
ABSTRACT
The efficiency of urban transportation system is un-

der the influence of weather conditions. It is necessary to 
incorporate these impacts into transport system analysis, 
in order to prepare adequate mitigation measures. Trans-
port models are often used in different types of transport 
system analysis and forecasting of its future characteris-
tics. This paper focuses on implementation of the impact 
of rain in transport modelling, particularly into a traffic 
assignment process as a part of a macroscopic transport 
model. This aspect of modelling is important because it 
can indicate parts of the network where this impact leads 
to a high volume/capacity ratio, which is a good input 
for defining mitigation measures. Commonly, transport 
models do not consider weather impacts in its standard 
procedures. The paper presents a methodology for cali-
brating volume-delay function in order to improve traf-
fic assignment modelling in case of rain. The impact of 
different rain categories on capacity and free-flow speed 
was quantified and implemented in the volume-delay 
function. Special attention is given to the calibration of 
the part of volume-delay function for over-saturated traf-
fic conditions. Calibration methodology is applicable for 
different types of volume-delay functions and presents a 
solid approach to incorporate weather conditions into 
common engineering practice. 
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rain impact; volume-delay function; transport model;  
traffic assignment.

1. INTRODUCTION AND MOTIVATION
Increase in population, car ownership, and eco-

nomic activities, especially in urban areas, produced 
additional pressure on urban transportation systems 
[1]. There are also many other impacts which could 
significantly affect the efficiency of transport net-

work such as: lack of multimodal and route alter-
natives, low accessibility, inability to apply modern 
technological solutions, etc. [2]. It is expected that 
climate characteristics and adverse weather will 
also affect the features of travel pattern and traveller 
behaviour especially due to the fact that they are be-
coming more frequent and intense. 

In recent years, there has been an increasing 
number of studies exploring the impact of weather 
conditions on transportation system [3, 4]. Today, 
the changes of weather conditions can be predicted 
with relatively high level of certainty, enabling eas-
ier modelling. Depending on climate and geograph-
ic zone there are different perceptions about what 
are good and what adverse weather conditions. But 
when it comes to transportation system users, ideal 
weather conditions (IWC) can be described as fol-
lows: no precipitation, dry roadway, visibility great-
er than 0.4 km, wind speed lower than 16 km/h, and 
temperature above 10°C [5–7]. Any type of weath-
er conditions which deviates from IWC and causes 
changes in driver and traveller behaviour and thus 
affect transportation system efficiency should be 
taken into account. Individual transportation system 
user adjusts its behaviour to new circumstances at 
local level and its individual reaction can affect the 
efficiency of the entire transport network [8]. The 
reduction of efficiency of infrastructure is reflected 
in the change in the level of service, degree of satu-
ration, travel time, etc. It is often proposed that the 
impact of weather conditions and climate change 
should be included in planning and management of 
transport infrastructure as a mandatory prerequisite 
[4, 9].
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on different road categories [32, 33]. The main cri-
terion in traffic distribution models is usually mi-
nimisation of travel time and travel time for each 
route can be estimated based on the volume-delay 
function. Since rain has a direct impact on varia-
tions of street capacity and vehicle speed, it is im-
portant to calibrate volume-delay functions to the 
impacts of rain in order to get reliable travel times 
on alternative routes.

Main contributions of the paper are: 
 –  Methodological approach to produce volume-de-

lay functions for macroscopic models that in-
clude the impact of rain.

 –  Enabling macro-simulation transport models to 
be used as a generator of inputs for microsimula-
tion models in rainy conditions.

 –  Giving arguments to support the inclusion of 
weather related analysis in common engineering 
practices.
The structure of the paper is as follows: Section 2 

describes survey methodology. Section 3 summaris-
es the results on the impacts of rain on street capac-
ity, travel speed, and travel time. Section 4 is related 
to the volume-delay function calibration process, 
namely calibration methodology and experimental 
results of the calibration process. In Section 5, some 
conclusions are given.

2. SURVEY METHODOLOGY 
This chapter presents the survey methodology 

for collecting data necessary to quantify the changes 
in street capacity, travel speed, and time. 

Using highway sections is common in research 
of the adverse weather impact on road capacity and 
vehicle speed [34–36]. In contrast to the urban net-
work, highway is characterised by uninterrupted 
flows allowing easier estimation and evaluation of 
external impacts such as adverse weather. In urban 
networks, street capacity is limited by intersection 
capacity and in signalised intersections, capacity is 
also affected by the green time ratio and the satura-
tion flow rate. In previous research, the weather im-
pact on urban network capacity is mainly quantified 
using saturation flow rate reduction [5, 37–39]. In 
general, the reduction of saturation flow rate under 
the impact of rain varied from 3% to 25%. 

A number of researchers address the impact of 
rain on vehicle speed. Some of the studies show 
that the rain intensity does not have a significant ef-
fect on travel speed reduction, i.e., the rain impact 
is constant regardless of the intensity [6, 40]. On 

Researchers explored the impacts of adverse 
weather conditions on both transport demand and 
supply. When speaking about transport demand, 
previous studies have shown that adverse weather 
conditions lead to a significant change in modal dis-
tribution [10–12]. Also, adverse weather conditions 
increase the probability of a traffic accident [13, 14].

