the water film thickness in open-graded pavements and a 
decrease of splashed water with traffic flow. A sample water distribution 
across the pavement texture is shown in Fig. 23.

Figure 22. Longitudinal representation between pavement MPD and water 
droplets through the road stations
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Figure 23. Rainfall water in the pavement texture

Conclusions

In light of the results obtained in this study, having conducted the 
ANOVA analysis, it has been confirmed that the range of pavement 
macrotexture (infrastructure factor) has certain influence on the water 
splashed from a tire rolling over the wet road. In addition, there seems 
to be a significant relationship between the pavement texture and water 
splashed in Test Tracks 3 and 5, which apparently varies inversely. 
However, this conclusion cannot be generalized for other test tracks. 

In order to get more conclusive results, the authors consider 
increasing the sample size (from 5 tracks to 15–20 tracks) in future 
research. Analysis of other infrastructure variables could be helpful 
in setting the boundary conditions of the relationship between water 
splashed and the infrastructure. Although the experiment was carried 
out on the relatively horizontal roads (low longitudinal slope), the 
influence of road alignment (i.e., longitudinal and cross slope) on the 
water splashed appears to be another interesting field of research. A 
future research shall involve more tests with other tracks in order to 
find an empirical correlation between the road texture and splashed 
water. In this regard, more studies are necessary in the future to make 
general and broader conclusions.

It was possible to make the findings presented in this study thanks to 
the use of the “Traffic Speed Drain Meter”, which allows the tests to be 
reproduced on other roads in different countries or regarding different 
bituminous mixtures and road conditions. The equipment could make 
drainability assessment easier and repeatable (dynamic vehicle) at 

Bituminous mixture

Rainfall water

H

H – mean profile 
depth (MPD)

Rolling surface
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an affordable cost (high performance of data collection). The range of 
pavement types analysed may be considered another contribution, since 
previous studies covered the surveys using only two types of pavements: 
open-graded and dense-graded mixtures. This study has aimed to get a 
bigger sample of pavement surfaces with different aggregate grading, 
covering different MPD ranges.

Many studies have been carried out to reduce splash and spray 
considering such factors as car tires, protective devices, and traffic 
speed. In this regard and according to the obtained results, pavement 
texture appears to be another significant factor that should be 
considered when adopting the infrastructure approach. Consideration of 
the consequences the surface design has on splash and spray production 
can help pavement engineers design a better surface finish. It may 
also assist road maintainers to reduce splash and spray problems and 
the related inconveniences in conditions of wet weather, providing 
opportunity to ensure that the roads under their responsibility have the 
proper texture. 

The experimental method met suitable features to minimize the 
contamination of results (relatively flat terrain avoiding distortion in 
water collection because of longitudinal slope, roads with transverse 
slope of 2%, temperate climate, etc.). Nevertheless, the sample expansion 
is considered the main way to improve the accuracy of the correlation 
studies between the pavement texture and water splashed. To achieve 
more quantitative conclusions (i.e., the development of a relationship 
equation, the variation of the relationship for different climates, etc.), 
it is necessary to obtain a wider sample of roads surveyed in different 
continents. The experiment presented here is a starting point; this line of 
research will be followed in future.
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Abstract. Vilnius is one of the most dynamic cities in Eastern Europe 
experiencing a continuous increase in the number of vehicles and the 
development of road transport networks associated with a wide range of 
environmental impacts, greenhouse gas emissions, depletion of raw materials, 
energy and fuel consumption and also a social impact, expressed in the quality 
of life of people, human health, traffic jam and economic impact because of 
generated losses of economic efficiency. Different strategies have been adopted 
by the city of Vilnius to tackle the increasing traffic flows with a modest impact 
and without a long-term effect. This article aims at analysing the measures 
taken to improve the transport system of Vilnius city and presenting different 
types of solution, which could improve interconnectivity of passenger transport 
as ways to solve the problems of the urban transport system. 

Keywords: transport system, sustainable mobility, multimodality, “Park and 
Ride” platform, benefits.

https://orcid.org/0000-0002-9804-0064
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7250/bjrbe.2021-16.531


32

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

Introduction

The urban transport system is a set of transport infrastructures 
and modes consisting of separate objects that fulfils the main functions 
of the transport industry, passenger and freight urban movements 
(Minalga, 2009). 

The urban transport system is considered to be fully operational 
when the connection meets the need of all traffic participants and all 
vehicles (Baublys, Vasilis Vasiliauskas, 2011).

Qualitative fulfilment of this need requires proper flow planning and 
infrastructure in urban accesses. Improper interconnection of urban and 
suburban road networks often leads to congestion during peak hours. It 
is therefore necessary to develop the rural and suburban road network 
in a balanced way and to integrate it into the urban transport system 
(Vasilis Vasiliauskas, 2013).

It is very important to take into the account the transportation sector 
on the environment. In order to minimise environmental damage, a 
suitable infrastructure and hybrid electric vehicles are being developed, 
a sustainable mobility and other environmentally-friendly measures are 
being promoted (Jaržemskis et al., 2012).

The increase of the population and the number of vehicles and the 
acceleration of mobility, the urban transport system must constantly 
improve and respond to the needs created by the society (Sodiq et al., 
2019).

The level of the transport system development is best showing 
by traffic efficiency. Efficient traffic means fast, high-quality, safe, 
convenient, financially profitable and low-polluting travelling through 
transport infrastructure (Jaržemskis, A., & Jaržemskis, V., 2017). The 
main and most obvious reasons for reducing transport efficiency are 
congestion. This is a global problem, which is the result of controlled 
and uncontrolled reasons. The causes of road traffic congestion have 
been elucidated, but this does not always help find long-term solutions 
that will completely solve the problem (Rodrigue et al., 2006). Taking 
into account all the causes of traffic jams, four main categories of their 
appearance can be identified: environmental impact; mechanical 
problems; human fault and infrastructure imperfections (Zhuang et al., 
2017). 

Investing in sustainable urban design and turning each 
neighbourhood into a particular settlement centre would solve many 
problems related to the traffic congestion. The overall need for travel 
would be greatly reduced, as the main reasons for leaving the district 
would be to reach a workplace, to fulfil specific wishes and to visit 
events (Rokicki & Stepniak, 2018).
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The sustainable design of a neighbourhood, bringing together all the 
most important objects nearby, can also have a positive impact on the 
development of a healthy lifestyle. All commodities are easily accessible 
on foot or by bicycle, changing the outdated habits of society when it 
comes to use car. A good localization of the commodities in the region 
and the development of a comprehensive approach would contribute 
to an improvement in the quality of life in the long term (Rokicki & 
Stepniak, 2018).

Alternative and environmentally-friendly means of traveling are 
increasingly being considered. They are designed to make journey faster 
and more attractive than it is now by usual ways of traveling. Sustainable 
mobility plan (SMP) in the cities are used to achieve such goals.

It is very important to create the right conditions for each mode of 
transport to reveal its strengths. For this reason, bicycle networks are 
being set up in cities, bicycle parking and sharing sites; “Park and Ride” 
sites and terminals connecting different modes of transport are being 
built (Sodiq et al., 2019).

The SMP offers alternative travelling options to see that combining 
them with each other can offer a faster journey.

The biggest problem is the constantly increasing number of 
population and cars in the cities that exceed the capacity of road 
traffic than can be controlled; solving this problem by increasing 
capacities always leads to even greater hidden need. A strategically 
effective measure in fighting against the increasing demand for the 
road transport system is alternative modes of traveling that allow for 
sustainable and multimodal mobility, involving different modes of 
transport and measures that help distribute traffic flows.

1. Research methodology

An interview was conducted to substantiate or refute the information 
gathered during the analysis of the documents. The interview method 
is applied in sociology and social psychology to obtain oral information 
provided in the research program; this method is considered to be one 
of the most effective methods of qualitative research (Tidikis, 2003). 
The main reason for choosing the qualitative (expert evaluation) 
method is that expert evaluation allows obtaining objective results in 
order to achieve objectivity in the analysed problem (Tidikis, 2003). 
Interviews can be structured, semi-structured, and unstructured. In 
this work, a structured interview method was chosen ‒ a questionnaire 
was prepared. The structured interview was chosen because of its 
main advantage ‒ it ensured and allowed for the comparison of expert 
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opinions with each other, so it was possible to perform a detailed 
analysis of the expert opinion, which allowed obtaining information 
improving the efficiency of the Vilnius city transport. Additional 
information was also sought from the personal experience of experts 
and direct contact with transport issues. Inventory management experts 
were interviewed during the interview. According to K. Kardelis (2016), 
the survey of purposefully selected people-specialists with knowledge 
in a certain field allows achieving scientific objectivity. The experts 
were selected on the basis of the principles of the expert assessment 
methodology. The expert is a person with a lot of knowledge and 
experience, and the opinion of the expert group does not differ much 
from the actual solution to the problem. The experts were also selected 
on the basis of their experience in the field of transport system, as well 
as the fact that they were directly confronted with the urban transport 
problems. The aim of the interviews was to evaluate different aspect of 
Vilnius “Park and Ride” sites, to analyse the opinion of experts on the 
platform advantages and disadvantages of the most important aspects of 
the site for potential users. After the analysis of documents, as well as 
the questionnaire survey, the experts were asked questions in order to 
assess the possibilities of solving the problems. 

2. Analysis of transport system in Vilnius city

Observing the growth of the number of cars in Vilnius city, it is 
understandable that in the fight against traffic congestion it is necessary 
to take innovative and modern solutions aimed not only at solving 
the current problems, but also providing benefits in the long run. At 
this time, most European cities focus on the promotion of sustainable, 
mobile and environmentally-friendly way of traveling, while avoiding 
the use of motor vehicles and their generated traffic congestion. For the 
implementation of such goals, considering the proposals presented in 
the White Paper and other European Union transport policy regulations 
and directives, a Vilnius city SMP has been prepared. In order to achieve 
the goals of the SMP, three strategic orientations have been outlined, 
which aim at implementing this plan: formation of public traveling 
habits by promoting walking, cycling and public transport; management 
of motorized transport by eliminating transit traffic in Vilnius Old 
Town and achieving a general decrease in the level of motorization; 
coordination of urban development by regulating urban dispersion 
and ensuring the efficiency of urban logistics (Vilniaus miesto darnaus 
judumo plano santrauka, n. d.).
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During the period of 2019‒2020, the bicycle network in the city 
expanded by more than 40 kilometres. Over the next few years, the aim 
will be to complete the formation of a full-fledged network of bicycle 
routes, which will allow for convenient and safe access to all urbanized 
districts, even further away from the city centre. During the warm 
season, as many as 37 CycloCity bicycle rental points can be found in 
the city centre and its surroundings. Such items together with electric 
scooter rental stations are being set up next to the closest city centre 
“Park and Ride” sites, increasing the interaction between different 
transport options. The integration of a well-developed and user-friendly 
cycling network into the transport system is becoming an increasingly 
attractive alternative to fuel-powered transport, connecting important 
routes for residents and allowing fuel-free vehicles to travel without 
polluting nature.

According to the data provided by the municipality, investments 
in the development and improvement of cyclist and pedestrian path 
network in 2019 reached 7 million EUR (Pėsčiųjų takų plėtra, n. d.).

In order to achieve a more efficient functioning of the transport 
system in Vilnius city, in addition to the improvement of public 
transport, the promotion of sustainable mobility and multimodal 
traveling in the city, a well-developed infrastructure network of streets 
and roads is vital. As a result, reduced traffic congestion has a diverse 
positive impact on the city. It is reflected in improved road traffic ability, 

Figure 1. Siaurinė Street in Vilnius
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increased satisfaction of traffic participants, their safety on the road and 
reduced travel time, all of which contribute to increasing economic and 
environmental benefits. For this reason, the Vilnius road network and all 
the necessary infrastructure are constantly being expanded, improved 
and modernized.

A significant and positive boost in the fight against congestion is 
expected from the implementation of the Siaurinė Street construction 
project presented in 2018 and scheduled to start in 2020 (Fig. 1) Šiaurinė 
gatvė (n. d.). 

Vilnius city municipality sees the uninterrupted movement of traffic 
flows as another infrastructural measure to increase flow management. 
In addition to technical traffic improvement measures, the city is also 
improving its technological environment. In 2018, the automated traffic 
light regulation and control system was renewed ITS Vilniaus transporto 
sistemoje (n. d.). 

Vilnius city municipality considers the uninterrupted movement 
of traffic flows as another infrastructural measure to increase traffic. 
Besides the technical measures to better manage traffic, the city is 
also improving its technological environment. Indeed, in 2018, the city 
renewed its traffic lights automated regulating and controlling system.

The number of inhabitants and the area of the city territory is 
growing rapidly in Vilnius. Therefore, Vilnius is forced to adopt 
innovative solutions that promote sustainable mobility. This allows us to 
improve in the field of transport, to think about the future in the light 
of the directives provided by the EU and the growing environmental 
requirements. The city is investing heavily in renovating and improving 
the quality of its public transport park, expanding its network of cycle 
and pedestrian paths throughout the city, and talking more and more 
about the possible application of the metro. All of these tools promote 
the growing potential of multimodality, which together allow for a highly 
efficient and successful use of the “Park and Ride” platform. Proof of this 
form is noticeable positive examples in other European cities, such as 
Stockholm or Prague.

“Park and Ride” sites are part of the transport infrastructure 
and traffic planning system. It is one of the most popular tools for 
contributing to sustainable mobility and multimodality in cities. It is just 
one of many solutions needed to deploy for effectively taking advantage 
of the alternative traveling options created by the platform. Using this 
measure, paid parking lots are being built on the periphery of the city 
or at the entrances to the central part of the city, at points important 
for urban transport, where it is possible to travel comfortably by public 
transport after parking personal vehicle. In order to allow the “Park 
and Ride” project to operate efficiently, it is important that the network 
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of such infrastructure is located throughout the city and its accesses. In 
the summer of 2017, Vilnius City Municipality opened three “Park and 
Ride” sites. Assessing the quality of the services provided by “Park and 
Ride” it is important to pay attention to the needs of current users and 
potential users of such services. The public opinion survey revealed that 
comfort, reduce journey time and costs are the most important criteria 
for road-users.

The evaluation of the Park and Ride sites was performed taking 
into account the results of the quantitative research method  obtained 
by the survey from the public opinion poll and the collected statistical 
data. This method of research was chosen because quantitative research 
was characterised by the search for signs of an external phenomenon, 
obtaining various quantities that could be measured and calculated. 
Therefore, this research method is suitable for checking relationships 
and topics in the population. Quantitative research is important 
because the problem analysed in the article is closely related to society, 
its behaviour, opinion and attitudes towards transport. A total of 215 
respondents, who got acquainted with the Vilnius city transport system, 
participated in the public opinion poll. The contingent of the respondents 
was selected in an effort to match the data provided by the Lithuanian 
Department of Statistics on the distribution of citizens living in the 
city by age groups, which allowed achieving more accurate results that 
would be closer to the actual opinion of the whole society. The received 
and analysed answers to the questionnaire survey allowed finding out 
the established travel habits of Vilnius city residents, the reasons for 
such habits and the attitude towards more environmentally-friendly 
alternative travel methods, especially distinguishing the services 
provided by the “Park and Ride” platform.

An analysis of secondary statistics was also performed. During it, 
publicly available data on the intersections of Vilnius, which generate the 
largest traffic flow, the number of inhabitants of different districts of the 
city and their distribution, as well as the number of individual users of 
the “Park and Ride” platform installed in Vilnius were analysed. Based 
on these data, a correlation analysis was performed, the distribution of 
data and other relationships between these indicators were observed. 
The observed interdependencies of the indicators allowed noticing the 
most important parameters of the travel choice and its quality assurance 
for the citizens, according to which the point evaluation of the “Park and 
Ride” sites was performed.

In order to better understand the “Park and Ride” platform 
advantages and disadvantages, an individual analysis of each currently 
operating site was performed, by assessing the most important aspects 
of the site: the attractiveness of the site to potential users, the location 
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logic conformity to the “Park and Ride” principle, the expanded network 
of A-lanes around, the distance to the nearest public transport stop and 
the abundance of routes offered there, further travel possibilities and the 
accessibility of the sites when driving to it, taking into account the traffic 
congestion during the “peak” hours. The evaluation was performed on a 
five-point system. The values are as follows: 5 – excellent, 4 – good, 3 – 
satisfactory, 2 – bad, 1 – very bad (Table 1).

Table 1. Evaluation of “Park and Ride” sites in Vilnius (created by the authors)

Aspect / site Seliu Str. 62 Ukmerges 
Str. 246

V. Gerulaicio 
Str. 1

Savanoriu 
Ave. 124

Location attractiveness to users 2 3 1 4

Location logic in conformity with 
the platform principle

1 2 2 4

Further travel options offered by public 
transport 

4 4 5 3

Network of A-lanes around 4 3 2 3

Site accessibility 1 2 2 4

AVERAGE 2.4 2.8 2.4 3.6

The results of the assessment of the “Park and Ride” platform sites 
show that even three sites are assessed more negatively than positively. 
These sites are mostly unpopular due to their badly chosen location and 
limited accessibility of the sites during the “peak” hours. The only one 
site on Savanoriu Avenue 124 has been built considering all the aspects 
that are most important to its users, as none of the evaluation indicators 
rated it worse than “satisfactory”, which resulted in a high overall rating 
of the site.

The main reasons for the unpopularity of “Park and Ride” in Vilnius:
 • the sites are located too close to the central urban area and are 

targeted at the wrong audience;
 • during “peak” periods, the sites are mostly reached by crossing at 

least a few high-traffic intersections and getting into traffic jams;
 • the use of the platform does not give the advantage of time and 

does not allow reaching the destination faster;
 • strong attachment of citizens to personal vehicles and the 

facilities provided.
Identification of problematic areas. The performed general analysis of 

Vilnius city transport system has allowed noticing the most problematic 
areas of Vilnius city transport system:
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1. A strong public attachment to personal and, mostly, old vehicles, 
which has a consequent effect on higher traffic jams and 
environmental pollution.

2. Low speed of public transport due to the underdeveloped A-lane 
network and low interaction of public transport with other 
measures ensuring sustainable mobility and multimodality in the 
city.

3. Outdated and difficult-to-innovate habits of citizens, which hinder 
the faster implementation of sustainable mobility measures, as 
many of these innovations are not very popular and not supported 
by the society.

4. In a useless and impractical way, the city has started to develop 
the “Park and Ride” platform, which is one of the main tools 
ensuring sustainable mobility and multimodality in the city.

3. Proposals for improving the efficiency 
of the Vilnius city transport system

Despite significant investment and continuous improvement, the 
transport infrastructure and the entire urban road network are not able 
to manage the ever-increasing traffic flow during “peak” hours without 
traffic jams, resulting in economic, environmental and time losses. These 
losses are directly and indirectly felt by the majority – business, society, 
nature. As an alternative to deal with the situation and considering the 
long-term strategic EU plans and recommendations, in 2018 Vilnius city 
municipality prepared the SMP in Vilnius city. The main goals of the plan 
are to promote the use of public transport, to improve the efficiency of 
urban logistics and to increase the possibilities of non-motorized travel 
by forming habits of such traveling. One of the main measures to achieve 
such goals is the “Park and Ride” sites. The proper functioning of this 
measure in the city is particularly important, as it directly determines 
the transition from private vehicle to public transport, thus immediately 
creating a trip based on multimodality and sustainable mobility. 
Improving the efficiency of the urban transport system requires the 
expansion, renewal, and integration of the “Park and Ride” site network 
with other measures to ensure sustainable mobility in the city, all of 
which are more attractive to use.

Based on the analysis of the currently operating “Park and Ride” sites, 
solutions are presented (Table 2).
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Table 2. Solutions for the development and renovation of the “Park and Ride” 
sites (created by the authors)

Site Solution

Seliu Str. 62 To open a new “Park and Ride” site in a more attractive location in Pilaite 
district.
It is also proposed to renovate the old site on Seliu Street by adapting it to 
the non-motorized users. It is planned to supplement the site with vacant / 
occupied space calculation and lighting systems, information board.

Ukmerges Str. 246 To leave the site in its current location because it is not very faulty, and its 
relocation to a more purposeful location on Ukmerges Street requires large 
investments and does not pay off. To install a vacancy / occupancy counting 
system on the site and to expand the lighting system, to build an information 
board.

V. Gerulaičio Str. 1 To open a new “Park and Ride” site in the direction of Nemencine Rd. The 
only site on the Nemencine Rd. already with partial infrastructure that is 
easy to reach, paved, and has a nearby public transport station with a wide 
selection of public transport meets most of the requirements for this type 
of site.
To leave the existing site in operation in the current location on V. Gerulaicio 
Str. by additionally installing vacancy / occupancy counting and lighting 
systems, to build an information board.

Savanoriu Ave. 124 The location of the site is appropriate; the site must be left in its current 
location. To install additionally vacancy / occupancy counting and lighting 
systems, to build an information board.

The new sites will be reached by avoiding intersections, which are 
usually characterised by high traffic. Using the services of new sites and 
public transport, these intersections will be overcome faster with the 
help of A-lanes, located on Pilaites Avenue and Ozo Street. Also, it will 
be easier to reach the locations of the new sites for the large number of 
rural residents living nearby, so benefits of the “Park and Ride” system 
are the most acceptable to these residents.

The “Park and Ride” site is planned at Vyduno Str. 20: dimensions 
of the site – 46 m × 41 m, pavement of the site – paved with pebbles, 
planned capacity – 77 cars. The “Park and Ride” site is planned at 
Nemencines Rd. 13: dimensions of the site – 32 m × 24 m, pavement of 
the site – asphalt, planned capacity – 33 cars.

It is planned to connect the “Park and Ride” site at Seliu Street to the 
system of non-motor vehicles.

In addition, to ensure effective and positive “Park and Ride” impact, 
a very important question is capacity of public transport. Therefore, 
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extensive measures are being taken to ensure the capacity and 
attractiveness of public transport. In recent years, the public transport 
bus park has been strongly renewed and its quality has been improved. 
Surveys and needs studies of citizens are also carried out on a regular 
basis to better select routes and their frequency for public transport. 
Other public transport infrastructure is being improved, which allows 
ensuring the priority and speed of public transport in the city. In 
addition, it helps for better distribution of passenger flows.

3.1. Economic payback of the proposal

The period is determined during which the initial investment in the 
project is recovered in order to calculate the payback of the proposal. 
In this case, it is necessary to anticipate potential future changes in the 
use of “Park and Ride” sites and to calculate the amount of revenue that 
the intended users will generate. It is also necessary to anticipate the 
costs of maintaining the sites and to increase these costs in line with 
the effects of inflation. All these calculations are based on the available 
data from the existing “Park and Ride” sites and on other foreseeable 
circumstances that may arise.

The results obtained in the economic payback calculations of project 
are presented graphically. The payback of the proposal in terms of 
cumulative value is shown in Fig. 2.

Figure 2. Project payback by accumulating earned income (created by the 
authors)
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The payback of the project in estimating operating costs is presented 
in Fig. 3.
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Figure 3. Payback of the project in estimating operating costs (created by 
the authors)

3.2. Ecological payback

Ecological payback calculations of the project were based on data 
from the Victoria Transport Policy Institute (VTPI) in Canada, which 
conducts independent research seeking to solve problems caused by 
transport. In March 2020, the VTPI published the results of a study 
and provided an estimated financial assessment of the environmental 
damage caused by vehicles, Victoria Transport Policy Institute (Canada) 
(n. d.). The calculations of the VTPI considered the social damage caused 
by transport, the environmental damage, the cost of reducing emissions, 
and the prices of world oil and coal markets. The Institute provided the 
values of damage caused by light vehicles, after converting them into 
more acceptable units of measurement in Lithuania, the calculations of 
ecological savings were performed (see Table 3).
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Table 3. Monetary evaluation of damage caused by light vehicles 
(created by the authors)

Damage Value 
in EUR/100 km

Damage causing greenhouse effect  8.34

Other air pollution damage causing non-greenhouse effect  2.265

Damage of greenhouse effect control measures  0.959

Based on a monetary assessment of the damage caused by light 
vehicles provided by the Institute for Transportation & Development 
Policy in the USA, an ecological savings calculation was performed and 
presented graphically (Fig. 4).

Calculations show that in total, thanks to the “Park and Ride” 
platform users, 4 050 740 kilograms of CO2 emissions will be avoided 
during the forecast decade in the territory of Vilnius city, where the 
accumulated value of ecological savings will reach about EUR 2 055 818. 
Emissions, which will not be emitted by other traffic participants not 
using “Park and Ride”, but spending less time in traffic due to the users of 
the platform, can also be added to this amount.

Figure 4. Planned value of ecological savings in monetary terms (created by 
the authors)
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The new “Park and Ride” sites installed on strategically located 
places with a network of A-lanes in public transport routes will allow 
their users to avoid traffic jams during “peak” periods and to reduce 
about 40–70% of the total journey time, considering that usually the 
journey takes longer due to traffic jams. Estimating the typically 30% 
slower movement of public transport compared to a private car, the final 
savings for “Park and Ride” users are about 10–40% of the total journey 
time. Such an indicator would save about 10 minutes per day, which, 
taking into account the planned number of “Park and Ride” users for the 
next decade and the average value added per hour generated by Vilnius 
residents, would create a total value added of EUR 3 894 700 during the 
entire period.

It is planned that 1 168 410 users will use the “Park and Ride” 
services in the next decade. One user of the platform makes at least two 
trips (from the site and back) without personal transport, and, on the 
way to an additional destination, often even more. In total, there will 
be about 4 million fewer trips made by personal light cars in a decade. 
Assessing the usual number of trips per day in Vilnius city, these savings 
are less than half a percent, but considering that most of these trips take 
place at the same time and are mostly in the same central part of the city, 
this may allow creating 1–2% lower traffic flows in those zones.

The planned use of the renewed “Park and Ride” platform will result 
in an average of almost 2 million fewer kilometres per year by personal 
car, about half of which would be in the city centre, so this distance 
saving will reduce the noise and other pollution levels normally caused 
by transport in the most affected parts of the city – Centre, Seskine, 
Snipiskes.

All planned benefits provided by the platform have been calculated 
based on results of the planned development and renewal of the “Park 
and Ride” platform and other current features of the Vilnius city 
transport system infrastructure. However, considering the Vilnius city 
SMP and the goals set in it for the transformation of the city transport 
system, it can be assumed that the planned results obtained after the 
implementation of the project will be even better. The “Park and Ride” 
platform is just one of many solutions ensuring sustainable mobility, 
multimodality, modernity, convenience and ecological benefits when 
traveling in the city. After implementation of other solutions promoting 
sustainable mobility and after integration of the network of all of them 
into a common system, these solutions will have a significantly greater 
long-term positive effect than those taken separately.
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Conclusions and recommendations

1. The article show that scientific literature has largely contributed 
to defining long-term strategic measures to improve the efficiency 
of the transport system, with a focus on sustainable urban 
mobility and multimodality.

2. Among many possible solutions, the scientific literature 
recommends improving road traffic infrastructure and traffic 
planning and management processes, developing infrastructure 
and introducing alternative working hours.

3. It has been clarified that Vilnius city has a well-developed 
road transport network and other necessary financial and 
technological resources that can help solve the problems of the 
transport system arising from the high attachment of citizens to 
personal vehicles and from the inefficient use of facilities ensuring 
the sustainable mobility.

4. Performed calculations show that the implementation of the “Park 
and Ride” platform will provide various benefits in the long run. It 
is proposed to implement this project in Vilnius City Municipality, 
as the solutions will allow for an increase in the number users, and 
ensure the economic profitability of the project.

5. Estimates suggest that the renewed and expanded network of 
“Park and Ride” sites will also bring ecological and social benefits, 
as the use of the platform will significantly contribute to the 
reduction of environmental and noise pollution, congestion, 
traffic, waste of time and road fatalities in the future.