In relation to transport supply, there are papers 
which analyse in detail the impact of weather con-
ditions on main traffic flow parameters such as traf-
fic volume, speed, density, and capacity [5, 15–18]. 
Focus of the previously mentioned papers is the op-
erational level, at intersection or road section. How-
ever, to enable quality input data at operational lev-
el, it may be important to assess impacts in a wider 
area, namely at macroscopic level. For example, in 
the first step, exploring whether rain will affect the 
redistribution of flows on the whole network using 
transport model and then in the second step focus-
ing on managing these flows. 

Transport models are commonly used to test and 
simulate the changes in transportation system [19, 
20]. Most transport models do not include param-
eters that represent the impact of adverse weather 
conditions, in other words, models are typically 
developed for ideal weather conditions. Still, some 
authors [21] showed that transport models in com-
bination with other techniques could represent a 
good tool for analysing impact of adverse weather 
condition and definition of adaptation measures. 

This paper deals with implementation of the im-
pact of rain in macroscopic transport models. Rain 
was chosen as the most frequent type of adverse 
weather in the researched area. Also, some research 
proved that rainfall has a great impact on the lev-
el-of-service of road network, especially in rush 
hour [22]. The impact of rain in the transport model 
was represented through calibrated volume-delay 
function as one of the most important input param-
eters for traffic assignment. Volume-delay function 
primarily describes changes in travel time for dif-
ferent values of volume/capacity ratio in under-sat-
urated conditions. Various types of volume-delay 
functions have been developed. Some are mainly 
used in macro modelling [23–25], while others are 
used in micro modelling [26–31]. Regardless of the 
form, two compulsory parameters of a volume-de-
lay function are (1) the volume/capacity ratio and 
(2) the free-flow travel time or free-flow speed. Vol-
ume-delay function needs calibration to represent 
the characteristics of speed (travel time) variations 
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 –  there were no parking manoeuvres and no bus 
stops in the intersection area; and

 –  the share of commercial vehicles in the traffic 
flow was low.
The survey on the impact of rain on vehicle 

speed was based on travel speed and its variations 
for different rain categories. The impact of rain on 
free-flow speed was determined at one of the main 
urban arteries in Belgrade, Serbia. An appropriate 
survey section was chosen so that an isolated impact 
of rain could be recorded. The section additionally 
had to meet the following criteria:

 –  the length of the section should allow vehicles to 
reach the desired speed;

 –  no influence of vehicles in turning manoeuvres;
 –  absence of parking manoeuvres and bus stops; 

and
 –  low percentage of commercial vehicles in the 

traffic flow.
Free-flow speed profiles on the section in differ-

ent weather conditions (IWC, RCI, and RCII) were 
obtained using the floating cars method with the 
help of GPS devices. The free-flow speed survey 
was carried out in the early morning hours under 
very low traffic volumes in order to minimise the 
impact of other vehicles in the traffic flow. 

Since rain affects changes in free-flow speed 
(more or less significantly) and capacity, it is natural 
that there are also variations in travel time under dif-
ferent traffic volumes, i.e., volume/capacity ratios. 
Some previous research studies show correlation 
between rain intensity and increase of travel time. 
Depending on rain intensity, travel time increased 
in the range from 0.1% to 9% [7, 43–45]. In order 
to quantify the variation of travel time for differ-
ent volume/capacity ratios and rain categories, the 
authors used the same street section as in the free-
flow speed survey. Travel time was estimated using 
a plate recognition technique (Gyro-Stabilised Sys-
tems (GSS)) with cameras installed at the beginning 
and end of the section.

3. SURVEY RESULTS 
Data on saturation flow rate in different rain in-

tensities were gathered on four signalised intersec-
tions on a sample of over 1300 traffic signal cycles. 
Data were used to calculate the average reduction of 
saturation flow rate resulting in capacity reduction 
in the range of 3 to 6% for light rain (RCI) and in the 
range of 8 to 12% for heavy rain (RCII) [5].

the other hand, some studies show different vehi-
cle speed reductions for the same rain intensities. 
For example, Smith et al. (2003) showed operat-
ing speed reduction from 5–6.5% for rain intensity 
˂2.5mm/h while for the same rain intensities Jia et 
al. (2014) reported operation speed reduction 0.5–
2% [40, 41]. On the contrary, some studies show 
that vehicle speed is strongly correlated to rain in-
tensity [7]. These differences in conclusions could 
refer to different climate characteristics of the re-
search areas and different driver behaviour in spe-
cific environments. Clearly, there is a necessity to 
conduct a local survey and it is not appropriate to 
apply foreign experiences in this field.