6. It is recommended that the institutions responsible for the 
efficiency of the Vilnius city transport system continue to carry 
out the tasks provided for in the sustainable urban mobility plan, 
as their implementation will ensure long-term and reversible 
benefits in the future. It is also recommended to continue 
investing in various projects promoting sustainable mobility, 
networking them and creating greater benefits for society and the 
city. It is advisable to consider the international good practice and 
to adapt the solutions to the areas of Vilnius city transport system 
needed for improvement.
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Abstract. Roundabouts are one of the safest types of intersections. There 
are a number of roundabout types in literature. Each roundabout type is 
distinguished by some characteristics. To design more efficient junctions, 
hybrid roundabouts can be created by combining their required characteristics 
geometrically. In this study, the safety feature of the turbo junction type and 
the easing up the traffic density feature of the hamburger junction have been 
combined. Some geometric parameters and layout details of the proposed 
hybrid roundabout are given, and its performance was simulated in a signalised 
4-leg roundabout as the most frequently used intersection in Antalya. The 
performance of the proposed hybrid roundabout was compared with the 
status in 2016 and the current status in 2017 and beyond of the roundabout 
through AIMSUN transport simulation software. In regard to performance 
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analysis, delay time, travel time, speed, density, fuel consumption, number of 
stops, queuing, carbon emission were analysed for all statuses and compared. 
In addition, traffic safety analysis has been performed for all statuses and 
compared. Results show that the overall average performance of the proposed 
roundabout increases by 40% and 41.8% in comparison with the statutes in 
2016, 2017 and beyond, respectively. The proposed roundabout is 41% safer 
than the status in 2016, and the accident risk is lower by 18.5% than the current 
status.

Keywords: comparative analysis, geometric model, hamburger roundabout, 
microscopic simulation, signalised intersection, turbo roundabout.

Introduction

The growth of population, technological advances and 
correspondingly the increasing number of vehicles induce the 
insufficiency of roads in many countries. To provide more comfortable 
and fast transportation, the parameters such as the systems of 
transportation, the routes, types of junctions and also the traffic 
signalisation should be evolved. 

One of the most important parameters having effect on the traffic 
flow is the intersection where two or more traffic flows coming from 
different directions meet, cross or diverge. Since each vehicle involved 
in an intersection performs a series of different manoeuvres, there is 
a quite high possibility of an accident. Some road safety controls are 
performed at intersections in order to prevent the occurrence of an 
accident. Location of a central island and signalisation are some of the 
traffic audit techniques, which yields to the concept of roundabout.

In spite of common worldwide usage with successful operational 
performance, there has been little consensus about the ideal roundabout 
design criteria (Tollazzi, & Renčelj, 2014). The existence of various traffic 
conditions and environmental requirements in different countries bring 
about many types of roundabouts, which address different traffic issues. 

Many studies have shown that standard two-lane roundabouts have 
weak traffic safety characteristics and a low capacity. Because of the 
lack of sign usage for route selection, there are various conflict points 
caused by lane-change when vehicles are coerced to slow down due to 
the geometric properties of the central island, which may result in side-
by-side collisions (Corriere & Guerrieri, 2012). In an attempt to solve 
these problems, a new type of roundabout, called turbo roundabout, was 
applied in the Netherlands in 1996 by Fortujin (2009).

Over past few decades, especially, in the European countries, turbo 
roundabouts come to the forefront due to their superior safety feature, 
which stems from the geometric design reducing conflict points. It 



49

Yavuz User, 
Seyitali İlyas, 
Gultekin Tinaztepe

Performance 
Evaluation of a Hybrid 
Roundabout Using 
a Microscopic 
Simulation

is shown that there is a significant decrease in the number of injuries/
deaths in turbo roundabouts; even in some studies, 80% decrease has 
been measured (Fortuijn, 2009). In spite of their superior safety feature, 
in comparison with conventional roundabouts, improvement of the 
capacity is controversial (Vasconcelos et al., 2014).  

Although the traffic safety is quite an important criterion in design 
and implementation of the intersection, the operational performance 
of the roundabout must be taken into consideration.  The intersection 
should be designed such that it has a high level of capacity and service; 
on the contrary, a low level of delay and negative environmental effects 
(Tollazzi & Renčelj, 2014). In this regard, hamburger (through-about or 
cut-through) roundabouts have been used for almost a century, which 
reduce the delay time and ease the traffic flow due to a transitional 
island (Brown, 1995).

On the other hand, implementation of the roundabout layout is 
as significant as the determination of proper design (Goncharenko, 
2018). Designing the best roundabout satisfying required features, 
the experimental field studies have been always obligation to test its 
efficiency. Today, these studies are performed in silico. Sophisticated 
traffic simulation software enables experimental field studies to be 
carried out in a safer, cheaper and faster way. Also, processing the 
current traffic data and considering different traffic scenarios help 
find the optimum designs and to innovate roundabout ideas. In recent 
years, many studies have been carried out on microscopic-simulation 
applications for traffic management on roundabouts, some of which are 
presented in the second section.

In this study, an alternative hybrid roundabout was proposed 
by combining the superior features of the turbo and hamburger 
intersections. The proposed roundabout has been adapted to the 
intensively used Sampi intersection in Antalya. Safety analysis, 
performance analysis and comparisons for traffic parameters, including 
density, speed, number of stops, delay time, fuel consumption, travel 
time, carbon emission, were performed by AIMSUN for three statuses of 
Sampi intersection: 2016, after 2017 (current status) and the proposed 
roundabout status.

The organisation of the paper is as follows. In the second section, 
comprehensive literature review is given. In the third section, 
the geometric design and layout of the proposed roundabout are 
presented, also signal plans are provided for the proposed roundabout 
via simulation parameters and compared. In the fourth section, the 
parameters, including density, speed, number of stops, delay time, 
fuel consumption, travel time, carbon emission, for the three status of 
intersection are analysed and compared, also accident risk analysis 
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is presented. In the fifth and sixth sections, the results of performance 
analysis are discussed and interpreted.

1. Literature review and motivation

Since the intersections are a ubiquitous tool of traffic management 
around the world, there have been numerous studies addressing 
different aspects, such as safety, capacity, delay time, emission, travel 
time etc. In the following subsections, a compilation of the most related 
studies is presented.

1.1. Intersection and overview

It is only possible to manage the traffic with uncontrolled 
roundabouts when traffic flows are minimal. With the increasing 
traffic flows at roundabouts, many problems such as traffic congestion 
and traffic accidents have started to happen. Kettil and Wiberg (2002) 
indicate that the most efficient state of the intersection can be identified 
with high accuracy simulation programs. Lee et al. (2003) conclude 
that when the results are obtained through modelling the intersection 
performance with HCM method and Sidra, the basic parameters such as 
v/c ratio, delay and queuing estimation are similar. 

De Brabander and Vereeck (2007) show that alternative roundabouts 
reduce accidents at a great extent. However, this is pursuant to the 
speed limit on the main road and other roads. Wu et al. (2015) mention 
that with the implementation of signalisation, accidents have been 
effectively reduced at alternative roundabouts. The study of Yilmaz 
and Kose (2007) indicates that the intersection must be designed to 
meet high capacity and high level of security. The geometric features 
of the intersection are of great importance in terms of the capacity of 
the highway and traffic safety. Increasing number of vehicles have led 
to traffic congestion in many cities’ road network due to population 
density. To reduce the traffic congestion, a traffic flow may be regulated 
through a recommended model, which is created by using a computer 
and does not impose any infrastructure costs. If the recommended 
model turns out to be functional, it can be applied. Thus, maximum 
efficiency is ensured with minimum cost.

In the study of Qian et al. (2008), signalised roundabouts, where 
warehousing activities take place at left-turns around the island, are 
compared with partially-controlled signalised roundabouts. It has 
been concluded that signalised roundabouts are an efficient solution 
to eliminate the crossing of vehicles and intersection congestion 
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problems at the intersections where the traffic flow is regular and heavy. 
Mandavilli et al. (2008) assert that signalised intersections reduce the 
speed of vehicle traffic in certain situations and in some cases even stop 
traffic, and this results in a significant increase in vehicle emissions. In 
addition, the new alternative roundabouts designed have an impact of 
improving the traffic flow, reducing the time wasted by the vehicles at 
the intersection, and by extension reducing fuel consumption and vehicle 
emissions at the intersection. The studies also show that alternative 
roundabouts are eco-friendly. 

Bai et al. (2010) show that signal control arrangement is a subsidiary 
factor for improving the delay and safety at the roundabout and the 
radius, and different circuit times of the central island at the roundabout 
have a significant impact on vehicle delay. Akçelik (2011) shows that the 
roundabout analyses can be performed by studying the actual traffic 
volumes and the actual geometric characteristics of the intersection.

1.2. Alternative roundabout types and their comparison

Literature review has revealed that many types of roundabouts have 
been suggested around the world. Despite the fact that roundabouts 
have been used widely in recent years, the design criteria have not been 
clarified yet. There is no clear-cut method, which is proposed for the 
design of phase plan and optimal signal duration for approach arms 
and flows around the island. The performance of these intersections 
can only be determined with some simulation programs or intuitively 
and empirically with experts (Cakıcı & Tian, 2019). Therefore, there 
are a lot of local informative guides for roundabout design published 
by the relevant institutions of different countries (Ess & Antov, 2017). 
The introduction of turbo roundabout first used in the Netherlands in 
1996 by Fortuijn (2009) marked a new approach in roundabout design. 
During few decades following the emergence of turbo roundabout, a 
vast number of studies have been conducted to assess its operational 
performance in comparison with conventional and other alternative 
designs of multilane roundabouts with or without signalisation. Many 
of them set forth the advantage of turbo roundabouts with respect to 
traffic parameters such as delay time, speed, travel times, emission, 
capacity, queuing in certain conditions, but most of them indicated the 
decrease in conflict points, i.e., minimising accident risk as a salient 
feature of turbo roundabout.Turbo and hamburger roundabouts are 
compared to conventional and other alternative types of roundabout. 
Since each study focuses on the comparison according to several traffic 
parameters, the related literature is given in chronological order for the 
sake of clarity.
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The study of Mauro and Branco (2010) indicates that the target 
roundabout is compared with the standard roundabouts in the same 
traffic density; it is stated that crossing conflict points, delay times and 
queuing are reduced, and target roundabout is much more efficient. 
Tollazzi et al. (2013) find the superiority of turbo roundabout over 
double-lane roundabouts in terms of capacity. 

In study of Tollazzi and Rencelj (2014), hamburger intersection 
was only defined, and its rough sketch drawings were made, it was not 
analysed from different directions. Tollazzi (2014) indicates that the 
hamburger and dumb-bell intersection types are widely used in the 
world. Hamburger intersection is constructed as a one- or two-level 
roundabout. Tollazzi and Rencelj (2014) compare turbo roundabout with 
flower roundabout in terms of design by VISSIM; it is concluded that 
the flower roundabout is safer and has fewer conflict points. In regard 
to capacity, turbo roundabout is more advantageous because there are 
different types of turbo roundabouts for different direction of traffic 
flow, but the flower roundabout is more advantageous in terms of traffic 
safety. Silva et al. (2014) show that the number of conflicting points 
and speed of vehicles in the intersection decrease at turbo roundabout, 
that there are 24 conflicting points at double-lane roundabout whereas 
there are 14 conflicting points at turbo roundabout when double-lane 
standard roundabout is compared to turbo roundabout.

Tollazzi et al. (2016) compare turbo roundabouts to alternatives 
(turbo, flower, target and four-flyover intersections). They found that 
the results were similar when the standard roundabouts were compared 
to alternative roundabouts if the number of vehicles entering the 
intersection was low, and that the results were different if the number 
of vehicles increased. The target roundabout has a lower delay compared 
to other intersections. The four-flyover roundabout has better results 
when left turns are intense. The number of conflicting points decreases 
at alternative roundabout types much more than it happens at standard 
roundabouts. 

In a study by Skvain et al. (2017); Džambas et al. (2017) it is seen 
that turbo roundabouts are more advantageous when traffic accident 
data and also capacity of the conventional types of intersections are 
transformed into the turbo roundabouts in the Czech Republic. Hatami 
and Aghayan (2017) conclude that an increase in the diameter of central 
island and speed limits has effects on delay time and capacity. If turbo 
roundabout is compared with elliptic and modern intersections with 
or without signalisation, it is observed that the increase has a positive 
effect on delay time and capacity in all signalised intersections under 
all flow conditions. Chenwei and Xiaodan (2017) conclude that the HCM 
2000 delay model and traffic model theory can be used in the plan and 
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design of the hamburger roundabout and it reflects the delay parameter 
well.

Izadi et al. (2016); Dabiri et al. (2020) assert that when conventional 
and turbo roundabouts are compared to conventional roundabouts 
in different scenarios with respect to performance of delay time, 
capacity and level of service, in case that the diameter of the four-leg 
turbo roundabout is increased, the performance of the conventional 
roundabout decreases but the performance of the three-leg turbo 
roundabout increases. Liu et al., (2020) conclude that when turbo 
roundabouts with different central island diameters are designed, the 
performance of the roundabout can change according to the number 
of legs. Also, in a study carried out by Elhassy et al. (2020) in Doha, 
a city of Qatar, three modified versions of rotor turbo roundabouts 
were designed and compared to the conventional roundabout in 
terms of capacity, queuing, delay time. It was asserted that rotor turbo 
roundabouts were not suitable for intersections with high traffic volume 
exceeding 4500 vehicles in comparison with conventional roundabouts. 

1.3. Motivation

There have been very similar studies to this work suggesting 
an alternative design involving turbo roundabouts and hamburger 
roundabouts. Two of them can be given as examples. A study conducted 
by Kolak et al. 2015 in Osijek, a city of Croatia, suggests a turbo 
roundabout instead of two-lane elliptical roundabout where a tramline 
passes through the central island. In this study, performance analyses 
are made with respect to queuing and delay time and only tramline 
passes through the central island.

 In another study by Aakre and Aakre (2017) at an intersection in 
Hillevag, a city in Stavanger in Norway, a design of continuous median 
lane roundabout (CMLR) with absolute bus priority is suggested. When 
it is analysed via microscopic simulation by AIMSUN, it is shown that 
while traffic flow coming to the current roundabout is controlled by 
signalisation, it is sufficient to use a yield sign in CMLR. In this study, 
performance analysis is made with respect to delay time and emission. 

As seen above, the comparison of different types of intersection 
is one of the common studies in literature. Each type of intersections 
has strengths and weaknesses in regard to characteristics. Most of the 
studies compare an existing type with another type or a conventional 
roundabout with respect to few traffic parameters. What sets this 
work apart from most of the relevant studies is the focus on combining 
superior features of the existing types to design a hybrid roundabout. 
On the other hand, most of the relevant studies present a performance 
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analysis with respect to few parameters. This study suggests the overall 
performance analysis in terms of traffic parameters, including queuing, 
emission, delay time with further details of hybrid geometry and safety 
analysis. 

2. Material Method

2.1. General characteristics of the roundabout to be 
simulated

It refers to the 4-arm signalised roundabout where Burhanettin Onat 
Street, Tevfik Işık Street, Metin Kasapoglu Street and Portakal Cicegi 
Street intersect. Vehicle traffic density is in the direction of Burhanettin 
Onat Street-Metin Kasapoglu Street, which is the main artery and in the 
direction of Portakal Cicegi Street leading to the tourism area. In case 
of 2016, there were 3 lanes from Burhanettin Onat Street to junction, 3 
lanes from Metin Kasapoglu Street to junction, 3 lanes from Tevfik Işık 
Street to junction. In the case of current status, there are 4 lanes from 
Burhanettin Onat Avenue to the junction, 4 lanes from Metin Kasapoglu 
Avenue, 2 lanes from Portakal Cicegi Avenue, and 2 lanes from Tevfik 
Işık Avenue. In case of the proposed roundabout, there are 4 lanes from 
Burhanettin Onat Street, 3 lanes from Metin Kasapoglu Street, 2 lanes 
from Portakal Cicegi Street, 2 lanes from Tevfik Işık Street. The view of 
the roundabout in 2016 and its drawing are shown in Fig. 1. 

Figure 1. The image and plan view of Burhanettin Onat Street – Metin 
Kasapoglu Street roundabout in 2016 (by maps.google.com and by S. Ilyas, 
Y. User, respectively)
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AutoCAD drawing will be used as a base plate in AIMSUN program. 
Frames represented by 1, 2, 3, 4, 5, 6, 7, 8 refer to car group numbers. 
Circles represented by 1, 7, 9, 10, 11, 12 refer to pedestrian group 
numbers. The intersection current view and AutoCAD drawing that will 
be used as a base plate are shown in Fig. 2. Frames represented by 1, 2, 3, 
4 refer to car group numbers. Circles represented by 5, 6, 7, 9, 10, 11, 12 
refer to pedestrian group numbers.

AutoCAD drawing of the designed proposed hybrid roundabout is 
shown in Fig. 3. The traffic density on Burhanettin Onat Street will be 
greatly reduced as the direct connection road situated within Turbo 
roundabout island, that is distinguished by its safe intersection property, 
enables direct connection from Burhanettin Onat Street arrival arm to 
Portakal Cicegi Street departure arm. Frames represented by 1, 2, 3, 4, 5, 
6, 7, 8, F refer to car group numbers. Pedestrian groups are not included 
in the simulation.

2.2. Layout and geometry of the proposed roundabout

The intersection to be studied is a four-leg multilane intersection 
as mentioned in the previous section. Some geometric parameters of 
the roundabout for three designs are seen in Table 1. The proposed 
design will be a union of two types of roundabouts, namely, turbo and 
hamburger. 

To construct the turbo block, a union of two Archimedean spirals is 
used. Spiral separation of lanes provides safe circulation by preventing 
the weaving, since it obligates the driver to choose the lane before 
entering.  After the turbo block is created, direct left-turn lane passing 

Figure 2. The image and plan view of Burhanettin Onat Street – Metin 
Kasapoglu Street roundabout in current status (by maps.google.com and 
by S. Ilyas, Y. User, respectively)
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through the central island is created. This lane connects the entering 
lane on Burhanettin Onat arm to exiting lane on Portakal Cicegi arm. It 
is clear from Table 3 that the highest number of entering vehicles into 
circulatory lanes are the number of the vehicles turning (left) to the 
Portakal Cicegi arm. This rerouting for left-turning vehicles as indicated 
in Fig. 10 reduces the number of entering vehicles in circulating, 
conflicting vehicular volume, also allows the drivers to turn left safer 
at a higher speed. In this layout, a conic curve is considered for the 
geometry of direct left-turn lane. In this simulation, this conic curve is 
found as an ellipse arc. Some calculations are given for the determination 
of this curve. In the following subsections, some details about the 
process are given. The process is expressed briefly as follows: 

First, the Archimedean spiral and its formula and symmetric 
spiral (hence, union of these spirals) are introduced into the Cartesian 
coordinate plane, which is used to make circulatory lanes and central 
island. The spiral formula and number of cycles are determined with 
respect to the required number of lanes. Then, to construct the left-turn 
lane on the island, two points A1 and A2 are chosen on the suitable cycle 

Figure 3. The plan view of Burhanettin Onat Street – Metin Kasapoglu 
Street roundabout for the proposed design (by Y. User & S. Ilyas)
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of spirals. Corresponding points B1 and B2 are determined with respect 
to the width of lane. A1, B1 and A2, B2 represent the end points of edge 
lines of entering lane and initial points of edge lines of exiting lane, 
respectively. Then the equation of the conic arc that connects A1 and A2 
is investigated under some certain conditions such as being tangent on 
those points to the axes of edge lines of entering and exiting lanes. In 
this study, an arc is found as an ellipse arc which is given by a parametric 
equation.

The turbo roundabout and archimedes spiral

For the determination of the circulatory lanes, the combination of 
two spirals is used. These spirals are Archimedes spiral (Fig. 4) and 
symmetric spiral with respect to y = –x line (Fig. 5). The Archimedes 
spiral is characterised by the fact that a line drawn outward from the 
centre of the spiral is equal in length between points at which the spiral 
intersects the curves. However, this length is not the same for all angles. 
These lengths are equal for the curve created by the combination of 
Archimedes spiral and its symmetric spiral (Fig. 6). 

Placement of the lanes to be connected by direct turn-left lane 
on cartesian coordinate system

To make calculations for determination of the direct left-turn lane on 
the central island easier, the entering lane on Burhanettin Onat arm and 
the exiting lane on Portakal Cicegi arm providing left-turn are shown 

Figure 4. The Archimedean spiral r = aq for 
0 < q < 4p

Figure 5. The symmetric spiral r = –aq for 
0 < q < 4p
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in Cartesian system in Fig. 7a. In the figure, the point O is the centre of 
roundabout, the centrelines of Burhanettin Onat and Portakal Cicegi legs 
are denoted as dash-dotted lines, Portakal Cicegi leg centreline coincides 
with x axis. α is the angle between Burhanettin Onat leg centerline 
and y axis. The points A1, A2 are the chosen points where edge lines of 
the entering lane and exiting lane meet on the chosen cycles of united 
spirals, respectively. The points B1 and B2 on lane edge lines correspond 
to the points A1 and A2. Edge lines of entering and exiting lanes are 
denoted by the lines IA1, IA2 and IB1, IB2 respectively. d is the width of 
these lanes. s2 represents the distance between the edge line of exiting 
lane and (the centreline of Portakal Cicegi leg) x axis. s1 represents the 
distance between the edge line of entering lane and y axis. R denotes the 
inscribed circle diameter. For the sake of clarification, the illustrative 
placement of the roundabout is given in Fig. 7b. 

Identification of spiral formula

According to the inscribed circle diameter of a roundabout and the 
number of its circulating lanes, spiral formula and the number cycle of 
spiral are determined. For a roundabout whose inscribed circle diameter 
is R meter and the cycle number n, the coefficient a in the spiral formula 
is calculated as a R n� / 4� .

Figure 6. The combination of spirals r = aq and r = –aq for 0 < q < 4p
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Figure 7a. Placing the proposed roundabout design into Cartesian 
coordinate system (by Y. User)

Figure 7b. Illustrative roundabout (by G. Tinaztepe)
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Selection and identification of the location of connecting points for 
left-turn curve 

For this application, A1 and A2 points are selected on the 1st cycle of 
r = –aq and r = aq parts of the spiral combination, respectively, (0 <q 2p) 
and calculations are carried out by considering this fact. This calculation 
can be adjusted if the points are on the other cycles of the same part 
(r = aq) of spiral combination or on the cycles of another part of spiral 
combination.

By using spiral and line equations, the coordinates of A2 where spiral 
with r = aq and IA2 intersects are found to be A cos2 2r s�, �� �. Likewise, 
A1 is found to be A cos sin1 r r� �,� �. The location of B1 and B2 points 
can be easily found by considering the fact that B1 and B2 points are 
respectively at a d unit distance from A1 and A2 points.

Determination of the turn-left curve 

In this roundabout layout, to provide traffic flow from Burhanettin 
Onat arm to Portakal Cicegi arm, a direct left-turn lane passing through 
the central and joining the points A1 and B1 with the points A2 and B2, 
respectively, is considered. It is a well-known fact that the connecting 
curve joining tangent section and circular curve of the way is needed to 
decrease the lateral acceleration in high-speed roadways gradually to 
prevent drivers from encroaching into adjoining lanes or skidding. Since 
this crossroad which is selected for our work is inside the city, the speed 
of the vehicles is low. Moreover, the speed of the vehicles will decrease 
more at the crossroads especially. Also, the super-elevation is not needed 
in this curve because of the mentioned causes. Thus, any proper curve 
can be used to connect these points.

In this work, a connecting curve is selected as a conic curve. The 
determination of the equation of this conic connecting A1 and A2 is 
given below. Then the curve connecting B1 and B2 will be determined 
parametrically. As it can be seen in Fig. 8, there are an infinite number 
of conics passing through the points A1 and A2. Among these conics, the 
conic which is the most suitable for vehicle entrance to this lane must 
be selected. Considering that A, B, C, D, E, F are real numbers, a general 
conic equation is given in Eq. (1).

 Ax Bxy Cy Dx Ey F2 2
0� � � � � � . (1)

Here, the coefficients above must be identified. A1 and A2 points 
satisfy the conic equation. On the other hand, the safest entry point to 
a curved road in terms of optimum traffic parameters should be the 
point on which the driver’s direction is tangent to curve of road. The set 
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of points whose perpendicular distance (lane width) from each point on 
this curve is the same, will comprise the edge line connecting the points 
B1 and B2 of the direct left-turn lane. The vehicles entering the direct 
turn-left lane are positioned tangentially to the inner edge line of the 
way at any moment of cornering. Therefore, the set of required points 
(the curve connecting B1 and B2) should be parallel to the conic curve 
as shown in Fig. 9. Surely, if necessary, the width of the turn-left lane on 
the central island may be increased to accommodate the passage of the 
vehicle.

In the conic equation represented by (1), y is defined as a proper 
function of x. Then, parametric equation of proper parallel curve which 
is d unit far from this function curve is found by using the formula given 
in (Lawrence, 1972). This gives the parametric representation denoting 
the locus of outer curve for the bend. In our study, dimension values are 
as provided in Table 1.

d

d

Figure 8. The conic curves connecting A1 and A2 
curve (by G. Tinaztepe)

Figure 9. Direct left-turn lane 
(by G. Tinaztepe)
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x
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Table 1. Geometric parameters of the roundabout used in the study 
(by G. Tinaztepe)

Parameter The Status in 2016 The Current Status The Proposed Roundabout

Number of legs 4 4 4

Number of circulating lanes 3 – 2, 3

Number of entry lanes 3, 3, 3, 3 2, 2, 4, 4 2, 2, 3, 4

Inscribed diameter, m 37.6 38.5 40.12

Entry width, m 10.5 7, 14 7, 10.5, 14

Circulatory road width, m 10.5 – min. 7, max. 10.5

Lane width, m 3.5 3.5 3.5

Entry angle, ° 66–82 – 37–77

Central island diameter, m 14.8 – –

In this study, n = 2.5, d = 3.5 m, s1 = 1.48 m, s2 = 2 m, R = 40.12 m, 
α ≈ 0.91, α ≈ 21.58°. Beginning and end points of the curves forming the 
direct left-turn lane on the central island are as follows: A1(–3.81, 5.61), 
A2(7.64, –1.48), B1(–7.15, 4.59), B2(7.64, –4.98). Thus, the conic passing 
through A1 and A2 is calculated as the ellipse equation below:

0.037223x2 + 0.111962xy + 0.094473y2 – 0.402876x – 0.651565y + 1 = 0. (2)

The parametric function [x(t), y(t)] of edge line of the lane, i.e., the 
curve connecting B1 and B2 points, is found as follows: for –7.15 ≤ t ≤ 7.64,

Figure 10. Drawing of the direct connection road in the proposed 
roundabout (by G. Tinaztepe)
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In the Figure 10, the intersection is drawn by using Eqs. (2) and (3). 
This way, vehicles can safely enter the direct connection road.

2.3. Signal plans

The status in 2016

The signal plan for 2016 of Burhanettin Onat Street-Metin Kasapoglu 
Street intersection is given in Fig. 11. The intersection runs in a 4-phase 
system. In the first phase, the group 1, 2, 4, 6, 12 go green as shown in 
Fig. 7, in the second phase the group 2, 3, 4, 8, 11, 12 go green, in the third 
phase the group 2, 6, 7, 8 go green and in the fourth phase the group 4, 
5, 6, 8, 9, 10, 12 go green. In the phase transitions, the yellow interval is 
2 s when switching from green to red, red interval is 2 s and yellow-red 
interval is 2 s when switching from red to green.

Groups 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Times 2 46 2 2 2 55 2 2 2 26 2 2 2 19 2 2

Gr 1
Gr 2
Gr 3
Gr 4
Gr 5
Gr 6
Gr 7
Gr 8
Gr 9

Gr 10
Gr 11
Gr 12

Figure 11. Software Output and intergreen times of roundabout in 2016

The current status

The signal plan for current status of the roundabout is given in 
Fig. 12. In this case, the intersection runs in a 3-phase system. In the first 
phase, the group 1, 5, 6, 8, 10 go green as shown in Fig. 8, in the second 
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phase the group 2, 6, 9, 10, 1 go green, and in the third phase the group 
3, 4, 7, 8, 11, 12 go green. The group 13(F) shows the flashing red light 
in all phases. In the phase transitions, the yellow interval is 2 s when 
switching from green to red, red interval is 2 s and yellow-red interval is 
2 s when switching from red to green. 

Groups 1 2 3 4 5 6 7 8 9 10 11 12
Times 2 55 2 2 2 62 2 2 2 26 2 2

Gr 1
Gr 2
Gr 3
Gr 4
Gr 5
Gr 6
Gr 7
Gr 8
Gr 9

Gr 10
Gr 11
Gr 12

Gr 13 (F)

Figure 12. Software Output and intergreen times of roundabout 
in the current status

The status of the proposed roundabout
The signal plan for the proposed roundabout is given in Fig. 13. The 

intersection runs in a 4-phase system. In the first phase, the group 1 and 
2 go green as shown in Fig. 9, in the second phase the group 5, 6, 7, 8 go 
green, and in the third phase the group 2, 3, 4, 6 go green. The group 9(F) 
shows the flashing red light in all phases.  In the phase transitions, the 
yellow interval is 2 s when switching from green to red, red interval is 
2 s and yellow-red interval is 2 s when switching from red to yellow.

Groups 1 2 3 4 5 6 7 8 9 10 11 12
Times 2 45 2 2 2 28 2 2 2 55 2 2

Gr 1
Gr 2
Gr 3
Gr 4
Gr 5
Gr 6
Gr 7
Gr 8

Gr 9 (F)

Figure 13. Software Output and intergreen times of roundabout 
for the proposed design
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2.4. Traffic simulation parameters and calibration

AIMSUN is an agent-based simulation program with features 
to simulate large urban transportation networks. In this study, 
the parameters to be used in AIMSUN are as shown in Table 2. ODI 
matrix used in simulation is given in Table 3.  The data were obtained 
from Antalya Metropolitan Data Processing Department (Antalya 
Metropolitan Municipality, 2019). In this study, the pedestrian phase 
is not programmed as a separate phase in the signal plan of signalised 
intersection. 

Table 2. Simulation parameters 

1. Simulations are based on rush hours in the morning during  
08:00–09:00 a.m.

2. The number of cars at intersection legs are entered so that they 
will be the same for 3 simulations, being 1593 cars at the entry leg 
on Burhanettin Onat Street, 1805 cars at the entry leg on Metin 
Kasapoglu Street, 486 cars at the entry leg on Portakal Cicegi Street, 
511 cars at the entry leg on Tevfik Isık Street. Vehicle data are captured 
by means of counting.

3. Standard automobile class is used in the simulation.

4. Pedestrian phase was not included in the simulation.

5. AIMSUN Next 8.2.3 is used for the simulation.

6. The slope of the roads intersecting at the roundabout is assumed 
to be zero.

Since the signalling system works in accordance with the rule 
“yield to a pedestrian in the right turns”, green light is burning with 
the vehicular phase, meaning that the pedestrian effect is negligible 
(Bairaboina & Hemavathi, 2018).

Table 3. ODI matrix (between 08:00–09:00 a.m.) (by UKOME)

Flow Name Burhanettin 
Onat Street

Metin Kasapoglu 
Street

Portakal 
Cicegi Street

Tevfik Isık 
Street

Total
Outgoing

Burhanettin Onat Street 44 1186 334 70 1634

Metin Kasapoglu Street 1433 13 25 293 1764

Portakal Cicegi Street 148 67 112 159 486

Tevfik Isık Street 149 185 177 0 511

Total Incoming 1774 1451 648 522 4395



66

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

Traffic volume data for the model calibration and validation test were 
calibrated according to the study of Geoffrey E. Havers (Department for 
Transport, 1997). According to the results given in Table 4, GEH criteria 
are implemented in this study.

Table 4. Traffic volume data in the simulation model by AIMSUN 
and GEH criteria (by S. Ilyas)

Street Name/Criterion Observed Values Simulation Values GEH Values GEH Values <5

Burhanettin Onat Street
1634 1453 4.61 Yes

1774 1627 3.56 Yes

Metin Kasapoglu Street
1764 1659 2.54 Yes

1451 1325 3.38 Yes

Portakal Cicegi Street
486 468 0.82 Yes

648 579 2.79 Yes

Tevfik Isık Street
511 496 0.67 Yes

522 527 0.22 Yes

 
Figure 14 shows the general landscape on AIMSUN software of the 

studying area. Bases designed with AutoCAD are used on the scaled 
images captured from Google Maps (Google, n. d.). Figures 15, 16 and 
17 show the simulation images from AIMSUN program at different 
moments. These are images relating to the status in 2016, in the current 
status, and the proposed roundabout, respectively. 

Figure 14. The subject roundabout plan drawn with AIMSUN program for 
a) Status in 2016; b) in the current status; c) the proposed type (by S. Ilyas)

a) b) c)
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Figure 15. Simulation start images for the roundabout status in 2016, 
current status and the status as per the proposed roundabout  
(by maps.google.com)

Figure 16. Simulation images for the roundabout status in 2016, 
in the current status and the status as per the proposed roundabout 
(by maps.google.com)
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3. Performance analysis 

3.1. Analysis and comparison of traffic parameters

Below are the traffic analyses for three different intersection types 
at the subject signalised roundabout: roundabout for 2016, current 
roundabout and the proposed roundabout, respectively. The analyses 
reveal that the proposed roundabout is far more successful when 
compared to the former roundabout types. 

Figure 18 shows the average values for vehicle density-time change. 
Average vehicle density for 2016 is 18.88 vehicle/km, and the average 
for 2017 is 15.47 vehicle/km. In the case of the proposed roundabout, 
the vehicle density falls to 13.03 vehicle/km with a density decrease 
of 31%. Figure 19 shows the average figures for speed-time change. 
Average vehicle speed for 2016 is 25.01 km/h, and average for 2017 is 
32.97 km/h. In the case of the proposed roundabout, an average vehicle 
speed increases up to 41.19 with a vehicle speed increase of 65%.

Figure 17. Coloured simulation images for the roundabout status in 2016, 
in the current status and the image as per the proposed roundabout  
(by maps.google.com)
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Figure 18. Vehicle density-time change
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Figure 19. Speed-time change
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Figure 20 shows the average values for the number of vehicles stops. 
Average number of vehicles stops for 2016 is 0.48 (stops/vehicle)/h, and 
0.37 (stops/vehicle)/h for 2017. In the case of the proposed roundabout, 
the number of vehicles stops fall to 0.31 (stops/vehicle)/h with a 
decrease by 36% in the number of vehicles stops.

Figure 21 shows the average figures for the vehicle delay time. 
Average vehicle delay time for 2016 is 135.13 s/km, and 106.69 s for 
2017. In the case of the proposed roundabout, the vehicle delay time falls 
to 82.73 s/km with decrease of 39% in vehicle delay time.

Figure 21. Vehicle delay time change

Figure 20. Number of stops-time change

The 
status 

for 2016

The 
current 
status

The status of 
the proposed 
roundabout

Unit

0.48 0.37 0.31 (stops/
vehicle)/h

100% 77% 64% percentage 
changeN

um
be

r o
f s

to
ps

, (
st

op
s/

ve
hi

cl
e)

/h

0.60

0.55

0.50

0.45

0.40

0.35

0.30

0.25
Time

 08:10 08:20 08:30 08:40 08:50 09:00

The status for 2016
The current status
The status of the proposed 
roundabout

The 
status 

for 2016

The 
current 
status

The status of 
the proposed 
roundabout

Unit

135.13 106.69 82.73 seconds/km

100% 79% 61% percentage 
change

D
el

ay
 ti

m
e,

 se
co

nd
s/

km

170

160

150

140

130

120

110

100

90

80

70

Time
 08:10 08:20 08:30 08:40 08:50 09:00

The status for 2016
The current status
The status of the proposed 
roundabout



71

Yavuz User, 
Seyitali İlyas, 
Gultekin Tinaztepe

Performance 
Evaluation of a Hybrid 
Roundabout Using 
a Microscopic 
Simulation

Figure 22 shows the average figures for the vehicle fuel consumption. 
Average fuel consumption for 2016 is 64.22 L and 51.11 L for 2017. In 
the case of the proposed roundabout, average fuel consumption falls to 
37.99 L with a decrease of 41% in vehicle fuel consumption. 

Figure 23 shows values for average vehicle travel time. Average travel 
time of vehicles for 2016 is 186.43 s/km, and 159.28 s/km for 2017. In the 
case of the proposed roundabout, it falls to 122.18 s with a decrease of 
35% in the travel time.

Figure 22. Fuel consumption of vehicle-time change
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Figure 23. Vehicle travel time change

Tr
av

el
 ti

m
e,

 se
co

nd
s/

km

220
210
200
190
180
170
160
150
140
130
120
110

Time
 08:10 08:20 08:30 08:40 08:50 09:00

The status for 2016
The current status
The status of the proposed 
roundabout

The 
status 

for 2016

The 
current 
status

The status of 
the proposed 
roundabout

Unit

186.43 159.28 122.18 seconds/km

100% 86% 65% percentage 
change



72

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

Figure 24 shows the average figures for carbon emission of vehicles. 
Average carbon emission for 2016 is 126 617.1 g, and 105 127.3 g for 
2017. In the case of the proposed roundabout, average carbon emission 
falls to 83 637.3 g with a decrease of 44% in carbon emission of vehicles.

Figure 25 shows the figures for mean queue of vehicles. Mean queue 
for 2016 is 60.4 vehicles, and 37.57 vehicles for 2017. In the case of the 
proposed roundabout, mean queue falls to 28.02 vehicles with a decrease 
of 46% in mean queue of vehicles.

Figure 24. Carbon emission of vehicle-time change
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Figure 25. Mean queue-time change
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3.2. Traffic safety analysis

For years, roundabouts have been one of the prioritised control 
systems used for offering a solution to the problems of traffic 
engineering all around the world. Roundabouts are directed 
intersections where the traffic flows counter clockwise (in the case of 
right-hand traffic) or clockwise (in the case of left-hand traffic), generally 
around a circular island (Janssens, 1994). Roundabouts offer many 
advantages with regard to traffic safety. For an intersection with four 
approach legs, while the number of conflict points is thirty in case the 
intersection is uncontrolled, the number of conflict points is only eight 
in case the intersection is designed in the form of a roundabout. This 
clearly demonstrates that roundabout is a type of intersection, which is 
highly efficient in terms of achieving traffic safety (Gross et al., 2013). 

This part of the study analyses the intersection conflict points per 
the driver behaviours. If the signalised intersection runs in flash mode 
during night hours when traffic density is quite low, the safety analysis 
data become even more significant. As the number of conflict points 
increases, the possibility of traffic accident increases, too. Figure 26 
shows the conflict points for all the statutes of roundabout. For the 
status in 2016, there are a total of 75 conflict points with 17 merging 
points, 14 diverging points, 44 crossing points and for the current status 
in 2017 and after, there are a total of 54 conflict points with 7 merging 
points, 6 diverging points, 41 crossing points, and for the proposed 
roundabout, there are a total of 44 conflict points with 11 merging 
points, 11 diverging points and 22 crossing points.  

Figure 26. Conflict points for the roundabout: a) the status for 2016; b) the 
current status; c) the status for the proposed type (by Y. User & S. Ilyas)

a) b) c)
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Results and discussion

This study has analysed and compared 3 roundabout type 
statuses, which are the status in 2016, current status and the status 
of the proposed intersection, for the signalised roundabout located in 
Antalya, Burhanettin Onat Street–Metin Kasapoglu Street, that is Sampi 
intersection, using AIMSUN. The roundabout in 2016 and in 2017 and 
after is commonly used today. The three simulations applied using the 
same conditions have shown that the proposed roundabout provides the 
most efficient results. A union of two Archimedes spirals was used as the 
geometric structure of circulatory lanes in accordance with the turbo 
roundabout feature of a hybrid junction. Then, a left-turn lane passing 
through a central island from Burhanettin Onat arm to the Portakal 
Cicegi arm was added in accordance with the hamburger throughabout 
feature of a hybrid function. The conic curve was used for the geometric 
structure of this left turning lane on the central island. 

Key characteristics of turbo and hamburger type roundabouts 
available in the literature are combined in a single intersection type. 
The proposed roundabout combines the key characteristic of turbo type 
intersection, which is safety for the traffic and drivers, by placing the 
transit pass into the turbo roundabout island, and the traffic-relieving 
characteristic of the hamburger type roundabout.

When the proposed roundabout is compared to the current status, 
during rush hours in the morning from 08:00– 09:00 a.m., average 
vehicle density decreased by 12% from 15.47 vehicle/km to 13.03 
vehicle/km, an average vehicle speed increased by 34% from 32.97 km/h 
to 41.19 km/h, an average number of vehicle stops decreased by 13% 
from 0.37 (stops/vehicle)/h to 0.31 (stops/vehicle)/h, and the average 
delay time decreased by 18% from 109.69 s/km to 82.73 s/km, average 
fuel consumption of vehicles decreased by 21% from 51.11 L to 37.99 L 
and the average travel time of vehicles decreased by 21% from 159.28 s/
km to 122.18 s/km. More importantly, the traffic flow has relieved, and 
fuel consumption and traffic gas emission to the environment have 
reduced. 

The left-turn lane passing through the central island has reduced 
the traffic volume of urban arterial streets in Burhanettin Onat-Metin 
Kasapoglu direction. Although it is not the arterial street, Portakal Cicegi 
street is frequently used as the quickest way from the roundabout to 
access the developing tourism district, Lara, instead of Metin Kasapoglu 
Street. In the next years, it is estimated that the traffic volume on this 
street will increase.

With the removal of the central island of the roundabout in 2016, 
the average values for travel time, number of stops, vehicle density, fuel 
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consumption, delay time, conflict point, carbon emission parameters, 
except vehicle speed changes, were positively affected by 19%. Average 
vehicle speed increased by 31%. In the proposed roundabout, the 
average speed of the vehicles increased by 65% in comparison with the 
status in 2016, and the performance of the average fuel consumption was 
affected more positively in comparison with the other parameters.

In the current status of intersection where there is no central 
island, the number of conflict points increased by 28% and reached 41 
in comparison with the status in 2016. Although the merging points 
and diverging points have increased in the proposed roundabout, the 
conflict points have decreased by 53% due to the features of the turbo 
roundabout geometry. According to the number of conflict points that 
determine the accident risk, the proposed roundabout is 41% safer than 
the status in 2016, and the accident risk is 18.5% lower than the current 
status.

Figure 27 shows all analyses in the same graphic to make sure that 
results are seen and comparison is understood better. Average values for 
travel time, number of stops, speed, vehicle density, fuel consumption, 
delay time, conflict point, carbon emission given in Part 3 are provided 
in the same chart. The change in speed in the proposed hybrid junction 
is more clearly seen in comparison with other performance parameters.

Figure 27. All analyses in one chart

The status 
for 2016

The status of 
the proposed 
roundabout

The current 
status
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Conclusion

In this study, the performance of the proposed roundabout has been 
analysed using the AIMSUN and compared with the status in 2016 and 
the current status of the roundabout. Signal planning works in a 4-phase 
system for the status of intersection in 2016 and for the proposed 
roundabout and works in a 3-phase system for the current status of the 
roundabout. The summary of the results is given in the following items.

1. Advances in technology lead to rapid increment in the speed, 
types and performance of new vehicles and the population growth 
yields to an increase in the number of vehicles. Correspondingly, 
security and public responsibilities are of great importance due to 
the increasing traffic. When the literature is reviewed, it is seen 
that many researchers from different countries are in search of 
various intersection types to address this issue.

2. There are many alternative types of intersections in the literature. 
These types have different superior characteristics. New hybrid 
intersection types combining the superior features of current 
intersection types can be developed and analysed, especially with 
the development of microscopic simulation techniques giving 
realistic results. As a result of the application of the proposed 
roundabout type, especially, vehicle speeds have increased, 
queuing and conflict points have decreased. This type of studies is 
attracting attention and will increase in the future.

3. Roundabout performance has increased with the removal of the 
classic island in the status of roundabout in 2016 in comparison 
with the current status. Instead of using the conventional 
roundabout that is common in Turkey, the removal of the central 
island and usage of signalised junction will be more feasible. In 
this regard, it is monitored that average vehicle density, average 
vehicle speed, average number of vehicle stops, average delay 
time, average fuel consumption of vehicles, average travel 
time of vehicles, average carbon emission of vehicles, mean 
queue improved by 19%, 31%, 33%, 21%, 14%, 21%,17%, 38%, 
respectively. The removal of the centre island increased its 
average overall performance by 24%.

4. With the redesigning of the roundabout as the proposed type, the 
performance of the current status of the roundabout has improved 
further. In this context, it is observed that average vehicle density, 
average vehicle speed, average number of vehicle stops, average 
delay time, average fuel consumption of vehicles, average travel 
time of vehicles, average carbon emission of vehicles, mean 
queue improved by 12%, 34%, 13%, 18%, 21%, 21%, 17%, 16%, 
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respectively.  The average overall performance has increased by 
19%.

5. In the status of the roundabout in 2016, while the vehicles coming 
from Burhanettin Onat and entering the roundabout for left-turn 
should have circulated more than half of the roundabout, they 
directly pass to the Portakal Çiçeği Street owing to the proposed 
hybrid design. Thanks to the direct left-turn lane, the number 
of vehicles coming from Burhanettin-Onat and entering the 
roundabout decreased by 20%. This reduces the risk of accidents 
caused by vehicles circulating the roundabout.

6. The layout of the intersection has been considered in Cartesian 
coordinate system and the geometric template for the proposed 
roundabout has been designed. On the layout, the selection of 
transit left-turn connection points (A1 and A2 in Fig. 7a) on the 
spiral and the design of the left-turning lane passing through 
the central island have been made. Since an ellipse arc has been 
used in designing this lane on the island instead of a circle arc, the 
curvature will be relatively less, left turning vehicles can exit the 
roundabout at a higher speed. Also, the width of the lane on the 
central island can be extended so that long vehicles can turn.

7. The major arterial traffic flow on the roundabout is in the axis 
of Burhanettin Onat and Metin Kasapoglu streets. Owing to a 
decrease in the average number of vehicle stops by 13%, there 
is an increase in the average vehicle speed by 34%, the average 
mean queue has decreased by 18%. Thanks to the left-turn lane on 
the central island from Burhanettin Onat Street to Portakal Cicegi 
Street, there will be a remarkable relief of major arterial traffic 
flow, which increases especially in tourism seasons. 

8. When the safety analysis is compared according to driver 
behaviour, the proposed roundabout has a smaller number of 
conflict points compared to 2016 and the current status. Thus, the 
accident risk decreased by 41.3% on average. Turbo roundabout 
geometry has provided the reduction in conflict points for the 
proposed roundabout. In addition, the risk of accidents will be 
much lower in the flash mode application at night times, when the 
traffic flow is minimum.

To sum up, this study presents the results of traffic safety and 
efficiency analysis after the combination of the geometric features of 
two alternative roundabout types, namely, turbo and hamburger, is 
performed on a four-leg conventional roundabout.

In the future, by considering the additional factors (e.g., population 
growth, uncertainty of driver behaviour, construction costs, traffic flow 
distribution and pollution) with more realistic data from field studies, 
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modelling and research can be performed on new hybrid roundabouts 
designed by means of combination of certain types of the roundabouts.
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Nomenclature & Symbols

a – spiral equation coefficient;
r – spiral radius;
q – spiral angle; 
α – the angle between y axis and leg center line; 
A1 – connection point for direct road; 
A2 – connection point for direct road;
B1 – connection point for direct road;
B2 – connection point for direct road;
IA1 – edge line for lane; 
IA2 – edge line for lane;
IB1 – edge line for lane; 
IB2 – edge line for lane; 
R – inscribed diameter of roundabout; 
s1 – distance between 1st centreline and IA1; 
s2 – distance between 2nd centreline and IA2; 
d – width of lane or width of direct connection road.

https://doi.org/10.1155/2015/954295


82

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

ISSN 1822-427X/eISSN 1822-4288
2021 Volume 16 Issue 3: 82–110
https://doi.org/10.7250/bjrbe.2021-16.533

* Corresponding author. E-mail: ab-moghadam@um.ac.ir

Alireza MAHDAVI (ORCID ID 0000-0002-1073-0088)
Abolfazl Mohammadzadeh MOGHADDAM (ORCID ID 0000-0001-6211-3738)
Mohammad DAREYNI (ORCID ID 0000-0002-0357-7193)

Copyright © 2021 The Author(s). Published by RTU Press

This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original author and source are credited.

DURABILITY AND MECHANICAL PROPERTIES 
OF ROLLER COMPACTED CONCRETE 
CONTAINING COARSE RECLAIMED ASPHALT 
PAVEMENT 

ALIREZA MAHDAVI, 
ABOLFAZL MOHAMMADZADEH MOGHADDAM*, 

MOHAMMAD DAREYNI 
Department of Civil Engineering, Ferdowsi University of Mashhad, 

Mashhad, Iran 

Received 17 August 2020; accepted 15 April 2021

Abstract. The feasibility of utilizing Reclaimed Asphalt Pavement (RAP) as a 
replacement for coarse aggregates in Roller Compacted Concretes (RCCs) was 
assessed. This replacement was performed in different volumetric percentages 
(25%, 50%, 75%, and 100%). During this process, RAP materials were subject 
to abrasion and impact in the Los Angeles drum and mixer before being added to 
the mixture. Compressive strength, splitting tensile strength, flexural strength, 
crack propagation, Ultrasonic Pulse Velocity (UPV), electrical resistivity, 
density, and water absorption (in 7, 28, and 90 days of age) tests were done on 
all mixtures. Results show that utilizing RAP in RCC can cause a drop in the 
mechanical properties, but it has positive effects on crack propagation of the 
specimens due to their increased toughness. Increasing the amount of RAP 
in the mixtures has increased their electrical resistivity, likely owing to the 
hydrophobic properties of RAP, which causes prevention from connecting pores 
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to each other. The relationship between the mechanical properties and UPV of 
the mixtures was analysed using regression models. Moreover, one- and two-
way ANOVA (analysis of variance) tests were performed on the results at a 95% 
confidence level. Finally, replacing the coarse aggregates with RAP only up to 
75% is suggested if pre-processing is performed. 

Keywords: crack propagation, electrical resistivity, mechanical properties, pre-
processed reclaimed asphalt pavement; Roller Compacted Concrete, Ultrasonic 
Pulse Velocity.

Introduction

Nowadays, utilizing waste materials in the construction of road 
pavement is increasing, and there are positive reports regarding their 
performance. Waste materials are classified into two general categories: 
(i) recycled materials and (ii) industrial by-products, each including 
different materials. One of the most valuable recycled materials with 
pavement applications is RAP, which is produced in millions of tons in 
different countries annually. RAP is produced during the maintenance 
and rehabilitation phases of highways by milling and powdering 
the old asphalt surfaces and can be employed in different highway 
applications. RAP materials can be utilized as backfill, base and sub-base 
course materials, and in manufacturing different concrete and asphalt 
mixtures. Due to the presence of asphalt in RAP and the quality of its 
aggregates, it is less frequently used as backfill materials and is mainly 
utilized for manufacturing different asphalt mixtures. Utilizing RAP for 
asphalt mixture manufacturing is done by either in-place recycling or 
central plant recycling, which themselves can be performed in either 
cold or warm procedure (Jamshidi et al., 2012; Kar et al., 2018; Kriz et 
al., 2014; Mathias et al., 2009; Niazi and Jalili, 2009; Rahman et al., 2014; 
Saberi.K et al., 2017; Stroup-Gardiner, 2013; Xie et al., 2017; Yan et al., 
2019). Replacing RAP for aggregates in concrete mixtures is another 
application of RAP. There have been several studies, all of which have 
two general results in common, firstly, using RAP as a replacement for 
aggregates causes the mechanical properties of the mixture to drop, 
and, secondly, replacing coarse aggregates leads to lower strength drops 
compared with replacing fine aggregates (Abdel-Mohti et al., 2016; 
Erdem and Blankson, 2014; Huang et al., 2005; Khodair and Luqman, 
2017; Khodair and Raza, 2017; Shi et al., 2017; Singh et al., 2017; Singh et 
al., 2018).

Among all types of concrete mixtures, which have specific 
characteristics proportionate to their application, RCC is known to be a 
new technology that has drawn attention in roadway paving. In recent 
years, several major projects have been executed in North America 
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using RCC, which has shown proper performance in the years being 
utilized. Also, RCC is increasingly drawing attention in Europe and 
Australia. The construction method of RCC pavements has benefits, 
including increased placement speed and reduced execution costs. 
These advantages are especially significant compared to conventionally 
constructed concrete pavements since RCC pavements do not use dowels, 
steel reinforcement and forms. Although the application of this type of 
pavement is extensive nowadays and includes various applications (e.g., 
log sorting yards, parking areas, lumber storage, municipal streets, and 
secondary highways), the first application of RCC was in Sweden in 1930 
(ACI, 1995). RCC pavement is classified in the Jointed Plain Concrete 
Pavement (JPCP) category and is very different from the conventionally 
constructed concrete pavement in terms of fresh properties and 
construction method. This difference is associated with aggregate 
grading and mixing proportions since the amount of fine aggregates are 
relatively higher in RCCs and a water-to-cement ratio is lower, which 
leads to lower slump and higher stiffness (and consequently, different 
execution method) in RCCs (Harrington et al., 2010). Using RAP as a 
replacement for aggregates in RCC is one of the highway applications of 
RAP, on which some studies have been conducted. In the following, the 
results of these studies are described.

K. Bilodeau et al. have evaluated the effects of RAP as aggregates on 
the mechanical properties of RCC mixtures. They also made efforts to 
minimise the strength drop of mixtures by utilizing steel fibers. In this 
research, coarse aggregates were replaced by RAP in 40 and 80%, and 
compressive strength, tensile strength, and compressive modulus of 
elasticity tests were performed on the mixtures. Results showed that 
increasing the amount of RAP in the mixtures led to higher drops in 
the mechanical properties. Also, assessments on the complex modulus 
of elasticity of the mixtures in different temperatures and frequencies 
revealed that adding RAP caused an increase in the sensitivity of 
the mixtures to the temperature and loading frequency, such that 
decreasing the temperature and increasing the loading frequency caused 
the complex modulus of elasticity to increase, in the RCC mixtures 
containing RAP (Bilodeau et al., 2011). 

Ferrebee et al. evaluated the mechanical and fracture properties of 
the RCC mixtures by replacing 16% of aggregates with RAP. Results of 
this research indicated that the compressive and tensile strength of the 
mixture containing RAP decreased by 27% and 16%, respectively. The 
width of the bottom crack in the beam under cyclic loading was also 
investigated to evaluate the fracture properties of the mixtures, which 
indicated an increase in the width of the crack. Also, more accurate 
investigations on the fracture properties of the mixtures revealed that 
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using RAP caused drops in the initial fracture energy, resistance to 
cracking, and total fracture energy of the mixtures (Ferrebee et al., 
2014). 

Utilizing supplementary cementitious materials alongside replacing 
aggregates with RAP can result in favourable environmental properties. 
To this end, Modarres and Hosseini assessed RCC mixtures containing 
RAP (as a replacement for a portion of aggregates) and rice husk ash 
(as a replacement for a portion of cement). Three scenarios were 
considered in this research, including using rap as a replacement for 
(1) fine aggregate, (2) coarse aggregate, and (3) the whole aggregates. 
Moreover, the compressive and flexural strength, toughness, and fatigue 
of the mixtures were measured, which revealed drops in mechanical 
properties and fatigue life of all mixtures containing RAP. Results 
indicated that the mixtures containing RAP as a replacement for both 
fine and coarse aggregates showed the highest drop in the mechanical 
properties and fatigue life, while the lowest drop in these characteristics 
was associated with mixtures containing coarse RAP. Although using 
RAP caused a drop in the mechanical properties and fatigue life of the 
mixtures, the toughness of the mixtures showed an increasing trend 
which was due to the increased amount of displacements before fracture 
of the specimens containing RAP. According to moisture-density curves, 
it can be observed that using RAP not only decreases the optimum 
moisture but also decreases the density of the mixtures (Modarres and 
Hosseini, 2014). 

Unlike other studies in this field, Settari et al. reported that 
utilizing RAP as fine aggregates could result in RCC mixtures with 
better performance compared with mixtures containing coarse RAP. 
In this research, RAP replacement was performed in different parts of 
aggregates (as 100% of fine aggregates, 100% of coarse aggregates, 
100% of whole aggregates, and 50% of whole aggregates), and the 
mechanical properties of the mixtures were evaluated. This showed 
that the best performance was associated with the mixture containing 
50% RAP, among all mixtures. Although mechanical properties of the 
mixtures containing RAP showed a drop compared with the control 
mixture but using 50% of RAP significantly enhanced the capillary 
water absorption of the mixture compared with the control mixture 
(Settari et al., 2015).

Fakhri and Amoosoltani utilized RAP and crumb rubber as a 
replacement for a portion of aggregates in RCC mixtures and evaluated 
the effects of these two recycled materials on the mechanical properties. 
In this research, mixtures were manufactured with different amounts 
of cement (from 250 to 400 kg/m3) and different aggregates gradings, 
and their compressive and flexural strengths, toughness, energy 
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absorption, modulus of elasticity and stiffness were tested. Results of 
the compressive strength test showed that the grading of aggregates 
had a considerable effect on the test results, such that, by using gradings 
with lower fineness modulus, higher percentages of aggregates could 
be replaced by RAP. By comparing the mechanical properties of the 
mixtures containing 25% RAP and 25% crumb rubber, it was evident 
that the mixtures containing RAP showed lower drops in the mechanical 
properties compared with mixtures containing crumb rubber. Unlike 
RAP materials, which reduce the compressive and flexural strengths 
of the mixtures, using 5% crumb rubber led to a small improvement 
in the compressive strength. Load-displacement curves showed that 
utilizing RAP in the mixtures caused the amount of energy absorption 
and toughness of the mixtures to increase, which meant their ductility 
was increased (Fakhri and Amoosoltani, 2017). As mentioned before, 
using RAP as a replacement for a portion of aggregates causes the 
mechanical properties of the mixtures to drop. This strength drop will 
be minimized if RAP is used as a replacement for coarse aggregates. The 
main reason for the strength drop in the mixtures containing RAP is 
the weak adhesion between the cement paste and the aged asphalt layer 
around RAP materials (Fakhri and Amoosoltani, 2017). A method to 
deal with this weakness in these mixtures is to perform pre-processing 
on RAP materials. Al-Mufti and Fried suggested roughening by mixers 
as a solution. According to their research, roughening RAP materials in 
the mixer up to 2 hours can lead to small strength improvement for the 
mixtures, while increasing the roughening duration to 3 hours will cause 
no strength drop in them (Al-Mufti and Fried, 2017). 

This study was aimed to evaluate the effects of coarse RAP materials 
as an alternative to the coarse aggregates on the mechanical and 
durability properties of roller concrete mixes. To improve the quality 
of RAP aggregates, these materials were subjected to pre-processing 
before being used in the concrete. Then, mixtures containing RAP 
materials were assessed by mechanical experiments, and, using non-
destructive ultrasonic and electrical resistivity tests on all specimens, 
regression models were developed for each mechanical property of the 
mixtures. Also, the effect of RAP materials on crack propagation speed in 
specimens under loading was investigated through a crack propagation 
test.
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1. Materials and methods

1.1. Materials and mixture proportioning

In this research, cement, water, aggregates and RAP were used to 
manufacture the mixtures. Regarding the design strength, the cement 
amount was chosen to be 16% of the dry aggregate mass. The cement 
used in this research is type-II cement obtained from the Zaveh factory 
located in Torbat, Iran, which is moderate resistant against sulphate 
attacks, and its mechanical, physical and chemical properties are as 
shown in Table 1. 

Table 1. Mechanical, physical and chemical properties of the cement

Chemical properties Mechanical and physical properties

Oxide, % Properties

SiO2 21.4 Compressive strength, MPa 3 Day 19

Al2O3 4.95 – 7 Day 34

Fe2O3 3.91 – 28 Day 52.5

CaO 63.5 Specific gravity – 3.02

MgO 2.6 Blaine specific surface, cm2/g – 2900

Na2O 0.4 Initial setting time, min - 90

K2O 0.55 Final setting time, min - 170

SO3 1.3 Autoclave expansion, % - 0.15

L.O.I (max) 0.9 - - -

I.R (max) 0.25 - - -

The proper mixture gradation was obtained by combining two 
natural coarse aggregate borrow pit with one natural fine aggregate 
borrow pit (Fig. 1). As shown in Table 2, due to lower density of RAP 
materials compared with the natural aggregates, the aggregate 
replacement with RAP was done in different volumetric percentages 
(25%, 50%, 75% and 100%). To acquire the mixture proportioning 
based on Modified Proctor Method, optimum moisture was measured 
for each of the mixtures, and mixing proportions were obtained based on 
volumetric relationships. Figure 2 shows the optimum moisture curves, 
and Table 3 presents the mixing proportions for each mixture. It can 
be seen that by increasing the amount of RAP, optimum moisture and 
maximum dry density of the mixtures were decreased.
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Table 2. Properties of the aggregates and RAP used in this research

Source

Specific Gravity
Absorp-
tion, %

Fractured 
Particle, 

%

Sand 
Equivalent, 

%

Effective bitumen 
content, %

Dry SSD Apparent
Before 

pro-
cessing

After 
pro-

cessing

Natural 
Coarse 

Aggregate1

2.645 2.681 2.743 1.35 95 -
- -

Coarse 
Aggregate2

2.601 2.652 2.741 1.97 95 - - -

Fine 
Aggregate 2.576 2.649 2.780 2.86 - 68 - -

Coarse 
RAP (After 
processing)

2.38 2.4 2.43 0.89 - -
3.53 3.11

Table 3. Mixing proportions for all mixtures

Mix. w/c
Aggregates, kg/m3 RAP, kg/m3

Cement Water
Fine Coarse1 Coarse2 4# 3/8# 1/2#

R0 0.45 1307.7 538.4 76.9 0.0 0.0 0.0 307.7 137.4

R25 0.43 1315.3 406.2 58.0 28.7 55.3 55.2 307.1 133.4

R50 0.43 1320.2 271.8 38.8 57.6 111.1 110.8 305.8 131.1

R75 0.41 1329.5 136.9 19.6 87.0 167.8 167.3 305.5 126.0

R100 0.40 1338.0 0.0 0.0 116.8 225.2 224.5 305.0 121.4

Figure 1. Blended aggregate gradation and allowable limits based on ACI 211.3
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1.2. RAP pre-processing

In this study, to crumble the lumps and weak layers around RAP 
materials, pre-processing operations were accomplished. Since the 
treatment methods of RAP presented in the earlier study (Al-Mufti and 
Fried, 2017) are time-consuming, in order to save time, this operation 
was performed with higher intensity. To this end, RAP materials were 
placed under impact and abrasion (Fig. 3) in the Los Angeles machine 
(having 12 steel spheres) and the Horizontal mixer (100 litres), 
respectively, for a particular duration. These devices were employed 
for the pre-processing purpose to subject materials to abrasion (in 
the mixer) and impact (in the Los Angeles drum). The optimal pre-
processing limit is defined as a time duration after which the change in 
gradation of the RAP materials remains negligible. Aiming to recognise 
the optimal pre-processing time, RAP materials with a specific gradation 
were subject to abrasion and impact by the Los Angeles machine 
and mixer. The pre-processing was implemented in the Los Angeles 
machine for 1-minute and 1.5-minute time steps, and the gradation 
was determined after each step (Fig. 4). After six abrasion steps, the 
same materials were placed inside the mixer for 2-minute and 4-minute 

Figure 2. Optimum moisture curve of each mixture
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time steps, and their gradation was determined afterward. Finally, 
percentages of the material gradation variation in the jth step compared 
with ( j−1)th step were calculated using Eqs. (1) & (2).

 A

P P
P
nj

i ij

ii

n

�

�
�

�
� 0

01

100

 (1)

 � � � �j j jA A 1 (2)

In this equation, Pij is the percentage remaining on ith sieve size 
in the jth step ( j = 0 denotes the moment before beginning abrasion 
and impact), n is the number of standard sieves, Aj is the gradation 
variation percentage after step j compared with the initial gradation, 
and, Dj represents the gradation variation percentage after the jth step 
compared with the ( j−1)th step. In this research, the duration of pre-
processing was chosen such that either the variation percentage on that 
step was less than 2% or the paired t-test of two successive steps for 
gradation became insignificant (i.e., there was no significant difference 
between two gradations at 90% confidence level; p-value > 0.1). These 

Figure 3. The Los Angeles machine (right) and the mixer (left) used 
for pre-processing
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criteria were adopted based on the maximum allowable tolerances 
of gradation from Iran’s General Technical Specifications of the Road. 
Therefore, using Eqs. (1) and (2) and statistical test, the optimal pre-
processing time for the RAP materials inside the mixer and the Los 
Angeles machine was obtained as 12 and 5 minutes, respectively. This 
means that RAP materials were processed in a mixer and Los Angeles for 
12 and 5 minutes, respectively, before being used to make the mixtures. 

Figure 4. Gradation of RAP aggregates after each step of processing 
in the Los Angles machine
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Figure 5. Gradation of RAP aggregates after each step of processing 
in the mixer
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1.3. Specimen manufacturing and curing

To manufacture the required specimens, three types of moulds were 
used, including the cubic moulds with 100 mm × 100 mm × 100 mm 
dimensions, cylindrical moulds with 200 mm × 100 mm dimensions, 
and beams with 400 mm × 100 mm × 100 mm. These specimens were 
manufactured utilizing a vibrating hammer shown in Fig. 6 and 
according to ASTM C1435 (cylindrical specimens were compacted in 
four layers, and cubic specimens were compacted in three layers). After 
24 hours from the compaction time, the specimens were demoulded and 
were cured for 7, 28 and 90 days in immersed conditions, and then the 
tests were performed. 

1.4. Test method

1.4.1. Compressive strength

The compressive strength test was performed in accordance with BS 
EN 12390-3:2002 on the cubic specimens, with a 3 kN/s loading speed, 
which was equivalent to a 0.3 MPa/s stress increment. In this research, 
three specimens were tested for each mixture at 7, 28 and 90 days of age, 
in saturated surface dry condition. 

1.4.2. Flexural strength

The flexural strength of the mixtures used for pavement purposes is 
of substantial importance, and design methods are usually based on this 
characteristic of the concrete. In this research, in accordance with ASTM 

Figure 6. Vibrating hammer (right), plates (middle), and specimen 
compaction method (left)
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C78/C78M-15b, the loads were applied to the third points. To perform 
this test at each age, three beam specimens were used in the saturated 
surface dry condition. The loads were applied with a 0.055 kN/s speed 
(equivalent to 1 MPa/min increase in tensile stress in the bottom fibre of 
the beam) at 100 mm distance from the supports.

1.4.3. Splitting tensile strength

The tensile strength of the mixtures was measured indirectly using 
cylindrical specimens. This test was also performed in accordance with 
ASTM C496/C496M – 11 on saturated specimen with dry surface. The 
loads were applied with a 0.52 kN/s speed equivalent to a 1 MPa/min 
increment in the tensile stress of the loaded surface.

1.4.4. Ultrasonic pulse velocity

Ultrasonic test is known to be the most common non-destructive 
test for concrete, and its applications are developing in quality control 
of different materials. This test is based on propagating ultrasonic 
pulse and measuring its velocity in the length of the specimen. Passing 
velocity of the ultrasonic pulse in a concrete specimen is a criterion for 
assessing the quality of the mixture since this characteristic is affected 
by density, dynamic Poisson’s ratio, dynamic modulus of elasticity, 
porosity, moisture, segregation, curing duration, water-to-cement 
ratio and mixture proportions in general. In this research, Portable 
Ultrasonic Non-destructive Digital Indicating Tester (PUNDIT) was 
used in accordance with the ASTM C597 standard to perform this test. 
PUNDIT is equipped with two transducers with a 50 mm diameter that 
are capable of creating pulses of 54 kHz frequency and can be used to 
test specimens with a minimum length of 50 mm. According to the 
above-mentioned standard, the test surfaces were first stained with 
grease, and then pulse pass time was measured using PUNDIT by placing 
the transducers on them and propagating the ultrasonic pulse. Since all 
of the specimens (cubic, cylindrical, and beam) in this research were 
tested before fracture, the pulse velocity could be calculated by dividing 
the specimen length by the pulse pass time. Also, dynamic modulus of 
elasticity of the mixtures is calculated by measuring the density of cubic 
specimens and using Eq. (3).

 UPV
E

� �
�� �

�� � �� �
d d

d d
�

�

� �

1

1 1 2
 (3)

In this equation, UPV is the ultrasonic pulse velocity (m/s), r is the 
density (kg/m3), Ed is the dynamic modulus of elasticity (GPa), and 
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nd is the dynamic Poisson’s ratio. Qasrawi and Marie showed that the 
beginning moment of cracking could be specified by measuring UPV 
in cubic specimens during the compressive strength test and plotting 
the normalized curve of the pulse velocity against compressive stress 
(Qasrawi and Marie, 2003). In this research, to assess the effects of 
RAP as coarse aggregates in RCC mixtures, on crack propagation of the 
mixtures, this test was performed on the specimens.

1.4.5. Density and water absorption

Water absorption of the concrete mixtures is a durability indicator, 
and by measuring it, the durability of the mixture in harsh environments 
can be assessed. The density and water absorption amounts of each 
mixture were calculated by measuring the immersed, saturated and dry 
masses of three cubic specimens in 28 days of age, according to ASTM 
C642 standard. 

1.4.6. Electrical resistivity

Electrical resistivity is an intrinsic characteristic of materials 
defined as their resistance to electrical current under a unit of potential 
difference, and its value is equal to the reverse of electrical conductivity. 
Performing an electrical resistivity test in accordance with ASTM 
C1760 is an evaluation method of the concrete resistance to chloride ion 
penetration. This test is, in fact, a substitute for the ASTM C1202 test 
method which is time-consuming and requires more equipment. In this 
research, cylindrical specimens with 100 mm × 200 mm dimensions 
were subject to a specific potential difference in 7, 28, and 90 days of 
age, according to ASTM C1760, and the passing current was measured. 
Finally, the electrical resistivity of the specimens was calculated using 
Eq. (4). In this equation, V is the applied potential difference (V), I is the 
passing current (A), A is the area of the specimen cross-section (m2), 
L is the specimen’s length (m), and R is the electrical resistivity of the 
specimen (Ω·m). 

 R V
I

A
L

� �  (4)
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2. Test results

2.1. Compressive strength

As shown in Fig. 7, increasing the amount of RAP in the mixtures 
causes the compressive strength of the mixtures to drop, which can 
be attributed to the weak asphalt layer on RAP material surface. The 
most significant decrease in the compressive strength of the mixtures 
compared to the control ones is more than 60%, which occurred in 
the mixture containing 100% of coarse-grained RAP at the age of 28 
days. The aged asphalt layer causes the crack path to be led around 
the RAP materials, which can cause the specimens to rupture under 
lower stresses. Also, it can be seen that increasing the curing duration 
of mixtures causes their strength to increase, which is due to the 
development in the cement hydration and creation of more amounts 
of hard products of these reactions (such as C-S-H). By comparing 
the compressive strengths of concrete mixtures containing different 
amounts of coarse RAP at different curing times, it is observed that the 
highest increase in strength occurred in the 90-day control mixtures 
(approximately 33% increase in strength compared to 7-day mixtures). 
This difference can be attributed to the absorption of more water by the 
stone aggregates than the RAP materials and, as a result, more hydration 
of the hardened cement paste inside the concrete.

Figure 7. Compressive strength of mixtures containing different amounts 
of RAP

4
1

.6

4
0

.1

2
9

.6

2
8

.4

1
9

.0

4
9

.3

4
6

.4

3
2

.1

2
9

.1

1
9

.7

5
5

.2

4
7

.2

3
7

.3

3
3

.4

2
3

.0

0

10

20

30

40

50

60

0 25 50 75 100

C
o

m
p

re
ss

iv
e

 s
tr

e
n

g
th

, 
M

P
a

RAP content, %

7 day 28 day 90 day



96

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

2.2. Flexural strength

The adhesion between the cement paste and aggregates is critically 
important since the bottom surface of a concrete specimen will be 
subject to tensile stresses under bending moment. The aged asphalt layer 
around the RAP materials deforms under lower stresses, which causes 
the flexural strength of the mixtures to drop with higher amounts of 
RAP since a weak area in the cross-section subject to loads leads the 
path of the cracks around itself. Figure 8 shows the results of the flexural 
strength test at different ages. The mixture containing 100% coarse RAP 
at the age of 7 days showed the highest decrease in flexural strength 
compared to the control mixture (approximately 50% reduction in 
strength). Although the increase in flexural strength due to curing (90-
day mixtures compared to 7 days) in the concrete mixture containing 
100% RAP is about 6% higher than the control mixture, the control one 
revealed significantly higher strength than other mixtures. This can be 
due to the higher water absorption of the stone aggregates and a faster 
hydration process in this mixture.

Figure 8. Flexural strength of the mixtures containing RAP at different 
ages
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2.3. Splitting tensile strength

The fracture section of the cylindrical specimens subject to splitting 
tensile strength shows the presence of RAP materials in the fracture 
plane (Fig. 9). Also, according to Fig. 10, it is evident that increasing 
the curing age of mixtures has increased their tensile strength due to 
further development of hydration reactions. Similarly, it is observed 
that the highest increase in the tensile strength happened in the control 
mixture (approximately 39% increase in the tensile strength of the 
90-day mixture compared to the 7-day). Likewise, the highest drop in 
the tensile strength compared to the control mixture was revealed in the 
mixture containing 100% RAP at 28 days, which was about 45%.

Figure 10. Splitting tensile strength of the mixtures containing RAP 
at different ages

Figure 9. Fracture section of tensile specimens for mixtures R100 (left), 
R75 (middle), and R50 (right)
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2.4. Ultrasonic pulse velocity

2.4.1. Dynamic modulus of elasticity

Results of the UPV test indicated that using RAP in RCC mixtures 
can decrease their dynamic modulus of elasticity. Since the stiffness 
of materials is a highly influential factor in their dynamic modulus of 
elasticity, the decreased modulus of the mixtures containing RAP can 
be due to their decreased stiffness. The asphalt on the surface of RAP 
materials has lower stiffness than other materials in the concrete; 
therefore, its presence reduces the stiffness of the mixtures. Figure 
11 shows the values of the dynamic modulus for mixtures containing 
different amounts of RAP at different ages. It can be seen that increasing 
the curing age for mixtures caused their dynamic modulus to increase, 
which could be due to the increased stiffness as a result of more 
developed hydration reactions.

2.4.2. Estimation of strength regression models

The UPV test was performed on all specimens at all ages before 
performing compressive, flexural, and tensile strength tests, and its 
results were employed to develop the strength estimation model for 
the mixtures. Figures 12 to 14 show these models and Table 4 presents 
their characteristics. The highest coefficient of determination (R2) 

Figure 11. Dynamic modulus of elasticity of mixtures containing different 
amounts of RAP
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is observed by the results of the control mixture, which is due to 
higher homogeneity of these mixtures in terms of the properties of the 
materials employed in their manufacturing. It is also observed that, in 
general, R2 of the estimated compressive strength models are higher 
than those of the flexural and tensile strength. This can be attributed 
to the different crack paths in the flexural strength (crack initiations 
from the lower beams) and the tensile strength (cracks in the loaded 
plate) tests. However, in the compressive strength test, cracks begin to 
initiate from weaker zones of the specimen. Therefore, the results of the 
flexural and tensile strength of mixtures are more affected by the local 
characteristics of the mixture. On the other hand, the ultrasonic wave 
always traverses the sample via the path with the most solidity, which is 
not necessarily either the lower beams of the sample or the loaded plate.

Table 4. Characteristics of the models for mechanical properties  
of the RCC mixtures

Mix. Compressive strength Flexural strength Splitting tensile strength

R0 fc = 0.224e0.0010V  (R2 = 0.92) fr = 0.323e0.0006V  (R2 = 0.87) ft = 0.151e0.0006V  (R2 = 0.83)

R25 fc = 2.449e0.0006V  (R2 = 0.76) fr = 0.476e0.0005V  (R2 = 0.58) ft = 0.015e0.0011V  (R2 = 0.52)

R50 fc = 0.074e0.0013V  (R2 = 0.69) fr = 0.363e0.0005V  (R2 = 0.74) ft = 0.267e0.0005V  (R2 = 0.81)

R75 fc = 1.416e0.0006V  (R2 = 0.56) fr = 0.014e0.0012V  (R2 = 0.60) ft = 1.293e0.0001V  (R2 = 0.65)

R100 fc = 4.137e0.0004V  (R2 = 0.66) fr = 0.051e0.0010V  (R2 = 0.66) ft = 0.360e0.0004V  (R2 = 0.55)

Figure 12. Compressive strength-UPV curves
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2.4.3. Crack propagation

Fracture of the specimens subject to compressive stress occurs 
when the micro-cracks develop and join in the specimen. The 
crack propagation speed in loaded specimens is critical, since this 
characteristic of the concrete is affected by its ductility. Higher crack 
propagation speed in the concrete leads to more brittle fracture and 

Figure 13. Flexural strength-UPV curves
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Figure 14. Tensile strength-UPV curves
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less ductility (Marie, 2016). On the other hand, UPV is highly sensitive 
to the presence of cracks in the material, and with more numbers and 
higher width of the cracks, the UPV decreases. Thus, Fig. 15 was plotted 
by measuring the UPV in cubic specimens subject to compressive 
stresses until the fracture moment. This figure shows the UPV lines (as a 
percentage of the unloaded specimen UPV) plotted against compressive 
stress (as a percentage of the specimen final compressive strength).

It is noticeable that increasing the compressive stress up to a point 
has no effect on the UPV in the loaded specimen, and after that point, 
causes the UPV to drop. This velocity drop means that micro-cracks 
are formed in the specimen, and increasing the compressive stress 
further will increase the number and width of these micro-cracks, and 
therefore, lead to larger drops in the UPV. Qasrawi and Marie showed 
that when the UPV reached 94% of its initial value in a cubic specimen 
under compressive stress, crack propagation would begin (Qasrawi and 
Marie, 2003). The horizontal line in Fig. 15 was also drawn for 94% of 
the initial amount of UPV. It is evident that by increasing the amount 
of RAP in the mixtures, the intersection of the crack propagation lines 
with the horizontal line moves towards the left. This intersection 
divides the load bearing of the specimen into “before cracking” and 
“after cracking” phases. Figure 16 shows the load-bearing percentage of 
each RCC mixture after the cracking phase. As illustrated, by increasing 
the amount of RAP in the RCC mixture and moving the cracking point 
towards the left, the load-bearing percentage in the after-cracking phase 
will increase. This change in the crack propagation pattern of the RCC 

Figure 15. UPV lines against applied compressive stress in the RCC mixtures 
containing different amounts of RAP
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mixtures containing RAP can be attributed to the increased toughness in 
them since toughness is defined as an indicator of the load-bearing of the 
specimen after the cracking begins. 

2.5. Density and water absorption

Figure 17 indicates the water absorption and density amounts for the 
RCC mixtures investigated in this study. As it is obvious, utilizing RAP in 
the mixtures has not had an effect with a specific pattern on the mixture 
water absorption. However, due to lower density of RAP compared with 
aggregates, replacing RCC coarse aggregates with RAP has decreased the 
density of the mixtures. 

Figure 16. Load-bearing percentage of RCC mixtures containing RAP 
in the after-cracking phase

Figure 17. Density (right) and water absorption (left) of the RCC mixtures 
containing RAP
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2.6. Electrical resistivity

The electrical resistivity of saturated concrete specimens is an 
indicator of the amount of pores and their connectivity. The higher the 
number of pores and their connectivity, the easier the movement of ions 
inside them in the saturated state, and, therefore, the less their electrical 
resistivity. In general, Fig. 18 shows that increasing the amount of RAP 
in the mixtures increased their electrical resistivity. This increase in 
the electrical resistivity can be caused by the decrease in the amount of 
pores or can be caused by the properties of RAP materials. Nevertheless, 
since the results of the water absorption test (which is an indicator of 
the amount of concrete pores) do not show a decreasing trend, it can be 
concluded that the number of pores in the mixture is not considerably 
affected by the presence of RAP materials. Therefore, the increased 
electrical resistivity of the mixture can only be due to the properties 
of RAP materials. The particular property of RAP materials that makes 
them different from original aggregates is the asphalt layer on the 
surface of these materials. When RAP is placed in the vicinity of pores, 
it can prevent them from connecting with each other, since H. Schubert 
has shown that the more hydrophobic materials form a larger connection 
angle with water which reduces their connection surface with water 
(Schubert, 1984). This reduced connection surface can prevent pores 
from connecting to each other in some cases (Fig. 19).

Figure 18. Electrical resistivity of the mixtures containing different 
amounts of RAP
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It is also observed that changes in the electrical resistivity of the 
mixtures are associated with the peak points, which vary at different 
curing ages by RAP contents. The presence of these peaks can indicate 
the impact of RAP aggregates on the development of cement hydration. 
This impact can be manifested by leaving pores within the mixture 
owing to preventing sufficient water from reaching the cement paste 
around the RAP aggregates and thereby incomplete or retarded cement 
hydration in the course of curing age.  These pores, in turn, would lead to 
a variation in the electrical resistivity at different curing ages and RAP 
contents.

2.7. Analysis of variance

The difference between the results of different RCC mixtures 
including RAP in different tests may be caused by random errors in lab 
procedures. Therefore, a two-way analysis of variance was performed 
at a 95% confidence level to clarify the significance or insignificance 
of these differences. According to Table 5, it is clear that the difference 
caused by curing age and the amount of RAP in compressive, flexural 
and tensile strength, dynamic modulus, and electrical resistivity test 
is significant and not random, i.e., these properties are affected by 
the amount of RAP in the RCC mixtures. Also, due to 28 days of age of 
specimens in the crack propagation test, analysis of variance performed 
on the result of this test was one-way, which showed that the amount of 
RAP had a significant effect on the cracking pattern of the RCC mixtures. 

Figure 19. A comparison between the connectivity of pores in mixtures 
without RAP (left) and containing RAP (right)
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Table 5. Analysis of variance of the test results

Test Source DF Adj SS Adj MS F-Value P-Value

Compressive 
strength

RAP 
content 4 4608 1152 37.54 0.000

Age 2 418 209 6.81 0.004

Interaction 8 114 14 0.46 0.872

Error 30 921 31    

Total 44 6060      

Flexural 
strength

RAP 
content 4 11 3 171.87 0.000

Age 2 1 1 41.82 0.000

Interaction 8 1 0 8.14 0.000

Error 30 0 0    

Total 44 14      

Splitting tensile 
strength

RAP 
content 4 47 12 31.98 0.000

Age 2 15 7 19.72 0.000

Interaction 8 5 1 1.83 0.111

Error 30 11 0    

Total 44 78      

Electrical 
resistivity

RAP 
content 4 2043 511 27.98 0.000

Age 2 4627 2313 126.74 0.000

Interaction 8 586 73 4.01 0.002

Error 30 548 18    

Total 44 7803      

Dynamic 
modulus

RAP 
content 4 1813 453 151 0.000

Age 2 356 178 59 0.000

Interaction 8 38 5 2 0.169

Error 30 90 3    

Total 44 2297      

Crack 
propagation

RAP 
content 4 1 039 262 259 816 49.61 0.000

Error 10 52 368 5237    

Total 14 1 091 630      
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3. Conclusion and suggestions

•	 Utilizing RAP in manufacturing RCC caused its mechanical 
properties to drop significantly, at the 95% confidence level, 
which was highest in the compressive strength test results, such 
that, in a mixture containing 100% coarse RAP, a 61% strength 
reduction was observed compared with the control specimen. 
However, since the minimum 28-day compressive strength 
determined for RCC mixtures by the regulations is 27.6 MPa, 
RAP can be used as a replacement for 75% of coarse aggregates 
maximum. This maximum is suggested for a concrete mixture 
with 300 kg/m3 cement, and further experimental investigations 
are required for different types of concrete to determine the 
allowable limit of RAP to be used.

•	 The significant decrease (p-value < 0.05) in the dynamic 
modulus of mixtures is considered a weakness for concrete 
used for pavement purposes. Regarding the dynamic nature 
of the pavement loads, the dynamic modulus is an important 
characteristic in them, which is reduced by increasing the amount 
of RAP. However, it must be noted that the specific equation used 
for homogenous and isotropic materials was used to calculate this 
value which reduced the accuracy of the results. However, this 
method is typical for estimating the dynamic modulus of concrete. 

•	 Strength estimation models can be used for estimating the 
strength of the mixtures because of their proper R2 value. 
However, the coefficients of these models must be calibrated for 
different mixture proportions, which requires manufacturing lab 
specimens and performing tests on them. 

•	 Monitoring the cracking process of the specimens under loading 
can provide beneficial information regarding the effects of 
materials on the mixture fracture properties. Investigating the 
results of this test shows that using RAP can significantly change 
the cracking pattern of the mixtures and increase their toughness 
(p-value < 0.05). 

•	 Water absorption variations with the increased amount of 
RAP have followed no specific pattern. However, since this 
characteristic of concrete directly affects its durability in harsh 
environments, further studies are required regarding the 
durability indicators of concrete containing RAP. 

•	 Electrical resistivity test is a non-destructive method of assessing 
the durability of mixtures which can highly reduce the cost of 
lab experiments. Generally, there is a correlation between the 
results of this test and other durability-related tests on the RCC 
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mixtures. Nevertheless, enough consideration is required in using 
the present models due to the presence of asphalt around RAP 
materials.

•	 Increasing the amount of RAP in the RCC mixtures increased their 
electrical resistivity (p-value < 0.05). Hydrophobicity of aged 
asphalt in RAP materials probably decreases the connectivity 
of the pores and consequently improves the durability of RCC 
mixtures.

Future research

Utilizing RAP as waste material in the concrete has favourable 
environmental results, and the strength reduction due to using these 
materials should not lead to putting these materials aside. Rather, this 
strength reduction can be minimised by employing admixtures and 
complementary cementitious materials. Also, comparing the results 
of this research with similar studies, it is evident that pre-processing 
by impact and abrasion can be effective in reducing the strength drop 
of the mixtures containing RAP. However, considering the different 
methods proposed for this purpose, further studies must be performed 
to standardise these operations.  
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Abstract. A well-functioning transport network is a key element of a successful 
economy. One of the biggest problems in transportation is the large number of 
vehicles, which leads to congestion. Traffic congestion negatively influences 
the social and economic environment: it creates pollution and causes many 
accidents. A variety of innovative technologies are being applied in all areas. 
Different countries use Intelligent Transport Systems to create a safer, more 
efficient, and sustainable transport system to monitor and manage traffic 
flow. The application of Intelligent Transport Systems helps solve problems 
in the transport sector: Intelligent Transport Systems helps manage traffic 
flows, reduce accident rates, environmental pollution, and inform drivers and 
passengers about the traffic situation. Consequently, Intelligent Transport 
System improves the efficiency of the transport system, the quality of services, 
increases mobility, reduces energy consumption, and reduces the negative 
impact of vehicles on the environment. As reported by the Department of 
Statistics data in Lithuania, the number of road vehicles in the Vilnius region 
increases every year. Traffic accidents remain constant, and long-lasting traffic 
jams occur. Due to these reasons, Vilnius and its residents incur economic 
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costs, and the transport system is used inefficiently. This article examines the 
importance of Intelligent Transport System application in solving congestion, 
pollution and accidents in Vilnius. A cost-benefit analysis of the Automatic 
Incident Detection System installation in Vilnius is performed.

Keywords: Automatic Incident Detection (AID), congestion, Intelligent 
Transport (IT) system, safety, statistic data, transport system.

Introduction

The transport system consists of transport infrastructure, vehicles 
and transport facilities: passengers and freight (Ambrazevičius, 2008; 
Rodrigue & Notteboom, 2020). The transport system provides an 
opportunity to use existing roads efficiently, provide cheaper services 
to consumers, plan the number of vehicles properly, and improve the 
existing legal framework in the light of ongoing changes (Ambrazevičius, 
2008). The transport system must be safe, maintainable, open, and 
accessible (National Research Council..., 2002). The transport system 
must be designed and organised to meet consumer needs efficiently and 
comfortably freight and people (National Research Council..., 2002). A 
large part of the transport system is a public place that all passengers 
use (National Research Council..., 2002).

Statista GmbH data present that the most popular vehicle is a 
personal car, i.e. about 78.3 million cars are sold every year from 2016 
to 2018, and 72 million cars were produced. Many vehicles have led to 
specific problems in the transport system, such as increased accident 
rate, congestion, the negative impact of transport on the environment, 
low public interest in public transport. Sumra et al. (2013) state that 
road traffic crashes increase congestion, and poor weather conditions 
worsen. Consequently, a more efficient and safer transport system is 
needed. An Intelligent Transport system is an effective tool for solving 
problems in the transport system (Sumra et al., 2013).

1. Theoretical aspects of the application 
of Intelligent Transport systems

The primary function of the IT system is to improve the performance 
of the transport system, help manage the infrastructure for making 
better decisions, and create a transport system that suits users 
(Hofmeister & Kadner, 2011; Paulauskas et al., 2011). For this reason, IT 
systems consist of systems responsible for collecting, processing, and 
integrating information and systems responsible for delivering results 
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to users (Perallos et al., 2015). Intelligent Transport systems reduce 
accident rates, encourage more people to choose public transport by 
making it better. Intelligent Transport systems have the advantage of 
being able to use advanced management technologies to improve the 
performance of the transport system, as well as the ability to change and 
adapt to a changing environment, to perform many different functions 
and always to operate quickly and efficiently (Janušová & Čičmancová, 
2016). Intelligent Transport systems provide benefits if the system is 
entirely open, able to work with data from all available sources and 
provide services to potential customers (Janušová & Čičmancová, 2016). 
Intelligent Transport systems positively impact infrastructure, vehicles, 
drivers, or passengers (Perallos et al., 2015). They improve the efficiency 
of the infrastructure and transport system, increase safety, help to 
spread information more quickly in the modern world, and make it 
easier and faster for people to travel (Haseeb, 2017).

Innovations are being implemented rapidly, and the world is 
equipped with various IT systems that offer a number of benefits. 
Intelligent Traffic Management Systems traffic lights adaptive to traffic 
flows, systems for programming green transport corridors (Sotra, 2017). 
It is also a traffic flow sensor, electronic scoreboards for information 
on traffic, speed measuring devices, navigation, maps, electronic toll 
collection, electronic payment systems, emergency vehicle notification 
systems, collision warning and avoidance systems, real-time parking 
management systems, autonomous vehicles, car, bicycle, scooter rental 
platforms, Global Positioning System (GPS), video surveillance cameras 
(AIndra Labs, 2019).

Integrated motorway traffic flow control considering Vehicle 
Automation and Communication Systems (VACSs) is important to 
analyse. Automation and Communication Systems act both as sensors 
(providing information on traffic conditions) and as actuators, 
permitting the deployment of ramp metering, variable speed limits, and 
lane changing control (Roncoli et al., 2015).

Congestion, accidents, and pollution issues due to transportation 
are becoming more severe due to the tremendous increase in various 
travel demands, including vehicular traffic, public transportation, 
freight, and even pedestrian traffic. Intelligent Transport systems 
have been developed to resolve issues that integrate a broad range of 
systems, including sensing, communication, information dissemination, 
and traffic control. Three components are necessary for any IT system 
to perform its functions: data collection, data analysis, and data and 
information transmission (Sumalee & Ho, 2018).

Researchers Liu et al. (2020) argue that the development and 
application of IT systems have significantly improved quality of life 
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and provided convenience in many respects. For example, the IT 
system collects large amounts of data at any time. Efforts by both the 
private and public sectors to develop, deploy and educate IT systems 
are becoming an integral part of raising the transport economy of the 
country (Liu et al., 2020).

Intelligent Transport systems fundamentally change mobility and 
communication to transport legislation and vehicle regulation (Sumalee 
& Ho, 2018).

2. Methodology

The statistical analysis is performed to examine the interrelated 
indicators of the transport system and IT systems. The research 
carried out using this method notice the change of the transport system 
indicators over several years and to identify the problems that have 
arisen in the transport system of Vilnius. It is possible to determine 
whether the IT systems used in Vilnius impact safety, traffic jams, and 
pollution.

Strength, Weakness, Opportunity, and Threat (SWOT) analysis 
makes it possible to identify the strengths, weaknesses, opportunities, 
and threats of the object in question to carry out activities effectively 
and implement change. The Strength, Weakness, Opportunity, and 
Threat analysis shows the advantages and disadvantages of the object, 
indicating the possibilities and threats of problem-solving. Strength, 
Weakness, Opportunity, and Threat analysis are helpful to find out which 
changes are needed and knowing opportunities and threats lead to 
effective decisions.

The Cost-Benefit analysis is performed to evaluate the Automatic 
Incident Detection (AID) system of Vilnius in Transport Control Center 
suggested implementing by the authors. Firstly, the implementation cost 
and the system are calculated, and then the income is predicted using 
three scenarios: optimistic, pessimistic, and realistic.

The research is carried out in stages (collecting information, research 
of indicators, analysis of data, presentation of conclusions) using 
statistical analysis of transport system indicators of Vilnius and SWOT 
analysis. The study evaluates IT system in Vilnius, review their benefits, 
and developing.
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3. Analysis of transport system indicators 
and implemented Intelligent Transport systems 
in Vilnius

This chapter presents the analysis of IT systems applied in Vilnius 
and the problems they solve. The statistical data analysis was performed 
to investigate the interrelated indicators of the transport system and 
IT systems. This method shows the change in the transport system 
indicators over several years and identifies the problems that have 
arisen in the transport system of Vilnius. It is possible to determine 
whether the IT systems used in Vilnius work and change safety, traffic 
congestion, the efficiency of the transport system and pollution.

3.1. Statistics of road accidents

In the National Transport Development Programme 2014−2022 
the importance of IT systems is highlighted, and the need for security 
infrastructure measures is pointed. The Traffic Management Center of 
Municipality Enterprise “Susisiekimo paslaugos” collects daily data on 
traffic accidents in Vilnius (time, place, direction, source of information). 

Note: compiled by authors.
Figure 1. The number of traffic accidents in 2018 and 2019 May−December 
comparison

May June July August September October November December

2018 1638 1755 1665 1825 2099 2505 2256 2472

2019 2175 1897 1752 1918 2384 2681 2530 2742
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Traffic incidents are recorded when seen through the cameras and when 
they have been marked on the Waze map or notified by the radio station.

The bar chart of traffic accidents in Vilnius in 2018 and 2019 from 
May to December was created (Figure 1). 2019 May−December there 
were 1864 traffic accidents more than in 2018 in Vilnius. Compared to 
2018, the total accident rate of Vilnius in 2019 May−December increased 
by 11.5%.

The statistical data analysis showed that in 2019 there was the 
highest number of fatal accidents on Vilnius streets. A total of 20 fatal 
accidents on the roads in 2016. In 2017 there were 19 fatal accidents 
on the road, in 2018 – 16, in 2019 – 22 (Figure 2). The number of fatal 
accidents on the roads of Vilnius in 2019 was 10.0% higher than in 2016, 
15.8% higher than in 2017, and 37.5% higher than in 2018.

Based on valid Traffic Statistics in Lithuania, traffic accidents lead 
to losses in the state economy. As stated in the data statistics from the 
Lithuanian Road Administration under the Ministry of Transport and 
Communications, it is clear that in 2018 the average damage to the 
Lithuanian economy due to a person killed on the road was 591 538 EUR. 
In 2019 due to 22 people killed on the roads of Vilnius, the Lithuanian 
economy suffered a loss of 13 013 836 EUR.

The number of traffic accidents in Vilnius is growing every year ‒ in 
2019, there was the highest number of fatalities compared to 2016‒2018. 
Every road accident that kills a person causes damage to the Lithuanian 
economy. Damage suffered in 2019 amounted to 13.01 million EUR 
(Figure 3). Consequently, specific solutions are needed to reduce the 
number of accidents and people affected by them.

Note: compiled by authors.
Figure 2. Changes in the number of fatal accidents on Vilnius streets

 

January February March April May June July August September October November December

2016 0 1 3 0 2 2 1 0 2 2 3 4

2017 1 1 0 2 2 0 3 2 0 4 2 2

2018 3 1 0 4 1 1 2 0 1 2 0 1

2019 1 1 0 1 0 0 0 1 6 5 4 3
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3.2. Analysis of vehicle flows and congestion duration

The traffic management department constantly monitors the change 
in traffic flows and makes appropriate traffic management decisions. 
Municipality Enterprise “Susisiekimo paslaugos” identified the most 
intense intersections in Vilnius and compiled a traffic volume map to 
inform the population (Figure 4). It depicts fifty intersections where car 
traffic in 2016–2019 was the busiest.

In 2017 congestion was caused by many vehicles (93.6%), 3.3% traffic 
jams caused by traffic accidents, 0.9% – because of road works and 
2.2% ‒ due to intersection blocking, uneven traffic flow. It is estimated 
that congestion costs are an average of 480 million EUR per year in 
Vilnius (Mačiulis, 2016).

In agreement with Hartman (2017) and Debczak (2018), traffic 
jams cause negative social consequences and affect the economy and 
the environment. Drivers involved in traffic jams are often intolerant, 
tend to behave aggressively, and threaten road users working on busy 
streets (Hartman, 2017). Traffic jams also have a negative impact on the 
environment – increase environmental pollution and noise.

Thus, traffic jams affect the economy, social environment, ecology, 
and traffic jam cost in Vilnius are about 480 million EUR/year.

3.3. Analysis of pollution and noise indicators

Based on the Lithuanian Road Police Office data, the transport 
sector emits about 30% of total CO2 emissions in the European Union. 

Note: compiled by authors.

Figure 3. The damage to the Lithuanian economy due to fatal accidents
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Seventy-two per cent of this amount is emitted by road vehicles. The 
increasing number of road vehicles and older cars are leading to an 
increase in pollution and noise. Based on the Sustainable Urban Mobility 
Plan data, about 29% of all cars in Vilnius have the Euro3 standard, 
which leads to higher pollution and noise. It is stated that the pollution 
in 6% of Vilnius territories is higher than the highest safe indicator. In 
2019 1.3 million of 1.5 million (87%) of cars registered in Lithuania 
emit more than 130 g/km of CO2. Two hundred seventy-three thousand 
nine hundred fifty-seven vehicles, travelling one kilometre, emit about 
35.6 thousand kg of greenhouse gases in Vilnius. It is unclear how CO2 
emissions affect human health and how much economic damage they 
cause.

Pollution is a problem in the transport system caused by many 
vehicles, old cars and negatively affects human health and the 
environment. The busiest streets of Vilnius are the most polluted. In 
Vilnius County, vehicles emit about 35.6 kg of CO2 per kilometre.

Figure 4. The map of intersections with high traffic volume in 2019 
(portal.sisp.lt)
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4. Overview of Intelligent Transport systems 
in Vilnius

When dealing with congestion and accidents in Vilnius, it is 
important to discuss IT system types. Intelligent Transport systems are 
rapidly implemented and improved in the transport infrastructure of 
Vilnius. The number of IT systems installed in Vilnius is growing every 
year. The entire traffic management system consists of 289 controlled 
intersections with 1885 traffic flow detectors and 983 sensor buttons 
for pedestrians and cyclists. There are also 105 video surveillance 
cameras in the city, 18 speed measuring devices, 13 electronic 
scoreboards for information on traffic and one variable information road 
sign.

4.1. SITRAFIC scala

In March 2020, there are 289 controlled intersections in Vilnius. They 
operate based on existing traffic flows in real-time. These controlled 
intersections are managed and operated in the Traffic Management 
Center using the SITRAFFIC software. SITRAFFIC software used 
for traffic control in Vilnius monitors the operation of controlled 
intersections. It allows changing the operating modes of intersections to 
reduce air pollution and increase traffic safety.

4.2. Traffic detectors

Traffic detectors are installed in each traffic lane of the controlled 
intersection. Sensors detect vehicles at intersections or pedestrians 
at crossings, and their operation is monitored in the SITRAFFIC Scala 
program. Traffic data collected by traffic detectors are stored in 
the system and used for traffic volume analysis, traffic organisation 
planning based on the TrafficVision software.

4.3. Video surveillance system

This system is equipped to monitor the traffic situation in real-time 
accurately. As a result, Traffic Management Centre operators rapidly 
respond to atypical traffic situations, obstacles on the roads, and 
congestion. Municipality Enterprise “Susisiekimo paslaugos” installed 
105 video surveillance cameras in Vilnius (Directive 2010/40/EU…). Fifty-
four per cent of cameras have a control function, and 46% of them are 
without a control function.
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The video surveillance cameras installed in Vilnius capture 
approximately 4.83% of all road traffic accidents per year. Cameras 
increase safety and security in Vilnius.

4.4. Recording devices for traffic offences

These are speed measuring devices, red light cameras and bus lane 
cameras based on the TrafficVision software. These devices are designed 
to reduce accident rates in Vilnius because they discipline drivers, 
encourages compliance with road traffic rules. The Automatic Traffic 
Offender Recording system also frees up Bus lanes and prioritises public 
transport, thus reducing the travel time of public transport passengers.

4.5. Variable information road signs

This variable information road sign is an electronic panel where the 
set images change. The first variable information road signs based on 
the TrafficVision software were installed in Vilnius in 2019 at one of 
the busiest intersections crossed by an average of 83 064 vehicles per 
weekdays (Saturdays or Sundays are not included in the statistics due to 
the need for more efficient traffic management.

The methodology for traffic volume calculation is used in solving 
traffic safety problems on roads. Therefore, in Chapter 4, these methods 
are described in more detail, statistical analysis of traffic volume change 
inroads of national significance, main, national, and regional roads are 
provided.

5. Methods of calculating averages of traffic volume

The following calculations are made for all the roads of national 
significance:

The annual average daily traffic (AADT, vpd) of total traffic volume, 
freight transport and every vehicle class on the road sections, roads, 
and road groups; the average daily traffic volume estimated every 
quarter (quarterly T) of total transport flow and freight transport flow; 
the average daily traffic volume estimated every month (monthly T) of 
total transport flow and freight transport flow; the average daily traffic 
volume estimated daily (daily T) of total transport flow and freight 
transport flow; distribution of traffic volume per day (provided for every 
hour as a percentage of a daily T).
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This chapter is showed the AADT about total traffic volume, freight 
transport and every vehicle class on the road sections, roads, and road 
groups and the method of calculating traffic for a month.

5.1. Method of calculating the annual average daily traffic 
on the road section

Based on the data of stationary permanent traffic accounting posts,  
is calculated by using Equation (1):

 AADT DT
d

�
�
�1

365
1

355

, vpd, (1)

where AADT – annual average daily traffic, vpd; DT – daily traffic, vpd; 
365 – number of days in a year.

Based on the data of stationary periodical posts, where accounting 
is done four times a week, and temporary posts (except for the ones 
where measurements are made once a year),  is calculated following 
the “Methodology for Calculation of the Annual Average Daily Traffic from 
Temporary Measurement Data” (Jarašūnienė & Miliauskaitė, 2011). 
The same methodology is used when data is based on temporary costs 
(except those where measurements are made yearly).

Based on the data of stationary periodical posts where traffic 
accounting is done twice a year for a week, AADT is calculated by using 
the data of the adjacent section with a permanent post. By application 
of this method, based on the measurements of each of two weeks, an 
individual  AADT estimation is calculated – AADT1 and AADT2. The final  
estimation result is calculated based on the following Equation (2):

 AADT AADT AADT� �� �1

4
3

1 2
, vpd, (2)

where AADT – annual average daily traffic at the examined post, vpd; 
AADT1 – estimation of the AADT based on the measurement data of the 
week that does not include the period of June‒August, vpd; AADT2 – 
estimation of the AADT based on the measurement data of the week that 
includes the period of June‒August, vpd.

Traffic accounting once a year is done only at those sections, next 
to which at one of the adjacent road sections, the accounting is done 
periodically or constantly. At those road sections AADT is calculated 
following this procedure:

•	 the proportion of traffic volume among road sections is 
established;

•	 based on the data of periodical or permanent post, AADT is 
calculated;
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•	 at other road sections, AADT is calculated based on the established 
traffic volume proportion.

At road sections where traffic accounting is uncalculated in the 
current year,  is calculated by multiplying the value of AADT of the 
previous year by the traffic volume change coefficient in that road group 
to which the road under examination belongs (Equations (3)‒(5)):

•	 main road section
 I p IM M Mcurrent year previous year

� � , (3)

•	 national road section
 I p IN N Ncurrent year previous year

� � , (4)

•	 regional road section
 I p IR R Rcurrent year previous year

� � , (5)

where – AADT at the road section in the current year, vpd; IRprevious year  – 
AADT at the road section in the previous year, vpd; pM, pN, pR – traffic 
volume change in the main, national, and regional roads, respectively 
(the current year as stated in the data by static, permanent post data: 
pM = 1.088, pK = 1.054, pR = 1.036) (Jarašūnienė & Miliauskaitė, 2011).

6. Implementation of Automatic Incident Detection 
system in Vilnius – a cost-benefit analysis

The analysis of the scientific literature, the analysis of statistical data, 
and the review of IT systems show that the application of IT systems is 
important to reduce accident rates, congestion, and other transport 
system problems. This article presents the implementation of the AID 
system in Vilnius and presents the financial evaluation.

Automatic Incident Detection is an innovative system that combines 
the functions of several different IT systems: video surveillance cameras, 
automated traffic light control systems, electronic scoreboards for 
traffic information. The system constantly monitors traffic, collects 
data, processes information. When an accident, roadblock or congestion 
is detected, a signal to the operator of Traffic Management Center is 
sent, offering to select one of the prepared messages to be automatically 
posted on the relevant variable message sing, select the most suitable 
traffic signal program. When AID is used, information on the exact 
location of the accident is provided more quickly, identify potential 
congestion, inform road users about the situation, and make appropriate 
traffic regulation decisions to reduce travel time, noise, and pollution, 
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avoid additional accidents. Moreover, AID registers offenders of Road 
Traffic Rules, i.e. drivers on Bus lanes.

The calculation of the income provided by the AID system in monetary 
terms assesses the benefits provided by the system. The first benefit is 
a reduction in the number of fatal accidents. Video surveillance cameras 
capture 4.8% of all traffic accidents in Vilnius. In 2019 there were 22 fatal 
accidents. In 2019 there were 22 fatal accidents, and a video surveillance 
camera captured one of them. The ambulance arrives at the accident, 
and the death of an injured person is avoided. The average damage to the 
economy due to a person killed on the road is 591 538 EUR. This amount of 
money is saved by the installed AID system in Vilnius.

The second benefit is a reduction in the duration of congestion. It was 
found that 3.34.8% of all traffic accidents in Vilnius of traffic jams in 
Vilnius occur or their duration is prolonged because of traffic accidents. 
Every year in Vilnius, people spend 240 million hours in traffic jams 
(Mačiulis, 2016). Thus, 792 thousand hours are spent in traffic jams 
due to traffic accidents. The added value of one working hour is 20 EUR 
(Mačiulis, 2016). It is possible to calculate saving costs by reducing the 
duration of traffic jams in Vilnius.

The third benefit of the AID system is recording the offenders of Road 
Traffic Rules – drivers who drive on Bus lanes. The number of offenders 
at the time of each scenario was determined based on the statistics of 
existing recording devices for traffic offences. It was calculated that it is 
possible to record 3408 offenders per year. It is possible to measure the 
benefits of the system.

At first, when calculating the payback of an automatic accident 
recording system, the costs of the system maintenance after installation 
are unused. Thus, only the installation value is used – 578 000 EUR. 
This amount includes the cost of purchasing and installing the system, 
salaries for staff involved in the project, advertising costs.

6.1. Optimistic scenario

Table 1. Economic benefits of Automatic Incident Detection 
in an optimistic scenario per year

Economic benefits Total, EUR

Saved human life 591 538

Time spent by a person in congestion was reduced by 0.03% 475 200

3408 offenders paid the full amount of the fine 
(the total amount of the fine – EUR 30; 50% of the sum 
is returned to the budget of Vilnius Municipality)

51 122

Total revenue 1 117 860
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Suppose the average income received each year is the same and 
equals 1 117 860 EUR/year (Table 1). The values of the payback period 
calculations during the optimistic scenario are shown in Table 2.

Table 2. Calculation of installation payback time in an optimistic scenario

Estimated 
financial 

flows

Year

1 2 3 4 5 6

Residual 
value, EUR

578  000 0 0 0 0 0

Revenue, 
EUR

1  117  860 1  117  860 1  117  860 1  117  860 1  117  860 1  117  860

Expenditure, 
EUR

496    096 499  032 573  732 573  732 573  732 573  732

Gross profit, 
EUR

621  764 618  828 544  128 544  128 544  128 545  160

Operating 
result, EUR

43  764 618  828 544  128 544  128 544  128 545  160

Note: compiled by authors.

In the optimistic scenario, the value of the benefits of the AID system 
is positive from the first year after the installation. In this case, one 
death on the roads of Vilnius is avoided every year and 23 760 working 
hours saved, and significant profit made.

6.2. Pessimistic scenario

Table 3. Economic benefits of Automatic Incident Detection 
in a pessimistic scenario per year

Economic benefits Total, EUR

Saved human life 591 538

Time spent by a person in congestion was reduced by 0.003% 47 520

3408 offenders paid half amount of the fine (EUR 15) 25 561

Total revenue 664 619

Suppose the average income received each year is the same and 
equal to 664 619 EUR/year (Table 3). The values of the payback period 
calculations during the optimistic scenario are shown in Table 4.
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Table 4. Calculation of installation payback time in a pessimistic scenario

Estimated 
financial 

flows

Year

1 2 3 4 5 6

Residual 
value, EUR

578  000 409  477 243  890 153  003 62  116 0

Revenue, EUR 664  619 664  619 664  619 664  619 664  619 664  619

Expenditure, 
EUR

496  096 499  032 573  732 573  732 573  732 573  732

Gross profit, 
EUR

168  523 165  587 90  887 90  887 90  887 90  887

Operating 
result, EUR

−409  477 −243  890 −153  003 −62  116 28  771 90  887

Note: compiled by authors.

In the pessimistic scenario, the value of the benefits of the system 
is positive only in the fifth year after the installation. In that case, one 
death is avoided every year on the roads of Vilnius, 2376 of working 
hours saved, and a profit of 28 771 EUR is obtained in the five years of 
operation.

Note: compiled by authors.

Figure 5. The line chart of the implementation payback
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The project estimates and the values of the accumulated profit 
in optimistic and pessimistic scenarios are used to create the 
implementation payback line chart.

The graph (Figure 5) shows the year the project pays off (when the 
accumulated profit equals to estimate the project). In the optimistic 
scenario, the project pays off in the first year after its closure. The 
project pays off almost at the end of the second year. The actual payback 
time of the project, regardless of the maintenance costs, is one and a half 
years after the closure of the project.

However, when calculating the payback of the system, the costs 
incurred after the closure of the project must also be considered. For 
this reason, the cost of cameras, further maintenance of the AID system 
and salary paid to employees working with the system after the closure 
of the project are included. The total price of purchase, installation, 
and maintenance of the AID in the first year – 1 074 096 EUR. In the 
second year, only the maintenance of the system (498 000 EUR) and 
the salary for the employee (1032 EUR) is paid. When the warranty 
period expires (after 24 months), and software depreciation is assessed, 
the cost of maintaining the system and cameras increase by 15% and 
amount to 573 732 EUR/year. A period of five years is taken to calculate 
the payback of the project. The project estimates and the values of the 
accumulated profit in the case of optimistic and pessimistic scenarios 

Note: compiled by authors.
Figure 6. The chart of the implementation payback after estimating 
operating costs
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are used when compiling the payback schedule of the implementation. 
The costs incurred for the maintenance of the system are considered.

The graph (Figure 6) shows the year the project pays off after 
estimating the operating costs (when the accumulated gross profit 
equals estimate the project).

In the optimistic scenario, the project pays off for the first year after 
its closure. The project pays off almost at the end of the fifth year. The 
actual payback time of the project, considering the maintenance costs, is 
almost three years after the closure of the project.

6.3. Value created by the benefits of the Automatic Incident 
Detection

Neither the results of the optimistic nor the pessimistic scenarios 
show the real benefits of AID. In a realistic scenario, the potential 
benefits of the system were assessed to anticipate its benefits (Table 5).

Table 5. The economic benefits of the system in a realistic scenario 
over the year

Economic benefits Total, EUR

Saved human life 591 538

Half of the 3408 offenders paid the total amount of the fine 
(EUR 30), the other half-half amount of the fine (EUR 15)

38 342

Total revenue 772 440

In a realistic scenario, the value of the benefits of an AID is positive 
in the third year after installation (Figure 7). In that case, one death is 
avoided every year on the roads of Vilnius, 7128 of working hours saved, 
and a profit of more than 170 000 EUR is obtained from the third year 
after installation.

An automatic accident recording system also benefits employees 
of the Traffic Management Center and General Assistance Center. As 
a result, they have more time to devote to other jobs, thus increasing 
the productivity of companies. Also, it is possible to adjust the system 
parameters in various ways

Implementing the system provides direct and indirect benefits to 
Lithuania, Vilnius city, residents, workers. The total value created by the 
project benefits is at least 811 000 EUR over five years. Assessing the 
system in the future, adjusting, and improving its performance Possibly 
reduces congestion, prevent more road deaths, reduce pollution and 
noise, improve the efficiency of the transport system, and increase the 
safety of road users.
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Conclusions

1. The analysis of the scientific literature has shown that the main 
benefits of Intelligent Transport systems are related to problems 
in transport systems. The application of Intelligent Transport 
systems leads to reduced congestion, accident rate and pollution, 
help to manage traffic and increase the efficiency of the transport 
system.

2. The analysis of statistics on the Vilnius transport system revealed 
that accidents, congestion, pollution, and noise are the problems 
of the Vilnius transport system, which appeared due to many 
vehicles, insufficient Intelligent Transport systems installed in 
Vilnius transport system. These problems have a negative impact 
on the economics and social environment.

3. It has been found that the average damage to the Lithuanian 
economy due to one death on the road is 591 538 EUR. Due to 
congestion, the city of Vilnius suffers about 480 million EUR 
economic damage. It has been found that registered vehicles in 
Vilnius County emit about 35.6 thousand kg CO2 per km.

Note: compiled by authors.
Figure 7. Change in operating result in a realistic scenario
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4. Intelligent Transport systems help increase traffic management 
efficiency and reduce problems in the transport system.

5. The authors of the article presented the evaluation of the 
implementation of the Automatic Incident Detection system in 
Vilnius. The system is worth installing because only programming 
is required, and the cost of purchasing and installing the system 
is commensurate with the quality and benefits provided. The 
implementation of the system saves 591 538 EUR per year due 
to the saved human life. Congestion time is also projected to 
decrease by 0.009% per year and save 142 560 EUR. As congestion 
decreases, vehicle pollution and noise in Vilnius also decrease. It 
has been determined that the total benefit provided by the system 
amounts to at least 811 000 EUR per year.
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Abstract. Moving load identification has been researched with regard to the 
analysis of structural responses, taking into consideration that the structural 
responses would be affected by the axle parameters, which in its turn would 
complicate obtaining the values of moving vehicle loads. In this research, a 
method that identifies the loads of moving vehicles using the modified maximum 
strain value considering the long-gauge fiber optic strain responses is proposed. 
The method is based on the assumption that the modified maximum strain value 
caused only by the axle loads may be easily used to identify the load of moving 
vehicles by eliminating the influence of these axle parameters from the peak 
value, which is not limited to a specific type of bridges and can be applied in 
conditions, where there are multiple moving vehicles on the bridge. Numerical 
simulations demonstrate that the gross vehicle weights (GVWs) and axle weights 
are estimated with high accuracy under complex vehicle loads. The effectiveness 
of the proposed method was verified through field testing of a continuous girder 
bridge. The identified axle weights and gross vehicle weights are comparable 
with the static measurements obtained by the static weighing. 

Keywords: axle parameters, influence line theory, long gauge strain, maximum 
strain, moving load identification.
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Introduction

In view of the inconveniences caused by stop detection required by 
the Weigh-in-Motion (WIM) systems for overload detection on highways, 
the moving vehicle load identification based on the bridge, which can be 
used to estimate vehicle loads conveniently, is becoming a topical issue 
in structural identification (Rahbari et al., 2015; Meng et al., 2019; Tang 
et al., 2020; Chen et al., 2020). The Bridge Weigh-in-Motion (B-WIM) is 
capable of providing accurate measurements of the vehicle type, size 
and weight from the recorded bridge responses (Dunne et al., 2005; 
Jacob et al., 2010; Gonzalez et al., 2012; Zhao et al., 2016). There are 
two kinds of B-WIM systems, namely, the axle-detector system and the 
Free-of-Axle-Detector (FAD) system. The axle-detector system consists 
of tape switches measuring vehicle speed and axle spacing installed in 
the pavement, and strain gauges on the bottom flanges of the girders 
measuring structural flexural strain. Taking into consideration that the 
tape switches degrade within short periods of use, in the FAD systems, 
strain sensors are installed on the bottom of the bridge girders. The 
strain sensors are either exclusively used for axle detection or as a 
part of the overall B-WIM measurement system (Žnidarič et al., 2002). 
However, it is worth noting that the available FAD systems can only 
be applied to the bridges, which demonstrate sharp peaks in flexural 
strain responses, such as short span bridges with cross beams (Kalin 
et al., 2006). In order to overcome this limitation, a new methodology of 
axle detection is being investigated, including the use of visual systems 
(Caprani et al., 2013), development of shear strain sensors (Bao et al., 
2016), the virtual simply supported beam method and the virtual axle 
method (He et al., 2017, He et al., 2019). A B-WIM method that only uses 
several long-gauge fibre Bragg grating (FBG) has been proposed to 
solve the issues of sensor feasibility, inapplicability for multiple vehicle 
scenarios and the need for an additional axle-detector (Chen et al., 
2019). Still, more research is needed to improve the reliability of these 
technologies.

Many methods for moving force identification were proposed in 
the past decades. The classical time domain method and frequency 
time domain method were developed to identify the moving load on 
the bridge. Later, the regularization method was introduced (Chan et 
al., 2001; Law et al., 2001). Various methods have been developed on 
the basis of regularization, such as superposition and regularization 
mode, first-order Tikhonov regularization and dynamic programming, 
the updated static component technique, and Tikhonov regularization 
method combined with the moving average concepts (Zhu et al., 2006; 
González et al., 2008; Pinkaew and Asnachinda, 2007; Pan et al., 2017). 

http://xueshu.baidu.com/s?wd=author%3A%28Ale%C5%A1%20%C5%BDnidari%C4%8D%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
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Some researchers suggest using vehicle-bridge coupling in identification 
of moving loads. For example, a simply supported Bernoulli beam 
model and a vehicle system with 4 degrees-of-freedom were used in 
a stochastic force identification algorithm, taking into consideration 
the influence of pavement roughness (Wu and Law, 2001). Within 
the method of identifying vehicle parameters using the glowworm 
swarm optimization algorithm (GSO), the vehicle system of 2-DOF with 
5 parameters and 4-DOF with 12 parameters were used to solve the 
objective function of the optimization problem (Li et al., 2016). Based on 
the influence line theory and distributed optical fiber sensing technique, 
a method to obtain the load of a single truck has been developed (Yang 
et al., 2016). A local linear embedding algorithm is used to identify 
continuous or discontinuous loads from the response data (Zhang et 
al., 2019). Combining machine vision and weigh-in-motion monitoring 
information, a method to identify the real time distribution of the 
actual vehicle queue has been suggested (Ge et al., 2020). Wang et al. 
suggest identifying moving train load parameters using the enhanced 
classic moving force identification method (Wang et al., 2019). In order 
to simultaneously identify structural performance and moving load, 
some researchers have attempted to put forward a finite element model 
updating method based on the dynamic response sensitivity, a Bayesian 
inference regularization method, and so on (Lu and Liu, 2011; Feng et 
al., 2015; Shahbaznia et al., 2020). Many sensing technologies have also 
been developed and used for the identification of moving load, such as 
piezoelectric sensors, FBG sensors and camera machine vision (Zhang et 
al., 2021; Alamandala et al., 2021, Dan et al., 2019). Most of these studies 
use bridge responses to identify the moving vehicle loads, however, the 
moving vehicle loads are not easily detectable, because different axle 
parameters of the vehicles would have an effect on the bridge responses 
even though the vehicle loads are the same. In addition, most of the 
above-mentioned methods are only applicable for load identification of a 
single vehicle.

The advent of fiber optic sensing strategies, especially introduction 
of Fiber Bragg Grating (FBG) sensors, has ensured certain degree of 
flexibility and practicality in moving load identification, where the 
conventional sensors may not be used, since they are either incapable 
or not applicable in order to make reliable measurements. Unlike 
conventional point-based FBG sensors, the long-gauge FBG sensing 
technology can be extended from a few centimeters to a few meters 
thanks to special design and fabrication. The long-gauge FBG sensor with 
an improved packaging design can enhance the measuring sensitivity 
when the strain response is very small or environmental noise is strong. 
The distributed long-gauge FBG sensors are used for area sensing to 
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collect distributed information about the key structural elements or 
crucial areas. Their use not only allows saving on the cost of sensors, but 
also provides sufficient data for effective SHM (Li et al., 2007; Zhang et 
al., 2017).

The objective of this article is to develop a method for identifying 
GVWs by eliminating the influence of axle parameters on the structural 
response. The proposed method implies using the long-gauge FBG 
sensing technology employing its advantages – the fact that it allows 
measuring the distributed strain responses at least throughout the 
most important areas of the structures. The method of considering 
the modified maximum strain caused only by axle loads based on the 
influence line (IL) theory is proposed, in which the measured long-
gauge strain data are used for identification of GVWs and axle weights 
of the moving vehicles. The article is structured as follows: In Section 
2, the concept of long-gauge strain is introduced and the theoretical 
substantiation of the proposed method is provided considering such 
issues as estimation of axle spacing and axle weight ratios, modification 
of the maximum strain value, as well as identification of GVWs and axle 
weights. Section 3 provides numerical examples, verifying the feasibility 
of the proposed method. Description of the field tests and obtained 
results are provided in Section 4 to verify the effectiveness of the 
proposed method. Conclusions are presented in Section 5.

1. Method for moving vehicle load identification 

In this section, the implementation of the modified maximum strain 
based on the influence line theory to solve the problems related to 
moving vehicle load identification is described. The method can be used 
for all bridge types and is applicable in conditions with multiple passing 
vehicles. The strain time history and the maximum strain value are 
separately employed in the proposed method. The strain time history 
is considered to estimate the number of axles, axle spacing, axle weight 
ratio and other axle parameters. The maximum strain value is used to 
identify the GVWs. Because the parameters of the axle spacing and 
the axle weight ratios from different moving vehicles have an impact 
on the maximum strain values, the contributing factors and the axle 
load pattern are then determined in order to modify the maximum 
strain values. Comparing with the modified maximum strain value in 
the calibration test, the GVWs and the axle weights of each vehicle are 
determined combining the estimated axle parameters. The flow chart in 
Fig. 1 schematically represents the proposed method.
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1.1. The Long-gauge Strain

As mentioned previously, most strain sensors used for moving load 
identification described in the literature are point-type sensors, which 
are too local to reveal inherent structural characteristics. Even the 
widely used FBG-based strain sensor characterized by such promising 
features as high precision level, stable sensing capacity and reliability 
(Bocciolone et al., 2013; Zhang et al., 2015; Zhang et al., 2020) is still 
categorized into the group of point sensors due to its short gauge 
length. The recently developed distributed sensing technologies such 
as the Brillouin Optical Time Domain Reflectometry (BOTDR) also have 
limited properties and high costs. Therefore, the long-gauge FBG sensors 
are used in the field test of the studied bridge, because they can be 
extended to several centimeters or meters through a special design and 
manufacturing (Li and Wu, 2007). The principle feature of these sensors 
is a bare optic fiber with the FBG sleeved in an embedded tube and fixed 
at two ends to ensure that the measured value represents the average 

Figure 1. Flow chart of the proposed method: Long-gauge Fiber Optic 
Strain Sensing
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strain over the gauge length. Figure 2 shows the manufacturing and 
the features of the long-gauge FBG sensor. The strain measured by the 
long-gauge sensors will be the average strain over the long-gauge length. 
Multiple sensing units can be connected in series to cover a key sensing 
area. Then multiple key areas are connected to form a distributed 
sensing network for structural area macro-strain measuring. 

The long-gauge sensor allows measuring static/dynamic structural 
strain related to structural rotations with high precision. For a beam 
element with two local DOF’s (vertical translation v and rotation θ) 
at each node, the long-gauge strain (macro strain) measurement in the 
sensing unit j can be defined as

 � � � �j j pot t t� � � � � � � ��� �� (1)

where mj = hj/Lj, hj is the distance from the sensor to the neutral axis of 
the beam, Lj is the length of the sensing unit j; θo(t) and θp(t) are rotations 
of nodes o and p of the sensing unit j at the time t, respectively.

1.2.  Axle parameter estimation

The proposed method aims to identify the GVWs of moving vehicles 
without using axle detectors, while the axle information of the moving 
vehicles necessary for identifying the GVWs is unknown. The estimation 
of axle parameters, especially axle spacing and axle weight ratio of the 
moving vehicle, is based on the IL of the instrumented bridge and the 
strain difference. The first order difference is used to process the strain 
measurements near the abutments of the bridge.

To identify the basic axle information, the strain time histories 
measured near the abutments at the entrance and exit of the bridge are 
utilized. The measurement of the point m at the entrance of the bridge is 
taken as an example to illustrate the identification of axle weight ratios. 

Figure 2. The long-gauge fiber optic sensor
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For each span of the bridge, the IL of point m is approximately expressed 
as f x a x x xm m� � � �� �1 0, ,  and f x a x b x x lm m� � � � �� �2 1, , , where a1, a2, 
and b are coefficients of function f xm � �, respectively, and xm is the 
distance from support A to point m. The strain response at point m is 
measured with the long-gauge FBG strain sensor, when moving vehicles 
pass over the bridge. In order to eliminate the trend of the strain 
response time history, the measured strain time history is processed 
by the strain difference method. The maximum strain difference 
values, namely the peak values, of the strain difference time history are 
obtained, which are expressed as

� �M P P P a P P P a x i Ni i i N i� � � � � � � �� � � �� �( ) ( ) , , , ,1 2 1 1 2 2 1 2  ��   (2)

where DMi is the i-th peak value of the strain difference time history; 
Pi is the weight of the i-th axle; ∆x is the distance increment versus 
∆t; N is the total number of the vehicle axles; ge is the coefficient of the 
moment-strain.

As shown in Fig. 3, point m is located on the second span (l1 < m ≤ L) of 
a two-span continuous beam bridge with a length of L, where l1 and l2 are 
the lengths of the first and second spans, respectively. The response time 
history of point m is collected when a tri-axle vehicle passes across the 
bridge. DMi is obtained by subtracting the strain response of axle i acting 
on point m from the strain response of axle i acting on point ∆x away 
from point m. For the simply supported beam bridge, the calculation of 
DMi can be made directly by using the IL f xm � �. The IL of the continuous 
beam bridge consists of the IL f x� � and additional bending moment 
functions shown in Eqs. (9) and (10). It is necessary to analyze the 
strain difference data in the range from l1 to L, because DMi belongs to 
this range. The IL of point m in this range is mainly affected by f x� �, and 
this part of IL is calculated by first-order difference to obtain the strain 
difference data. The value of the additional bending moment functions 
in this strain difference data is very small and can be approximately 
ignored. It has been concluded that Eq. (2) applies to simply supported 
beam bridges as well as continuous beam bridges.

It should be noted that the axle number can be identified by the 
number of peaks of the strain difference time history. Taking DMN as the 
reference and dividing DMi by DMN, the following relation is obtained:
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. ri can be solved and represented as 
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Taking ′rN as the reference and dividing the � �� �r i Ni  by ′rN,

 p
r
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N

i

N
�

�
�
� , (6)

where pi is the axle weight ratio of the i-th axle to the N-th axle 
(reference axle).

Figure 3. The schematic diagram of DMi
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From Eq. (3) to Eq. (6), it is known that all axle weight ratios of the 
moving vehicles are obtained from the peaks of the strain difference 
time history. In addition, the axle spacing and axle weight parameters 
from various vehicle types, including different axle numbers are 
investigated for eliminating the false peaks on the strain difference time 
history, and the following conclusions are drawn: each vehicle has two 
and more axle sets, and each axle set includes at least one axle. The first 
axle set of all vehicle types has only one axle, and except that the number 
of the first axle set is one, the number of the following axle set is equal 
to or greater than two. For a certain axle set, the axle spacing is in the 
range from 1.2 m to 1.5 m. Thus, it is determined that the peaks of the 
axle spacings are also in this range for this axle set. After identifying the 
axle weight ratios, the velocity of the vehicle passing on each sensing unit 
is estimated as

 v v
t

t
j nj

V C j
C

j
V= =, , , ,1 2 , (7)

where vc is the velocity of the pre-weighed truck in the calibration test; 
t j
c and t j

V  are the times corresponding to the maximum value of the 
measured strain of the sensing unit j in the calibration and verification 
tests respectively; n is the total number of sensing units.
When the velocity of the vehicle is assumed to be constant, it can be 
estimated by the mean values. The time corresponding to the peaks of 
the strain difference time history is used to identify the axle spacing,

 d t t v i Ni i
V

i
V V� �� � ��1 2 3, , , , , (8)

where di is the distance between (i−1)-th axle and i-th axle; N is the total 
number of the vehicle axles; ti

V  and ti
V
−1 are the times corresponding to 

i-th and (i−1)-th peaks of the strain difference time history, respectively.

1.3. GVWs and axle weights identification

1.3.1. Modification of the maximum strain value

Axle spacing and axle weight ratios have significant effects on 
the maximum value of the measured strains. Because the positions 
of sensing units are different, the axle acting on the peak of the IL to 
produce the maximum strain is different for each sensing unit, which 
is defined as the axle load pattern. The truck with three axles used in 
the calibration test passing across the three-span continuous bridge 
is studied as an example to illustrate the axle load pattern (Fig. 4). 
For the verification test, the vehicle spacing and axle load pattern are 
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determined by all strain time histories measured by the long-gauge 
sensors.

It is seen from Fig. 4 that the maximum strains caused by the axles 
are different when the same vehicle loads act on different positions of 
the bridge. In order to determine the load axle that causes the maximum 
strain at different positions on the bridge, the concept of the dividing 
point is defined. It means that there are N−1 dividing points to divide the 
span into N areas when an N-axle vehicle passes over a span of a bridge. 
For each area, the axle load pattern causing the maximum strain at 
different positions is the same.

All maximum strain values are extracted from the strain response 
time histories to determine the axle load pattern. To estimate the 
load area of the i-th axle for each span of the bridge, strains ςi, ςi–1, ςi+1 
are calculated when the i-th, (i−1)-th and (i+1)-th axles act on the peak 
of the IL respectively. The range of the load area of the i-th axle can be 
obtained when ςi > ςi–1 and ςi > ςi+1. The positions of the dividing points are 
calculated as

 dp
p v p v v L
p v p v v

i Ni
i i N N N

N N N
�

� � �� �
� � �

�� �

� �

�
�

…1 1

1 1 1 1

1 2, , , , , (9)

where dpi is the i-th dividing point and vi is the velocity of the i-th axle. 
The axle load pattern for the area between the points dpi−1 and dpi is the 
(i−1)-th axle that causes the maximum strain. As shown in Fig. 4, when 
the vehicle with three axles passes over a span of a bridge, there are two 
dividing points separating the bridge span into three areas. 

Figure 4. Dividing point distribution and axle load patterns for the three-
span continuous bridge
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Sensing unit j from the middle span of the three-span continuous 
girder bridge is investigated to illustrate the procedure of estimation 
of the contributing factors. In the mechanical analysis of the continuous 
girder bridge, each span can be simplified to a simply supported beam 
and additional bending moment acting on the end of the beam. Thus, the 
strain IL for the middle span is determined by simply supported beam 
and additional bending moment. The IL at the sensing unit j can be 
expressed as

 f x f x f X x X xj j j� � � � � � � � � �� �21 22, , (10)

where fj(x) denotes the IL function at the sensing unit j and f xj � � is the 
IL of the sensing unit j contributed by the simply supported beam. X21(x) 
and X22(x) are the additional bending moment functions when the unit 
load acts on the 2nd span. When the axle load pattern of the sensing unit 
j is the i-th axle, the maximum strain of the sensing unit j is calculated as,
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where ςi is the maximum strain of the sensing unit j when an N-axle 
vehicle passes over the bridge; xj is the distance from support B to the 
sensing unit j; l is the length of the middle span; �� �� P d xii jj j, ,  is the 
strain of the simple support beam, which is caused by the axle spacing 
and the single axle weight, where Pii(ii ≠ i) is the ii-th axle weight,  
d jj Njj � �� �1 1, ,  is the jj-th axle spacing; � �� � denotes the strain from 
the additional bending moments caused by the axle spacing and the 
single axle weight. It may be seen from Eq. (11) that the first term on the 
right side is only caused by the GVW, and the other terms are caused by 
the axle spacing and the single axle weight. The axle spacing and the axle 
weight ratios other than the GVW also have an effect on the maximum 
strain values of each sensing unit. Therefore, in order to study the effect 
of axle spacing and axle weight ratios on determination of the GVW, the 
contributing factors representing their effects should be estimated. 
It may also be seen from Eq. (11) that the contributing factor h j can be 
calculated by 

�
� �

j
ii jj j ii j jj jj

N

P d x P f X d X d

p p p
�

� �� � � � � � �� �� �
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. (12)



142

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

Based on the derivation of Eq. (12), it is known that the contributing 
factor h j for the simply supported beam bridge does not include  
f[Pii, fj[X21(djj), X22(djj)]] caused by the additional bending moments and 
can be expressed as

�
�

j
ii jj j

N j j j j

P d x

p p p x l x f X x X x
�

� �� �
� � � �� � �� � � � ��

, ,

,1 2 1 2 21 221 jj� �� �� � . (13)

The effects of axle spacing and axle weight ratios can be eliminated 
from the original maximum strain value based on the calculated 
contributing factors. Specifically, the modified maximum strain value 
versus time t which is only caused by the GVWs can be calculated by

 �
�

�j
j

j
�

�1
 (14)

where εj and e j are the original and modified maximum value of the 
sensing unit j, respectively. 

1.3.2. GVWs and axle weight identification 

The modified maximum strain value for each sensing unit in the 
verification test was compared with the corresponding value in the 
calibration test to identify the GVW. The GVW of moving vehicles were 
calculated as 

 GVW GVWj
V j

V

j
C

C� �
�

�
, (15)

where GVWj
V  is the identified GVW on the sensing unit j in the 

verification test, GVWC is the GVW of the calibrated vehicle; e j
V  and 

e j
C  are the modified maximum strain values of the sensing unit j in the 

verification and calibration tests, respectively. Based on the identified 
GVW, the axle weights are estimated by

 P
p

p p p
GVWij

i

N
j
V�

� � �
�

1 2 

, (16)

where Pij is the identified axle weight of i-th axle on the sensing unit j.

2. Numerical verification 

The proposed identification method described in Section 2 has been 
verified here through a numerical example. In the verification test, three 
vehicles are simulated to pass across a simply supported beam with 
a length of 50m. The weights of three cars (v1, v2 and v3) are 190 kN, 
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400 kN, 140 kN, respectively. The speed of the first car is 25 m/s, while 
that of the other two cars is 23.148 m/s. The car behind arrived on the 
bridge one second later than the car in front. The bridge is divided into 
20 units, each 2.5 m in length. Specific vehicle information is shown in 
Fig. 5.

2.1. Axle parameters estimation

The strain response of all units was collected using the long-gauge 
FBG sensors under the moving loads. An artificial white noise with a 
standard deviation of 5% of the RMS value of the real response was 
added to the measured responses. The moving average method was 
used to filter the collected data considering the advantages this method 
offers: simple calculation, small calculation amount and suitability 
for real-time processing of non-stationary data. The difference of the 
filtered strain data of units 1 and 20 near the supports were used for 
estimating the axle parameters, as shown in Fig. 6(a). Based on Eqs. 
(7) and (8), the speed, spacing and relative position of axles on the 
bridge were determined. As seen in Table 1, the percent error of the 
identification axle spacing was calculated and shown compared with the 
actual axle spacing. The maximum error was 8.28%, and it occurred on 
d1 identification of vehicle v2. This is mainly due to the small distance 
between the front and the middle axle. The identified time interval 
between each vehicle was 1 s, and when the first vehicle drove off 
the bridge, the third vehicle started to get on the bridge. So, the load 
condition was divided into two time periods: The first period is the 
running period of the first vehicle and the second vehicle, and the end 
time is the time when the first vehicle completely leaves the bridge. The 
second period is the running period of the second vehicle and the third 
vehicle, and the beginning time is the time when the third vehicle starts 
to get on the bridge.

Figure 5. Simulated vehicle information in the verification test
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Table 1. Identified axle spacing versus actual axle spacing

Vehicle
Identification axle spacing, m Actual axle spacing, m % error

d1 d2 d1 d2 d1 d2

v1 4.44 — 4.5 — −1.33% —

v2 3.79 7.69 3.5 7.8 8.28% −1.4%

v3 6.89 — 6.5 — 6% —

2.2. GVW and axle weights identification

To determine the axle load pattern for this load condition, the 
dividing points were calculated by Eq. (9). The axle parameters in the 
first time period and the second time period were used to calculate the 
dividing points of the bridge, respectively. In Fig. 7, dp11, dp12, dp13 and 

Figure 6. Axle parameter estimation: (a) difference value; (b) axle weight 
ratio for the first time period; (c) axle weight ratio for the second time 
period
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dp14 are the virtual dividing points based on the axle parameters in the 
first time period, and dp21, dp22, dp23 and dp24 are the virtual dividing 
points based on the axle parameters in the second time period. In the 
first time period, only two vehicles (v1 and v2) act on the beam. The 
bridge is divided into five areas because of the five axles. For each area, 
the response time history of the unit was collected, and the maximum 
value from the response time history corresponds to the specified axle 
load pattern. For example, the axle load pattern of the maximum value of 
the unit response in the region between dp12 and dp13 is caused by axle 
3 acting on the peak of unit IL. In the second time period, vehicle v1 left 
the bridge and vehicle v3 entered the bridge. In this time period, there 
were only vehicle v2 and vehicle v3 on the bridge, which means that 
there were still five axles acting on the bridge. Therefore, the bride was 
divided into five areas. Since the two time periods are continuous, the 

Note: L unit in m.

Figure 7. Dividing points
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gray part on each time period represents the part that is actually used 
in each time period, and the real dividing points under this condition can 
be finally determined, as shown in Fig.7. In the area before dp1, the axle 
load pattern of the maximum value of the unit response is caused by axle 
5 acting on the peak of unit IL under the vehicle loads of v1 and v2. Only 
vehicles v2 and v3 act on each area after dp1, and the axle load patterns 
located in these areas are axle 5, axle 4 and axle 3 acting on the peak of 
the corresponding IL.  

The contributing factor for each unit was calculated based on Eq. 
(13), and Eq. (14) was then used to calculate the modified maximum 
value only caused by the axle loads, as shown in Fig. 8(a). For the 
condition of the calibration test, a two-axle vehicle used in this condition 
had a front axle load of 30 kN and a rear axle load of 50 kN and an axle 
spacing of 3.5 m, which passes over the bridge at a speed of 13.889 m/s. 
The strain time histories were collected by the long-gauge strain sensors 
and were used to calculate the modified maximum strain value based 
on the method proposed above. The modified maximum strain value in 
the verification and calibration test are shown in Fig. 8(b). It may easily 
be observed that there are obvious differences between the maximum 
strain before and after modification. Compared with the load of a single 
vehicle in the calibration test, multiple vehicles in the verification test 
have a greater impact on the maximum value, especially in the mid-span 
units.

Since the maximum strain values on units 19 and 20 near the 
bearings are affected by the vehicles leaving the bridge, they are not 
applicable for the identification of moving vehicle loads. Eqs. (15) 
and (16) were used to identify the loads of multiple vehicles in the 

Figure 8. The modified maximum strain: (a) the verification test; (b) the 
calibration test
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verification test. It is known from the above-presented analysis that the 
group of units 1~6, units 1~18 and units 7~18 are used to identify the 
load of the first, second and third car, respectively. In order to verify the 
effectiveness of the proposed method, the traditional method without 
considering the influence of the axle parameters on the structural 
response was compared with the proposed method, which uses the 
measured maximum value directly. Fig. 9(a) and (b) show the GVW 
and the axle weight identified with the proposed method, respectively. 
Compared with the true values of the three cars, the average errors of 
the identified moving loads are 7.12%, 4.69% and 6.45%, respectively. 
Estimating the axle weight of each car based on the identified axle 
weight ratio, the average error of each axle weights identification is 

Figure 9. The identified moving loads: (a) the GVWs and (b) the axle weight 
identified with the proposed method; (c) the GVWs and (d) the axle weight 
identified with the traditional method
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shown in Table 2. It may be seen from Table 2 that the maximum error 
is 9.31% and it occurs in the front axle of vehicle v3. That is mainly 
due to the fact that the front axle weight of v3 is much lower than the 
last axle weight of v2. The GVW and the axle weight identified using 
the traditional method are demonstrated in Fig. 9(c) and (d). For the 
traditional method, the average errors of the identified moving loads 
are 33.95%, 25.36% and 13.49% respectively, and the average errors of 
identified axle loads are 34.49% and 33.76%, respectively, for each axle 
weight identification of v1, v2, and v3. The average errors of each axle 
weight identification by the traditional method are shown in Table 2. For 
the traditional method, the average error of all axle weight identification 
is 24.27%. But for the proposed method, the average error of all axle 
weight identification is 6.55%. Compared with the traditional method, 
the proposed method can effectively obtain the information about the 
axle weight.

Table 2. The average error of the identified axle weights 

Vehicle
Proposed method, % Traditional method, %

P1 P2 P3 P1 P2 P3

v1 6.94 6.82 — 34.49 33.76 —

v2 4.97 6.98 3.62 25.74 27.23 24.36

v3 9.31 2.01 — 9.19 15.91 —

3. Verification using field-test data

3.1. Description 

The investigated structure is a pre-stressed concrete continuous box-
girder bridge consisting of three spans with a full length of 191.0 m, as 
shown in Fig. 10(a) and (b). Eighteen long-gauge FBG strain sensors with 
the gauge length of 1.0 m were installed on the top side of the bottom 
plate of the concrete box-girder to measure structural strain responses, 
as shown in Fig. 10(a) and (c). In the field testing, two kinds of tests were 
conducted, namely, the calibration test and the verification test. The 
sampling frequencies of the two cases were set to be 500 Hz. One truck 
was adopted for the calibration test – a pre-weighed truck with the gross 
weight of 30 tons (300 kN) crossing over the continuous girder bridge 
with a slow speed of approximately 5 km/h. The weights of front, middle 
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and rear axles of the test truck are 6 tons (60 kN), 12 tons (120 kN), and 
12 tons (120 kN), respectively, and the spaces between front and middle, 
middle and rear are 4.0 m and 1.35 m, respectively. The measurements 
were performed in the verification test. Two trucks passed over the 
same lane of the investigated bridge at different speeds, they had the 
same vehicle parameters as the truck used in the calibration test. The 
trucks were weighed using static weighing to ensure high accuracy. The 
operators also accurately measured the axle spacing.

3.2. Field Test Results

As previously shown, the verification test was used to prove the 
effectiveness of the proposed system. In the verification test, the axle 
spacing and axle weight ratios had to be identified first. In order to 
estimate the contributing factors, the vehicle spacing and the loading 
vehicles causing the maximum strain were then determined considering 
all strain time histories. Finally, the maximum strain caused only by the 
GVW was calculated to identify the GVW and axle weights.

Note: units in m.
Figure 10. Sensor layout and field test: (a) the sensor layout; (b) bridge 
photo; (c) typical cross-section

a)

b) c)
Long-gauge FBG sensor

Monitoring position
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3.2.1. Axle Parameters Estimation

The collected data were first filtered to eliminate random 
fluctuations in the dynamic test data by using the moving average 
method. The strain measurements from sensors 1 and 18 were used 
to identify the axle spacing and axle weight ratios. By using the strain 
difference to process the measured strain time histories, the strain 
difference time history data can be obtained, as shown in Fig. 11. In Fig. 
11(a) and (b), two peaks can be easily found from the difference time 
history data of sensors 1 and 18, respectively, representing two vehicles 
passing over the bridge. Magnifying the first peak and the second peak 
of the strain measurements from sensor 1 and sensor 18 respectively 
and eliminating the false peaks on the strain difference time histories, 
the strain difference time histories are shown in Fig. 11(a) and 10(b). 
The false peak values were found and eliminated with regard to the 
conclusions about peak value information discussed in Section 2.2, and 
three smaller peaks were finally found and shown in Fig. 11(a), which 

Figure 11. The strain difference time history: (a) sensing unit 1; (b) sensing 
unit 18
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illustrates that truck I has three axles. Magnifying the second peak of the 
strain measurements from sensor 18, three smaller peaks are shown in 
Fig. 11(b), which illustrates that truck II has three axles. 

It is necessary to determine the time corresponding to smaller peaks 
from Fig. 11(a) and (b), respectively, in order to identify axle weight 
ratios. Axle weight ratios of the moving vehicles were calculated using 
Eq. (6), the results are shown in Fig. 12. In this figure, the identified 
values are compared with the measured values that demonstrate good 
agreement, which confirms the effectiveness of the proposed method 
for axel weight ratio identification. The time corresponding to the 
first peaks of the strain response time histories from all sensors were 
extracted to estimate the velocity of trucks I and II by Eq. (8), from 
which the axle spacing of trucks can be identified. The errors of the 
identified axle spacing for truck I are 3.7% and 10.4%, for truck II are 
4.3%, and12.2%. Because the axle space between the middle and the 
rear is 1.35 m, which is very small, the error of the identified second axle 
spacing is larger than that of the first identified axle spacing.

3.2.2. GVWs and axle weights identification

In this sub-section, the vehicle spacing and the loading vehicle for 
maximum value were estimated in order to determine the axle load 
pattern based on the axle spacing and the axle weight ratios identified 
above, and the strain data from all of the long-gauge sensors are 
necessary for the estimation of these parameters. Firstly, the filtered 
strain response time histories were given for each sensing unit in 
Fig. 13(a). However, the strain responses measured by sensors 1 to 
3 do not have obvious peaks because the three sensors are located 
near the supports of the bridge. Based on the filtered strain data and 

Figure 12. The identified axle weight ratios in the verification test: 
(a) identified trucks; (b) identified axle weight ratios
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Figure 13. The identified vehicle spacing and loading vehicles for maximum 
value: (a) the filtered strain data; (b) the identified vehicle spacing in spatial 
distribution; (c) the identified loading vehicle for the maximum value

Figure 14. The modified maximum strain: (a) the verification test; (b) the 
calibration test
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Comparing the modified maximum strain value of each sensing unit 
in the verification test with the corresponding value in the calibration 
test, the GVWs of moving vehicles can be calculated, as shown in Fig.  15.

It is known from Fig. 13(c) that the identified results from sensors 
1, 2, 3, 9 and 10 are the GVW of truck I, and the other identified results 
are that of truck II. Fig. 15 (a) and (c) show the identified GVW using 
the proposed method and the traditional method, respectively. For 
the proposed method, the identified average GVW value for truck I 
is 291.13 kN, for truck II –299.79 kN, of which the error for truck I is 
2.95% and for truck II – 0.07%. However, within the traditional method, 
the identified average GVW value for truck I is 284.10 kN, for truck II – 
287.45 kN, of which the error for truck I is 5.3% and for truck II – 4.18%. 
It may be seen that compared with the traditional method, the identified 
GVWs of trucks I and II are basically the same as the real values. The 

Figure 15. The results identified in the field test: (a) the identified GVWs 
and (b) the error of the identified axle weight using the proposed method; 
(c) the identified GVWs and (d) the error of the identified axle weight using 
the traditional method
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axle weights of truck I and truck II are predicted, and Fig. 15(b) and (d) 
demonstrate the errors in the identified axle weight of the proposed 
method and the traditional method, respectively. Within the proposed 
method, the average error of axle weight identification for the first 
axle, the middle axle and the rear axle is 4.25%, 0.44% and 0.38%, 
respectively. But within the traditional method, the average error of axle 
weight identification for the first axle, the middle axle and the rear axle 
is 7.75%, 4.07% and 3.28%, respectively. Conclusion can be drawn that 
the presented method can achieve better results in the identification of 
moving loads and axle weights.

Conclusions

A method for moving vehicle load identification using long-gauge 
strain responses has been presented. The gross vehicle weights (GVWs) 
and axle weights of the moving vehicles have been calculated by the 
measured strain data. Numerical analysis was conducted to confirm 
the feasibility of this method. The field test results with the largest 
estimation error of 4.25% show that this method is practical for a full-
scale bridge. The following conclusions have been made:

	 The strain time histories near the supports are sensitive to axle 
parameters. They were used to obtain the data on the number of 
axles, axle velocity, axle spacing and axle weight ratios through 
the strain difference of the maximum strain.

	 The modified maximum strain value caused only by the axle loads 
was calculated in order to identify the moving vehicle loads. The 
proposed method first determines the axle load patterns, when 
the maximum value occurs at different positions on the bridge, 
and then eliminates the influence of the axle parameters from the 
maximum value to obtain the modified maximum strain value.

	 The proposed method has the advantage of robustness and 
strong noise-resistant capacity. Comparing the proposed method 
with the traditional method, the GVWs and axle weights can 
be identified effectively. It is known from the derivation of the 
formula presented in this article that the proposed method is 
not limited to any specific bridge type and can be applied in the 
conditions, where there are multiple moving vehicles on the 
bridge.

	 More detailed studies will be performed in future, analyzing 
the effect of vehicle speed on the load identification accuracy 
in field test, the condition of vehicles in the opposite directions, 
estimating multi-lane vehicle loads, etc.
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Abstract. Traffic and environmental conditions are key parameters in road 
applications. Empirical studies and numerical analyses, which are widely 
adopted in material design studies, are used for analysing superstructures 
of the roads, and developmental approaches are improved for future designs 
as well. In flexible pavements, polymer and fibre-reinforced additives are 
frequently used to make them durable against deteriorations and to extend 
their service life. One of the additives that is mostly preferred is the Styrene 
Butadiene Styrene (SBS) material thanks to a variety of their physical and 
chemical properties. Physical and mechanical properties of the natural ground 
layer and its interactions with the superstructure are crucial parameters in 
terms of performance under various environmental and traffic conditions. In 
this study, the use of SBS-modified Hot Mix Asphalt (HMA) was examined as a 
flexible superstructure, and the mechanical properties of the granular base and 
the natural ground layer were tested. The stress and deformation occurring 
within layers in various periods were also considered. The presented study 
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is a suitable tool for the use of additives that significantly contribute to the 
mechanical properties and service life of the roads. In this study, it is concluded 
that the use of additives significantly improves the mechanical response and 
service life of the roads. 

Keywords: hot mix asphalt, SBS polymer, multi-layer asphalt, soil structure, 
finite element method, regression analysis.

Introduction 

Transportation via highways is used commonly for freight 
and passenger transportation, and the rate of using highways for 
transportation rapidly increases due to the increasing population and 
growing needs of societies. Flexible pavements prepared with Hot Mix 
Asphalt (HMA) are one of the most common types of superstructures 
used in highway transportation. In face of their intensive use, highways 
are expected to serve for long periods and demonstrate the expected 
performance throughout their service life. Since the raw materials used 
in the superstructures of the roads are limited, it is necessary to use the 
available materials by considering methods to improve them such as 
recycling or including additives. Various types of additives are used to 
preserve the endurance of highway pavements throughout their service 
life under environmental and traffic conditions. Materials including 
polymers and fibres are among the most common additives used in this 
manner. As SBS polymers significantly contribute to the endurance 
of HMA, they are among the most common additives investigated and 
examined in recent years. In order to improve the binding properties of 
asphalts, which cover adhesion, cohesion, durability, and to extend their 
service life, various modifiers, such as lime, acid, polymer, carbon fibre, 
and anti-stripping chemicals, are used in binder modifications (Tarefder 
& Zaman, 2016).

In recent years, two types of significant modifiers have been used in 
asphalt modifications. Fibres and polymers, such as Butadiene Rubber 
(SBR), Butadiene Styrene (SBS), Styrene, Ethyl Vinyl Acetate (EVA), 
Carbon Fibre, and Crumb Rubber, are among the modifiers that are used 
for this purpose. SBS modifiers increase the unsatisfactory temperature 
performance of modified asphalt binders while improving their strength 
against permanent deformation and high-temperature performance (Yao 
& You, 2016). 

Polymer modification is commonly used in asphalt binders to 
increase the Wheel Track Resistance and Crack Resistance performance 
of asphalt mixtures (Ullidtz, 1987). Although asphalt is a composite 
material, modelling studies on asphalt are performed by using it as 
an equivalent of isotropic and homogeneous material. Additionally, 
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asphalt pavements act as linearly elastic and fragile material in sub-
zero temperatures (Novak et al., 2003; Akbulut & Aslantas, 2005; Kim 
& Wagoner, 2009; Li & Marasteanu, 2010). Recently, recycled materials 
have also been one of the most prominent alternatives used in pavement 
modification. In modified asphalt mixtures, a variety of additives based 
on recycled materials, such as crumb rubber, waste polyethylene plastic, 
steel slags, were also examined through experimental works (Xiao, et 
al., 2009; Wu et al., 2007; Hinislioglu & Agar, 2004). Yang et al. (2015) 
examined the performance of asphalt pavements under heavy traffic 
loads and conducted empirical studies by designing SBS-modified 
asphalt mixtures at six different gradation levels. In the study, the 
authors observed that the porosity of the asphalt mixtures affected the 
performance of asphalt pavements significantly (Yang et al., 2015). Li 
et al. (2016) tested the high-temperature properties and viscosities of 
asphalt materials for the four different layers with a Pivoted Rheometer 
device. The results revealed that rubber and SBS-modified asphalts 
generally demonstrated satisfactory results in terms of pavement 
performance in intermediate layers (Sheng et al., 2016). Sengoz and 
Isikyar (2008) evaluated modified bitumen that contained Ethylene 
Vinyl Acetate (EVA) copolymers and SBS. In the study, it was found 
that the morphology and properties of the modified bitumen and the 
mechanical properties of polymer-modified HMA highly depended on 
the type and content of the selected polymer. It was also reported that 
polymer modification enhanced the penetration, softening point, and 
temperature sensitivity of traditional bitumen. Furthermore, it was 
specified that the HMA Marshall Stability values, which were prepared 
with polymer modified bitumen (PMB), were increased as the polymer 
content increased (Sengoz & Isikyar 2008). Chen and Huang (2007) 
examined the mechanical properties of asphalts modified with SBS and 
sulfur. In the study, viscosity, microscopy, and rheological tests were 
conducted to investigate the engineering characteristics of polymer-
modified asphalts (Chen & Huang, 2007). Prowell et al. (2007) examined 
asphalt production under accelerated loading tests and determined 
that warm-mix asphalt and hot-mix asphalt demonstrated similar 
performance in terms of rutting sensitivity in laboratory tests.

Significant studies have recently investigated permanent 
deformation and fatigue cracks due to rutting, which is the most 
common deformation in asphalt pavements. The characteristics of 
materials, environmental conditions, and pavement structures play 
significant roles in such deformations. Norouzi et al. (2016) investigated 
the pavement design properties of superstructures on a 7.7 km-long 
road. In the study, it was determined that the thicknesses of the 
pavement and the types of base layers affected the fatigue cracks and 
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rutting performance. However, the sub-base layer thickness and anti-
frost layers did not exhibit significant effects on deformations.

Deng et al. (2004) investigated the influences of deformations in 
asphalt pavements in non-homogeneous roadbed areas. Different stress-
strain properties were observed in the pavement layers. Li et al. (2016) 
conducted repetitive continuous deformation tests by using an X-Ray 
Computer Tomography device to determine asphalt mixture properties 
and the micro-characteristic structures of pavements. In the study, 
the deformations observed in various types and layers of pavements 
were also examined. Siddharthan et al. (1998) investigated the stress 
behaviours of pavements under real traffic loads by formulating them 
with the Continuous Base Finite Layer Approach. In the study, the 
researchers observed that the shear stress was not influential on the 
contact surface of rubber-asphalt pavements in terms of the tensile 
stress of the asphalt concrete pavement. Ameri et al. (2011) examined 
the top-down crack transfer of asphalt pavements under traffic loads by 
using the 3D finite element approach. The stresses and stress intensity 
factors were computed for various distance values between the cracks 
and the wheels of the vehicles. The crack parameters and the T-stress 
values were computed to analyse the crack resistance and the remaining 
service life of the asphalt pavements, which were cracked under traffic 
loads. In the study, these parameters depended mostly on the position of 
the vehicle wheels with respect to the crack plane (Ameri et al., 2011). 
Zafir et al. (1994) investigated the Dynamic Pavement-Shape Shifting 
Behaviour under moving vehicle load. In the study, the researchers 
observed that there was a strong functionality between the thickness of 
the pavement, vehicle speed, and their influences on the deformation in 
the pavements. Zeng and Huang (2004) investigated the behaviours of 
asphalt pavements under extreme loads and reported that the surface 
shear stress, base, and sub-base stress, and sub-base pressure stresses 
increased as the axial loads increased. Recently, studies focusing on 
the mechanical response of the superstructure of the asphalt layers 
involving pavement, base, and sub-base components under the traffic 
and environmental conditions have been carried out using SBS modified 
and unmodified HMA (Karakas & Ortes, 2017). 

It seems that a huge amount of literature focuses on the sub-base, 
base, and pavement layers in the design of road superstructures through 
experimental and numerical investigations. In the literature review, 
it was also observed that the studies were generally conducted on 
sub-base, base, and pavement layers while designing superstructures 
of roads in laboratories and under suitable conditions. However, 
the destinations, on which the road design studies are planned to 
be conducted, should be evaluated in terms of the properties of the 
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natural ground layers, which consist of various layers, in addition to 
the superstructure of roads to obtain results presenting an extensive 
insight. The stress-deformation status of natural ground layers 
and the superstructure of roads under different loads influence the 
performance of these layers throughout their service life in addition 
to playing a role in deformations. Furthermore, although numerous 
studies were conducted on stress and deformations under different loads 
and environmental conditions on the natural ground layer, a limited 
number of studies were conducted on the interaction between the 
superstructure and natural ground layers. 

In this study, the performance of SBS-modified HMA as a flexible 
superstructure was evaluated by considering and testing the mechanical 
properties of the granular base and the natural ground layer. The 
whole structure of the roads, including several layers, was examined 
under various traffic and environmental conditions within one year. 
For this purpose, empirical and numerical analyses were conducted 
comparatively. In the study, the effects of stress and deformations, which 
were obtained from quantitative analyses and which were caused by 
structure and base interactions at various layers, were evaluated as well.

1. Materials and methods 

1.1. Field works and experimental procedures

Within the framework of the study, empirical and numerical analyses 
were conducted. The empirical analyses included steps of field and 
laboratory tests. The laboratory phase of the study covered bitumen, 
aggregate, and mixture tests while the field phase covered steps such 
as evaluation of traffic conditions on the roads, which were designed 
as pure and SBS-modified HMA, drilling studies to determine ground 
layers, and obtaining core samples for empirical evaluations. In the 
numerical analyses, commercial finite element software was employed. 
Accordingly, the changes in stress and deformation in the superstructure 
and sub-layers were examined by considering the element of time. 

First, the materials to be used in the road platform, which would be 
prepared with HMA, were chosen. The calcareous-type broken stone 
aggregate materials were used as the aggregate. The aggregates used 
in the hot mixture were obtained by breaking the Cebecikoy limestone, 
which was obtained from the Cebeci Quarry, in a stone crusher machine. 
The types and contents of the materials, which included the asphalt 
concrete pavement prepared with HMA, were determined and evaluated 
in terms of endurance and service life. Specifically, B50/70 class bitumen 
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was used as the pure binder. Moreover, SBS block copolymer was 
chosen as the modifier additive. Numerous advantages were observed 
when the structure of the SBS was evaluated in previous studies. Since 
the polymer material is a thermoplastic elastomer, it preserves its 
characteristics from −40 °C to 80 °C and does not lose its characteristics 
while heating or cooling (Ahmedzade et al., 2007).

The study was conducted on a secondary road in the Kucukcekmece 
region of the city of Istanbul in Turkey. The HMA was provided from 
the plants located in the Sultanciftligi area of Istanbul and bitumen was 
obtained from the TUPRAS refinery. 

In order to implement the field works and laboratory tests, asphalt 
pavement layers were applied in the previously mentioned region 
(Kucukcekmece – Istanbul). Following a pre-defined time period 
required for a vehicle pass, several specimens were obtained from this 
road structure using a drill machine (Fig. 1). 

In the field study, the QTT (NC 200) device was used to determine 
the types and numbers of vehicles in the area of the study. The QTT (NC 
200) Traffic Analysis devices are vehicle detectors that do not require 
additional sensors. The devices are placed in the centre of the road under 
a protective cover, and the vehicles pass over them. They also do not 
require physical contact to identify vehicle activities. The QTT Traffic 
Analysis device works on the principle that vehicles move towards the 

Figure 1. Field work tasks to obtain samples: a) laying out of base layer, 
b) asphalt pavement layer, c) compression of the asphalt pavement layer, 
d) core sample machine, e) taking core samples, and f) Marshall test 
samples

a) b) c)

d) e) f)
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magnetic field of the earth, and uses the VMI (Vehicle Magnetic Imaging) 
to detect the vehicles. In detail, the principle on which the device 
function could be explained in the following way. If a vehicle passes over 
the Traffic Analysis device, the iron particles in its structure interact 
with the magnetic field of the earth. Then, this interaction causes 
changes in electrical signals within the sensors of the device. As a result, 
the QTT Traffic Analysis device determines the presences of vehicles, 
counts them, measures their speeds, and records their lengths. The 
device also reports the surface temperature of the road. The imaging and 
detection of vehicles by the sensors are demonstrated in Fig. 2.

The core samples were obtained by drilling to determine the 
properties of the superstructure and the types and depths of the layers. 
The samples that were obtained by drilling were taken from both pure 
and SBS-modified asphalt concrete pavements. Accordingly, the samples 
were labelled in four different ways by considering their locations, such 
as wheel pass and roadside areas. The abbreviations and labels that were 
assigned for the samples are presented in Table 1.

Table 1. Classification of the core samples obtained by drilling  
on the HMA mixtures (Karakaş et al., 2014; Karakas et al., 2015)

Core samples Mixture Location 

SK SBS-modified HMA Roadside area

S SBS-modified HMA Wheel pass area

NK Pure HMA Roadside area

N Pure HMA Wheel pass area

Figure 2. Magnetic imaging of vehicle movements by the sensors of the NC 
100-200 device
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A series of laboratory tests were implemented to obtain the physical 
and mechanical properties of the samples taking from the targeted 
area (Fig. 3). In the scope of laboratory works, the samples were kept in 
the curing pool until they were exposed to Marshall tests. In addition, 
indirect tensile tests were performed to specify the properties of 
samples which were necessary to run a numerical analysis. 

Field study and laboratory tests were conducted on the 
superstructure of the road for one year under traffic and environmental 
conditions. The core samples were obtained from the superstructure 
of the road by drilling in certain periods. Additionally, drilling works 
were performed, and natural ground layer properties were determined. 
B50/70 class binder, which constituted the building block of HMA, 
was used in the study for the road platform. The characteristics of the 
pure (neat) and SBS modified bitumen are presented in Tables 2 and 3, 
respectively.

Figure 3. Experimental procedures for core samples: a) core sample 
diameter measurement, b) sample curing pool, c) Marshall test and, d) 
indirect tensile test

a)

c)

b)

d)
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Table 2. Properties of the neat bitumen

Property Test standard Value

Specific gravity, gr/cm3 EN 15326 1.022

Penetration, 25 °C, 0.1 mm EN 1426 B-61

Softening point, °C EN 1427 51.7

Ductility, 25 °C, cm EN 13589 >100

Fraas breaking point, °C EN 12593 −17

Table 3. Properties of the SBS-modified bitumen

Property Test standard Value

Specific gravity, gr/cm3 EN 15326 1.017

Penetration, 0.1 mm, 100 g, 5 s EN 1426 B-68

Softening point, °C EN 1427 54.0

Ductility, 25 °C, cm EN 13589 >100

Fraas breaking point, °C EN 12593 −17.5

It was observed that the SBS-modified bitumen was more sensitive in 
terms of softening point compared to the pure (neat) bitumen. However, 
pure bitumen was more sensitive in a low-temperature Frass breaking 
point. Accordingly, it was determined that the pure bitumen had a high 
softening point. In addition, temperature sensitivity values of the pure 
and SBS-modified bitumen met the limits set by the standards. 

According to Ullidtz (1987), the Penetration Index (PI) values 
that are lower than −2 indicate that the bitumen is very sensitive to 
temperature while higher values than +2 indicate that it is less sensitive 
to temperature (Ullidtz, 1987). PI is determined by defining the 
standard penetration and softening points. In Eq. (1), P25 represents the 
penetration at 25 °C, and TγN represents the softening point. In Eq. (2), 
the PI value of the pure bitumen was calculated as −0.015, while the PI 
value of the SBS-modified bitumen was calculated as 0.249. Accordingly, 
it was observed that the bitumen was sensitive to temperature in terms 
of PI values.

 A P
T N

�
�
�

log log800 25

25�
.   (1)
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For the screen analysis values of the aggregate used in the HMA, 
the aggregates used in the asphalt concrete pavement prepared with 
HMA were chosen as broken stone aggregate according to Type 2. In 
the aggregates in granular base layers, B-Type aggregates were chosen. 
Accordingly, it was determined that the aggregates in question met the 
conditions set by the standards, which were presented in Tables 4 and 5.

Table 4. Aggregate gradation used in HMA

Sieve size, mm Passing percentage (gradation limits) Used gradation

12.5 100 100

9.5 90–100 90.4

4.75 63.5–72.0 56.6

2 44.5–53.0 36.6

0.425 22–28 18.2

0.18 12–16 13.0

0.075 7–10 10.3

Table 5. Aggregate gradation used in the granular base layer 

Sieve size, mm Passing percentage (gradation limits) Used gradation

50 – 100

37.5 100 93

25 70–100 75

19 60–92 65

9.5 40–75 40

4.75 30–60 26

2 20–45 17

0.425 10–25 12

0.075 0–12 7
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The engineering properties of the aggregates used in HMA and 
granular base layers are presented in Tables 6 and 7, respectively. 
Additionally, it was observed that they met the criteria of the relevant 
standards.

Table 6. Physical properties of aggregates in HMA 

Property Test standard Value

The bulk specific gravity of coarse aggregate ASTM C127 2.733

The bulk specific gravity of fine aggregate ASTM C128 2.678

The bulk specific gravity of mineral filler ASTM D854 2.764

Absorption coarse aggregate, % ASTM C127 0.38

Absorption fine aggregate, % ASTM C127 0.88

Los Angeles abrasion loss, % ASTM C-131 20.5

Flatness Index, % BS 812 16.1

Clay content, % AASHTO T176 53

Angularity of coarse aggregate, % ASTM D-5851 97/96

Angularity of coarse aggregate, % AASHTO T304 49

Flag and long grains ASTM D-4791 3

Table 7. Physical and mechanical properties of granular base aggregates

Property Test standard Value

Density AASHTO T 88 2.30–2.35

Los Angeles abrasion loss, % AASHTO T 96 23

Flatness Index, % BS 812 32

Maximum dry unit weight AASHTO T 89 2.30

Optimum water content, % AASHTO T 89 5.9

Liquid limit, % AASHTO T 89 25.5

Plastic limit, % AASHTO T 89 14.9

Plasticity Index, % AASHTO T 89 10.6

Moisture gradient AASHTO T 89 4.85

Modified Proctor compaction, % AASHTO T 180 205

Vibrating hammer, % BS 1377 210
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To determine the design properties of HMA, the pure and SBS-
modified asphalt concrete pavement samples obtained from the road 
platform were prepared by taking the aggregate gradation as the basis. 
The optimum bitumen rate in pure HMA was determined as 4.95%, 
while the optimum bitumen rate in SBS-modified HMA was determined 
as 5.24%. The properties of the design criteria are presented in Table 8. 
Accordingly, it was observed that they provided the standards in 
question.

Table 8. Design properties of pure and SBS-modified HMA 

Definition Values of Pure HMA Values of SBS-modified HMA 

Optimum bitumen rate, % 4.95 5.24

Practical specific gravity, 
gr/cm3

2.415 2.411

Marshall stability, kgf 1222 1170

Flow, mm 3.03 3.58

Aggregate void ratio, % 15.10 13.9

Asphalt void ratio, % 73.93 75.4

Air void ratio, % 3.94 3.10

Table 9. Density, elasticity modulus, and Poisson’s Ratio parameters  
in N-type core samples

Material Layer Depth, m Months Equivalent 
axle road, t

Elasticity 
modulus, MPa

Poisson’s 
ratio Density, t/m3

Pavement 1 0.10

1 451 2879

0.35 

2.267

4 1328 3221 2.272

8 2563 6824 2.277

12 3091 8052 2.284

Granular 
base

2 0.20 150 0.30 2.30

Sub-base 3 0.20 100 0.30 2.25

Filler 4 1.50 80 0.30 2.16

Clay 5 3.00 15 0.20 1.985

Limestone 6 6.50 20684 0.40 2.60

Claystone 7 19.0 3447 0.30 2.415
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Within the framework of the study, the traffic loads created by 
the vehicles on the road were measured on the road platform with 
the NC 200 Traffic Analysis device within certain intervals for one 
year. Furthermore, elasticity modulus and Poisson’s ratio, which are 
parameters involved in the mechanical properties of different layers, are 
presented in Tables 9 and 10, respectively.

Table 10. Density, elasticity modulus, and Poisson’s Ratio parameters 
in S-type core samples

Material Layer Depth, m Months Equivalent 
Axle Load, t

Elasticity 
modulus, MPa

Poisson’s 
ratio

Density, 
t/m3

Pavement 1 0.10

1 451 3105

0.35 

2.271

4 1328 4089 2.287

8 2563 8058 2.289

12 3091 9636 2.288

Granular 
base

2 0.20 150 0.30 2.300

Sub-base 3 0.20 100 0.30 2.250

Filler 4 1.50 80 0.30 2.160

Clay 5 3.00 15 0.20 1.985

Limestone 6 6.50 20 684 0.40 2.600

Clay stone 7 19.0 3447 0.30 2.415

1.2. Numerical Model

The finite element (FE) approach is a numerical solution method 
used frequently in engineering practices to examine the continuous 
medium problems by evaluating them after dividing them into a certain 
number of elements. According to this method, the solution is obtained 
by dividing a medium or an object by finite elements and producing 
the rigidity matrix for each element and integrating the solutions for 
all elements. The numerical solutions of the differential equations that 
express the mechanical behaviour of the system in question are provided 
in a matrix format. In general, bigger matrices appear for geometrical 



172

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 1/1 6 (3)

applications that require multiple elements. Solving such problems, the 
necessary linear algebraic operations are performed via computers. 

In this study, a finite element model of the entire road structure was 
prepared to simulate the effects of traffic and environmental conditions. 
The superstructure of the road and the natural ground layers were 
considered solid elements, which had linearly elastic and isotropic 
behaviours. Young’s modulus and Poisson’s ratio, which are essential 
mechanical properties of the layers, were obtained experimentally. The 
mechanical properties of layers, asphalt pavement, the base, sub-base, 
filling, limestone, claystone, and clay in the structure, are presented 
in Tables 9 and 10. Geometric and mesh models of the road section 
in question, including the superstructure and natural ground layers, 
are demonstrated in Figs. 4 and 5, respectively. FE models, which 
were designed according to geometric properties presented in Fig. 4, 
included 140 020 elements and 749 951 nodes on average (Fig. 5). A 
number of elements and nodes were specified carefully to provide high 
accuracy and consistency with real-world conditions and to avoid high 
computational load. 

The FE models were designed to be examined by labelling them as 
the Pure Wheel Pass Area (N), the Pure Road Side Area (NK), the SBS-
Modified Wheel Pass Area (S), and the SBS-modified Road Side Area 
(SK). Various models were prepared for various periods, which covered 
the 1st, 4th, 8th, and 12th months according to the changes in exposure 
to the traffic and the environmental effects on the superstructure 
and natural ground layers. In the analyses, the N and S series of FE 
models were implemented to simulate the effects of external loads that 
originated from the passes of the vehicles. Furthermore, the analyses of 
the roadsides samples of the NK and SK series solely covered the weights 
of the samples due to gravity.

Figure 4. Road structure: a) geometry of model and b) the superstructure 
and natural ground layers within the body of structure

a) b)
7.0 m

7.3 m
7.9 m
8.5 m

13.0 m

21.9 m

41.3 m

98.0 m

Clay stone

Clay

Filling
Sub base

Base
Coarse

Limestone

33°

2/3
30.5 m

19.0 m

6.5 m

3.0 m

1.5 m
0.2 m
0.2 m
0.1 m



173

Ahmet Sertac 
Karakas, 
Faruk Ortes

Predıctıon 
of Mechanıcal 
Alteratıons in Multı-
Layer SBS-Modifıed 
Hot Mıx Asphalt 
and Soil-Foundation 
Structure

The layers in FE models were assumed to be bounded (no separation 
and slip) with the adjacent layers by considering the adherence 
properties of the materials and ignoring relatively small movements. 

The external forces to be considered in FE models were obtained 
from the data received during the experiments for N and S series. In 
the FE analysis of the N and S series, the cumulative traffic loads were 
used to calculate loads within 1.5 s of each period because the passing 
or contact duration of vehicle wheel loads on asphalt pavement was 1.5 s.  
For all FE models, this cumulative and external force was considered as a 
static load. Tables 9 and 10 present the loads that were considered in FE 
models.

Road superstructure and natural ground layer are considered to be 
the layers of fill. Therefore, a trapezoid shape was widely adopted for 
road designs in the numerical works. Since a trapezoid structure was 
employed to simulate and quantify the performance of asphalt pavement, 
the whole geometry, including the layers, was modelled using a trapezoid 
shape (McLean, 2010; Karakas & Ortes, 2017). The superstructure and 
natural ground layers of the roads consisted of seven layers presented in 
Fig. 4. The natural ground layer covered the filling, clay, limestone, and 
claystone formations, while the superstructure covered the sub-base, 
base, and coarse layers.

Numerical analyses were performed by using the parameters 
obtained from the empirical methods to determine the deformation 
and stress behaviours of the structure, which consisted of the 

Figure 5. Perspective view of the mesh model
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superstructure and ground layers, under traffic and environmental 
conditions within one year. In the numerical analyses, it was aimed to 
simulate the actual field conditions of the road structure by considering 
the geometry of the targeted field and employing a series of parameters, 
such as the elasticity modulus, Poisson’s ratio, density, and equivalent 
axle load of the core samples that were obtained at different periods by 
drilling. 

In the literature, a notable number of experimental studies 
considered various approaches while evaluating the behaviour of road 
structures under various conditions. 

Burland et al. (1977) examined the effects of non-linearity, non-
homogeneity, and anisotropy by considering various types of grounds. In 
their study, the researchers reported that the Boussinesq approximation 
yielded the stress distribution of the ground layers under loaded areas 
in an acceptable way. In a study conducted by Keskin et al. (2008), the 
researchers investigated the additional vertical stresses led by Uniform 
Loaded Square Bases on a sandy ground in empirical and numerical 
analyses and compared them with the results obtained with Boussinesq 
approximation. The ground was modelled by using 2-dimensional axial 
symmetry in the study applying the finite elements method (FEM) for 
the comparisons between empirical, numerical, and theoretical results. 
Accordingly, it was observed that the results were consistent with each 
other.

Although various methods were used in solving the ground problems, 
one of these methods that considered the theory of elasticity was the 
one suggested by Boussinesq. In the analytical solution suggested by 
Boussinesq (1885), the stress problem caused due to a single load that 
influenced the surface in a linear, elastic, homogeneous, isotropic, semi-
infinite medium was solved. 

Based on this solution, the additional and vertical stress values 
caused by a single load, Q, at any depth, z, in the ground and on the 
lateral distance, r, is demonstrated as ∆σz in Eq. (3).

 �
�

�z r z
Q
z

�
�

�

�
�

�

�
�

3

2

1

1 2

5 2

2( / )

/

, (3)

where the additional vertical stress at a point at any depth, z, under any 
corner of the uniformly distributed and loaded rectangular area is as the 
single-load expression of Newmark Newmark (1935) and Boussinesq 
(1885) in Eq. (4).  
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Westergaard performed Eq. (5) to obtain the additional vertical 
stress value, which occurred under a uniform rectangular loaded area 
(Westergaard, 1938).
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Here, µ represents the Poisson’s ratio while m and n represent the 
coefficients depending on the geometry.

2. Results and discussion

In the study, all the Finite Element Models representing the 
physical identities of multi-layer asphalt structures included 140 020 
elements and 749 951 nodes on average. The type of element was 
chosen as a quadratic tetrahedral element. Moreover, layers that were 
critical components of the superstructure of the road were assumed 
to demonstrate linearly elastic and isotropic behaviours in terms of 
mechanical properties in addition to having homogeneous material 
properties. Furthermore, to assign the boundary conditions in the 
models, the bottom and side faces of the models were fixed. Therefore, 
none of the displacements and rotations were allowed according to the 
assumption that the deformations that occurred in the under most layer, 
the limestone layer, were negligible. Additionally, the interface between 
the neighbouring layers was also assumed to be perfectly bonded, which 
meant there were no separations or sliding between the layers. The 
forces of traffic loads were applied to the top surface in the models and 
the magnitudes of the forces for FEM models were calculated over the 
equal axial loads caused by the vehicles that used the road. The types 
and numbers of the vehicles that passed on the road were determined 
by using the Field Testing Device in various periods for one year. 
Additionally, the vehicle records for the same year were included in the 
analyses while the equivalent axle single load numbers were determined. 

By considering the maximum load values in 0.274 s and the unloading 
values in 1.5 s on the wheel pass areas of the vehicles on asphalt 
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pavements, the maximum load repetition numbers in certain periods 
were determined in addition to calculating the elasticity modulus values.

Through the analyses of the FEM models, the horizontal and vertical 
deformations that occurred in the superstructure and on the layers 
within one year, and the Von Mises stress values were determined. 
According to the four different types of pavements in the study, N, NK, 
S, and SK-types, the total and maximum Von Mises stresses at the end of 
the year are presented in Figs. 6 and 7, respectively.

Asphalt design and application were performed for a road under the 
exposure of traffic and the change of weather conditions which were also 
measured for different time periods. Several core samples were obtained 
from the road to determine physical and mechanical properties through 
laboratory tests. Finite element models of the structures were created 
employing parameters obtained from the laboratory investigations, and 
a series of simulations to reveal the essential behaviour of the structure 
were performed. As a result of the computations, stress and deformation 
characteristics for unmodified and SBS-modified asphalt layers were 
predicted through calculations. Furthermore, the mechanical behaviours 
of layers below the road superstructure exposed to the influence of 
traffic and environmental conditions were also investigated with the 
help of simulations. The simulations for road superstructure and natural 
ground layers were repeated to represent different time periods (i.e., 
1st, 4th, 8th, and 12th months) and mathematical models were created 

Figure 6. Von Mises Stresses on FEM models for the whole structure
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with regression to determine whether the model was convenient for 
experimental studies. By doing this process, it can be checked whether 
there is a strong relationship and correlation between finite element 
analysis and experimental results.

Figure 7. Von Mises Stresses on FEM models for the 1st layer (pavement) 
and max 6th layer
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Examining Fig. 6, it was observed that the total Von Mises stress 
values were intensified in the 6th layer and had similar properties with 
each other in all types of road pavements.

Figure 8. Vertical deformations on FEM models for all the layers

Figure 9. Vertical deformations on FEM models for the first layers
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Evaluating Fig. 7, it was observed that the maximum Von Mises 
stress values were in the 6th layer and had similar properties with each 
other in all of the road superstructure types in the 6th layer. It was 
concluded that the stresses intensified in the middle points because of 
the maximum loading effect at 0.274 seconds and the unloading effect 
in 1.5 seconds, which were caused by equivalent axial loads due to the 
wheel pass on the surface of the pavement, and the effect was decreased 
towards the sides. In the analyses, it was observed that the Von Mises 
stress values were slightly higher in S and SK-Type pavements compared 
to N and NK-type pavements. The FEM model of the total vertical 
deformations and maximum vertical deformations observed for one 
year in terms of all types of pavements are presented in Figs. 8 and 9, 
respectively.  

According to Fig. 8, it was observed that the total vertical 
deformations demonstrated an increase by diffusing as a pressure 
bulb towards the lower layers. Since the incoming load was transferred 
to the sub-layers, it was determined that there were increases in the 
deformation from the sub-ground layers towards the natural ground 
layer, especially from the 5th and 6th layers. 

All the deformations in all types of road superstructures were 
observed to have close values to each other. 

When Fig. 9 was examined, it was observed that the highest vertical 
deformations were in the pavement layers that were exposed to the 
highest vehicle load. Higher deformations were determined in Types 
S and N, which were wheel pass areas, compared to Types SK and 

Figure 10. Von Mises stress-time changes of the layers for NK-Type
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Figure 11. Von Mises stress-time changes of the layers for N-Type
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Figure 12. Von Mises stress-time changes of the layers for SK-Type
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NK, which were roadside areas. It was determined that there were 
fewer deformations in Type S and Type SK pavements, which had SBS 
modification compared to Type N and Type NK, which did not contain 
additives. 

The changes in the Von Mises stresses on the superstructure and sub-
ground layer within one year are presented in Figs. 10–13, respectively.
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Examining Figs. 10–13, it was found out that the highest Von Mises stress val-
ues in the superstructure and natural ground layers in all types of the pavements 
were in the 6th (clay), 7th (limestone) and in the pavement layers, respectively. 
The stresses in N, NK, S, and SK-Type asphalt pavement layers were increased 
throughout one year, and there were no significant increases in the stress values 
of the other layers. The increase in the Von Mises stress values in road-side 
area pavement layers between the 1st and 12th months was 43.59% MPa for 
NK-Type pavements, 45.64% MPa in SK-Type pavements, and 44.31% MPa 
in wheel pass areas for N-Type pavements. By using additives, increases were 
achieved in roadside areas at a rate of 7.32%, and in wheel pass areas at a rate 
of 5.67% within one year. In the 12th month, in roadside areas, Von Mises stress 
values were increased in pure NK-Type compared to the pure N asphalt pave-
ment type at a rate of 0.72% in wheel pass areas, and in additive types, the Von 
Mises stress values were increased at a rate of 2.28% compared to the ones with 
additives, the S-Type of the SK-Type. This resulted from the over-pressurizing 
of the roads towards the sides due to the cross-fall inclination of the road, using 
curbs on roadsides, and the cars using this area as a parking space. The maxi-
mum Von Mises stress value in the 6th layer was determined as 6.1 MPa, and as 
2.7 MPa in the 7th layer. 

Table 11 presents the function and regression analyses of the 
relationship between the asphalt and soil layers of the road with Von 
Mises time. According to Table 11, the R2 values of Von Mises stress in 
all of the road superstructures and natural ground layers within one 
year were generally close to one, and it was determined that numerical 
analyses supported the empirical analyses, which indicated a strong 
relationship. 

Figure 13. Von Mises stress-time changes of the layers for S-Type
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Table 11. Function and regression analyses of the relationship 
between the superstructure and soil layers of the road with Von Mises Time 

Layer  Regression models Mathematical models R2

Coarse

SK y = −0.0045x2 + 0.0806x + 0.2659 0.9382

S y = −0.0029x2 + 0.0723x + 0.2606 0.9531

NK y = −0.0014x2 + 0.0599x + 0.2645 0.9298

N y = 0.0022x2 + 0.0427x + 0.2728 0.9085

Base

SK y = −0.0007x2 + 0.0135x + 0.0792 0.962

S y = −0.0009x2 + 0.015x + 0.075 0.9548

NK y = −0.0005x2 + 0.0125x + 0.0757 0.9308

N y = 0.0002x2 + 0.0092x + 0.0771 0.9055

Sub-base

SK y = −3E–05x2 + 0.0008x + 0.0697 0.9952

S y = −0.0001x2 + 0.0013x + 0.069 0.9619

NK y = −7E-05x2 + 0.0011x + 0.069 0.9352

N y = −1E-05x2 + 0.0009x + 0.0691 0.9039

Fillet

SK y = −0.004x2 + 0.021x + 0.0377 0.3839

S y = 5E-05x2 − 0.0007x + 0.058 0.9541

NK y = 3E-05x2 − 0.0007x + 0.058 0.9286

N y = −2E-06x2 − 0.0005x + 0.0579 0.9010

Clay

SK y = 0.0003x2 − 0.002x + 0.1093 0.8050

S y = 6E-05x2 − 0.001x + 0.1085 0.9533

NK y = 4E-05x2 − 0.0009x + 0.1085 0.9283

N y = −5E-06x2 − 0.0006x + 0.1084 0.9021

Limestone

SK y = 0.6125x2 − 3.3089x + 9.1517 0.4004

S y = 1E-04x2 − 0.002x + 6.0901 0.9500

NK y = 1E-04x2 − 0.0019x + 6.0904 0.9219

N y = −2E-05x2 − 0.0013x + 6.0899 0.8926

Claystone

SK y = 0.2754x2 − 1.4875x + 4.1168 0.4003

S y = 5E-05x2 − 0.0008x + 2.7403 0.9532

NK y = 5E-05x2 − 0.0008x + 2.7404 0.9141

N y = −3E-05x2 − 0.0004x + 2.7401 0.8863

Polynomial is a function type for all the models
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The changes in the vertical and lateral deformation on the 
superstructure and sub-ground layer within one year are presented in 
Figs. 14–21, respectively.

Considering the vertical stresses in all of the layers in Figs. 14–17, it 
was observed that the vertical deformation values in the pavement, base 
sub-base, and filler layers were higher, and there were not many changes 
in the vertical deformation values within one year. The deformations in 

Figure 14. Vertical deformation (y)-time changes of the layers for NK type
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Figure 15. Vertical deformation (y)-time changes of the layers for N type
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the N-NK-Types had nearly the same values, which were 13.93 mm in the 
1st month, and 13.85 mm in the 12th month in the pavement and base 
layers, 13.93 mm in the 1st month, and 13.84 mm in the 12th month in 
the sub-base layers, 13.91 mm in the 1st month, and 13.83 mm in the 
12th month in filler layers. In the S-Type pavement and base layers, they 
were determined to be 13.92 mm in the 1st month and 13.84 mm in the 
12th month, in the sub-base layers they were 13.92 mm in the 1st month 

Figure 17. Vertical deformation (y)-time changes of the layers for S type

Figure 16. Vertical deformation (y)-time changes of the layers for SK type
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and 13.83 mm in the 12th month, and in the filler layers – 13.90 mm in 
the 1st month and 13.82 mm in the 12th month. In the SK-Type, in the 
pavement and base layers, they were determined to be 13.91 mm in 
the 1st month, 13.84 mm in the 12th month, and in sub-base layers – 
13.91 mm in the 1st month and 13.83 mm in the 12th month, and in 
the filler layers they were 13.89 mm in the 1st month and 13.81 mm in 
the 12th month. The deformations in the 5th clay layers in N-NK-Type 
between the 1st and 12th months were determined to be 13.38 mm and 
13.31 mm, respectively, and in S-SK-Type – 13.37 mm and 13.30 mm, 
respectively. In the 6th and 7th limestone and claystone layers, the 
deformations varied between 0.92 mm and 0.91 mm, respectively, within 
one year. 

The layer parameters of the road for vertical deformation are 
presented in Table 12. In Table 12, it was observed that the R2 values 
were close to one for all the layers in terms of vertical deformation 
within one year, which indicated a strong relationship between the 
empirical and numerical analyses.

Figure 18. Lateral deformation (z)-time changes of the layers for NK type
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Table 12. Function and regression analyses of the relationship between the 
superstructure and soil layers of the road vertical deformation (Y)-Time

Layer Regression models Mathematical models R2

Coarse

SK y = 0.0608x2 − 0.3533x + 14.243 0.5000

S y = 0.0038x2 − 0.0479x + 13.969 0.9558

NK y = 0.003x2 − 0.0444x + 13.974 0.9284

N y = 0.0005x2 − 0.0329x + 13.968 0.8988

Base

SK y = 0.0608x2 − 0.3533x + 14.243 0.5000

S y = 0.0038x2 − 0.0479x + 13.969 0.9558

NK y = 0.003x2 − 0.0444x + 13.974 0.9284

N y = 0.0005x2 − 0.0329x + 13.968 0.8988

Sub-base

SK y = 0.0605x2 − 0.3527x + 14.239 0.5014

S y = 0.0038x2 − 0.0489x + 13.967 0.9585

NK y = 0.0028x2 − 0.0439x + 13.97 0.9298

N y = 0.0005x2 − 0.0333x + 13.964 0.8977

Fillet

SK y = 0.0607x2 − 0.3547x + 14.225 0.5051

S y = 0.0042x2 − 0.0518x + 13.954 0.9572

NK y = 0.0033x2 − 0.0472x + 13.958 0.9271

N y = 0.001x2 − 0.0366x + 13.952 0.8955

Clay

SK y = 0.0625x2 − 0.3595x + 13.702 0.4867

S y = 0.0038x2 − 0.0449x + 13.419 0.9610

NK y = 0.003x2 − 0.0414x + 13.423 0.9314

N y = 0.0007x2 − 0.0311x + 13.417 0.9040

Limestone

SK y = 0.0882x2 − 0.4762x + 1.3698 0.3999

S y = −7E-06x2 + 0.0001x + 0.9288 0.9618

NK y = −2E-06x2 + 8E-05x + 0.9288 0.9428

N y = 5E-06x2 + 5E-05x + 0.9288 0.9191

Claystone

SK y = 0.0852x2 − 0.4599x + 1.3403 0.3999

S y = −5E-06x2 + 1E-04x + 0.9143 0.9531

NK y = −2E-06x2 + 8E-05x + 0.9143 0.9167

N y = 2E-06x2 + 6E-05x + 0.9143 0.9051

Polynomial is a function type for the models.
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Figure 19. Lateral deformation (z)-time changes of the layers for N type
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Figure 20. Lateral deformation (z)-time changes of the layers for SK type
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In Figs. 18–21, it was observed that the lateral deformation values 
increased from the pavement layer towards the lower layers in the 1st 
month. Furthermore, a decrease was observed in the lateral deformation 
values in all the layers within one year. The highest lateral deformation 
was 2.35 mm in the N-Type 5th clay layer in the 1st month, while the 
lowest deformation value was 0.0571 mm for all the pavement layers 
in the 7th claystone layers. A decrease of 44.11% was observed in the 
lateral deformations in the N-Type pavement layers until the 12th month. 
The decreases in the lateral deformations in the pavement layers were 
observed as 44.77% in the NK-Type, 50% in the S-Type, and 49.20% in 
the SK-Type. Within one year, decreases were also observed in the base 
layers at a rate of 29.76% in the lateral deformation values in the N-NK-
Type, 33.73% in the S-Type, and 32.5% in SK-Type. In the sub-base layers, 
decreases were observed in the N-NK-Type at a rate of 22.22%, in the 
S-Type at a rate of 23.71%, and in SK-Type at a rate of 24.21%. In the 4th 
filler layer, decreases were observed in the N-NK-Type at a rate of 5.03%, 
and in S-SK at a rate of 5.07%. It was concluded that the deformation 
values in pure asphalt pavement types were higher than those in the 
SBS-modified asphalt pavements. 
Table 13 presents mathematical models and R2 parameters, which were used for 
different types of layers for horizontal deformation. In Table 13, it was observed 
that the R2 values of the changes in the lateral deformation numerical analysis 
results within one year were close to one, which indicated a strong relationship 
among them. For this reason, it was concluded that the numerical analyses were 
consistent with the empirical studies.

Figure 21. Lateral deformation (z)-time changes of the layers for S type
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Table 13. Function and regression analyses of the relationship between the su-
perstructure and soil layers of the road and lateral deformation (Z)-Time

Layer Regression 
models

Function 
type Mathematical models R2

Coarse

SK Exponential y = 0.0016x2 − 0.1172x + 0.7532 0.9837

S Polynomial y = 0.0108x2 − 0.1714x + 0.8343 0.9535

NK Polynomial y = 0.0062x2 − 0.1425x + 0.8274 0.9292

N Exponential y = 0.897e−0.221x 0.9068

Base

SK Linear y = −0.0914x + 0.8988 0.9871

S Polynomial y = 0.0088x2 − 0.1426x + 0.9717 0.9531

NK Polynomial y = 0.005x2 − 0.1184x + 0.9658 0.9288

N Exponential y = 0.9966e−0.135x 0.9049

Sub-base

SK Polynomial y = −0.002x2 − 0.0689x + 1.0284 0.9920

S Polynomial y = 0.0074x2 − 0.1228x + 1.1003 0.9528

NK Polynomial y = 0.0427x2 − 0.279x + 1.2107 0.9109

N Exponential y = 1.1118e−0.095x 0.9049

Fillet

SK Polynomial y = −0.012x2 + 0.0367x + 1.3571 0.8561

S Polynomial y = 0.0022x2 − 0.0411x + 1.4365 0.9509

NK Polynomial y = 0.0012x2 − 0.0341x + 1.4346 0.9269

N Polynomial y = −0.0008x2 − 0.0248x + 1.4301 0.9037

Clay

SK Polynomial y = −0.0108x2 + 0.0252x + 2.3114 0.9110

S Polynomial y = 0.0034x2 − 0.0526x + 2.3929 0.9537

NK Polynomial y = 0.0021x2 − 0.0445x + 2.3918 0.9292

N Polynomial y = −0.0005x2 − 0.0327x + 2.3861 0.9028

Limestone

SK Polynomial y = 0.0203x2 − 0.1096x + 0.3467 0.3998

S Polynomial y = −2E-06x2 + 4E-05x + 0.2452 0.9618

NK Polynomial y = −5E-06x2 + 5E-05x + 0.2452 0.9333

N Linear y = 2E-05x + 0.2452 0.9308

Claystone

SK Polynomial y = 0.0031x2 − 0.0169x + 0.0728 0.3999

S Polynomial y = −5E-07x2 + 5E-06x + 0.0571 0.9158

NK Polynomial y = −2E-07x2 + 4E-06x + 0.0571 0.9618

N Linear y = 2E-06x + 0.0571 0.9308
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Conclusions

To reveal the performance of roads in a detailed manner and to 
determine their mechanical responses under traffic and environmental 
conditions, empirical studies that are conducted under laboratory 
and field conditions can be performed. Especially, due to the limited 
number of raw materials, it is necessary to use an additive to improve 
the performance characteristics of asphalt concrete pavements and 
to make them serve for longer periods. In this study, SBS-modified 
bitumen was chosen as the polymer material in HMA to improve the 
service quality throughout the service life of the superstructure of 
the roads. Accordingly, the obtained stress and deformation values of 
SBS modified HMA from the numerical simulations were compared 
with those obtained representing unmodified HMA. Furthermore, the 
mechanical changes in asphalt concrete pavements within one year 
under traffic and environmental conditions were examined within the 
framework of the study. Stress and deformations were evaluated for 
both superstructure of the road and natural ground layer so that the 
results allowed us to perceive the mechanical interactions between 
neighbouring layers and the entire body of asphalt pavement. The Von 
Mises stresses and deformations occurring in both lateral and vertical 
directions in the superstructure of the road and natural ground layers 
were compared with ones for SBS modified and unmodified asphalt 
pavement by using empirical and numerical analyses. As a result, it was 
determined that using SBS-polymer additives improved the endurance 
of the roads in terms of deformations, which resulted from the weight 
of the roads and the traffic volume throughout the service life of the 
pavements. It was also determined that the environmental conditions, 
such as the climate and the traffic volume, affected the endurance of 
the roads. Especially, the environmental conditions, such as the climate, 
led to oxidation in the bitumen, which was included in the structure of 
the HMA, in time and caused deformation by influencing the properties 
of binders. Furthermore, the evaporation in hot weather, the extreme 
rigidity in the pavement in cold weather, wheel tracks, and the constant 
change in temperatures caused cracks in pavements. It was discovered 
that the use of SBS-modification improved the endurance against fatigue, 
which was caused by repetitive traffic load in asphalt pavements. 
Since roads transfer the vehicle loads on them to the lower layers, the 
preference of material in the lower layers and the pressure levels must 
be made according to the standards. To ensure that the rainwater does 
not damage the roads, the crosswise and lengthwise inclinations of the 
roads must be proper, and a drainage system should be established to 
drain the water when necessary.  In laboratory and field tests, it was 
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discovered that using SBS-modification in bitumen in HMA significantly 
contributed to the prevention of deformations due to stress parameters 
and the reduction of degradations in mechanical properties. 

Suggestions for future studies

	 The experiments can be conducted with different pressure 
parameters.

	 Studies may be conducted under different climate conditions 
where continental climatic conditions are dominant. 

	 Empirical studies can be conducted in areas where heavy vehicle 
volume is intense. 

	 Performance properties can be compared under traffic and 
environmental conditions within certain periods by investigating 
them on types of superstructures with different types of 
polymers.

	 Field performance tests can be performed by considering longer 
periods while determining the mechanical properties of asphalt 
pavements.

	 High-temperature behaviours, as well as low-temperature 
behaviours, can be tested in laboratories for asphalt pavements.

	 Stress tests can be performed as performance tests for asphalt 
pavements.

	 Finite element studies that are conducted by applying dynamic 
analyses can be designed in numerical analyses. 

	 Studies can be conducted by adopting the numerical analysis 
method and considering the non-linear properties of the 
materials. 
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