In line with previous conclusion, a comprehen-
sive survey on the impact of rain on street network 
capacity and free-flow speed was carried out in the 
city of Belgrade, Serbia. Rain is the most common 
among adverse weather conditions that appear in 
the research area. Data on rain duration, frequen-
cy, and intensity were collected from automatic 
meteorological stations at one-minute interval, in a 
four-year period. Rain intensities were categorised 
according to a specially developed methodology 
based on rain intensity and frequency of occurrence 
resulting in three rain categories [5]. The first rain 
category (RCI) is characterised by rain intensity 
ranging from 0 to 1mm/h, while the second rain cat-
egory (RCII) ranges from 1 to 5.9mm/h. Although 
the consequences of extreme precipitation are a 
very complex and important problem [42], very 
low frequency of occurrence of high rain intensity 
(RCIII, over 5.9mm/h) in research area resulted in 
its exclusion from further analysis. 

The survey of the effects of rain on capacity was 
based on saturation flow rate values under IWC, and 
RCI and RCII rain categories. Saturation flow rate 
was determined using video recordings of succes-
sive vehicle headways in queue discharge process at 
signalised intersections. The intersections were se-
lected to enable the analysis of the isolated impact 
of rain on the saturation flow rate, meaning that all 
other potential impacts were minimised. In order to 
ensure an unobstructed queue discharge process, the 
following preconditions had to be met:

 –  the intersection had a typical geometry;
 –  the queue from the upstream intersection did not 

have any impact on the entry flow of vehicles;
 –  the number of approach throughput lanes was 

equal to the number of exit lanes;
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ference in vehicle movement or driver behaviour 
for different rain intensities. The following figure 
shows an example of speed profiles (Figure 1).

The results show a different degree of free-flow 
speed reduction for different rain categories (RCI 
and RCII). It is interesting that the presence of rain 
had a higher impact on the free-flow speed than the 
rain intensity. The recorded free-flow speed reduc-
tion under the impact of RCI was 10.7%, while for 

When it comes to the analysis of the rain impact 
on free-flow speed for the total sample, speed pro-
files were determined. In order to ensure the quality 
of the recorded data, several indicators were record-
ed and analysed for each vehicle (Table 1).

The table shows only a part of the database. 
Changes in recorded speeds enable quantification 
of the impact of rain. The number of accelerations 
and decelerations and their intensity present the dif-
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Figure 1 – Vehicle free-flow speed profile

Table 1 – Analysis of free-flow speed data
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No. of 
passing 
vehicles

Temporal 
speed (start 

of the  
section)
[km/h]

Temporal 
speed

(end of the  
section)
[km/h]

Average 
spatial 
speed 

Standard 
deviation

No. of  
acceleration 

Acceleration 
range
[m/s2]

Number of 
deceleration

Deceleration 
range
[m/s2]

IWC

1 53.6 54.2 54.1 2.26 5 0.02–0.3 6 0.08–0.31

2 51.6 53.3 52.3 2.18 4 0.09–0.22 4 0.05–0.3

3 52.9 56.2 54.6 1.68 5 0.07–0.21 6 0.05–0.27

4 49.2 52.9 52.7 1.24 5 0.06–0.17 4 0.06–0.11

5 52.9 54 53.4 0.94 4 0.08–0.17 5 0.01–0.13

...

RCI

1 52.1 50.6 50.9 0.75 4 0.09–0.14 4 0.05–0.17

2 48.5 46.9 48.1 1.37 8 0.06–0.28 7 0.03–0.22

3 47.4 44.7 45.8 0.9 7 0.03–0.14 8 0.01–0.25

4 51.3 53.7 52 0.79 5 0.08–0.24 4 0.08–0.2

5 45.3 47.9 45.6 1.45 8 0.03–0.22 7 0.06–0.36

…

RCII

1 46.5 48.2 46.6 0.89 9 0.06–0.61 8 0.03–0.44

2 45.1 46.7 47.6 1.04 7 0.06–0.43 8 0.04–0.63

3 44.8 44.3 44.8 0.79 8 0.08–0.33 8 0.12–0.35

4 46 46.8 46.3 0.99 7 0.1–0.33 7 0.03–0.28

5 44.4 48.6 45.3 0.92 5 0.07–0.36 5 0.06–0.18

…
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Calibration methodology consists of several 
phases:
1)  In the first phase, it is important to define rain 

categories which will be used to analyse the im-
pact of rain. The choice depends on geographical 
location and climate characteristics of the survey 
area. 

2)  In this phase it is necessary to determine a vol-
ume-delay function for IWC. Determination of 
volume-delay function is based on empirical 
data. The choice of the volume-delay function 
type is qualified by the scope of the model and 
the level of details. It is important to note that the 
proposed methodology is applicable regardless 
of the volume-delay function type.

3)  Defining the volume-delay function for different 
rain categories. It is important to note that ob-
taining empirical data for the over-saturated part 
of the function is unrealistic. Even though this 
part of the volume-delay function does not rep-
resent real traffic conditions, it is very important 
for traffic assignment procedure in the transport 
model. In the initial iterations of traffic assign-
ment, traffic volumes on certain links could be 
higher than the capacity (over-saturated condi-
tions). In that case, the flow distribution depends 
on the form of the volume-delay function for 
over-saturated conditions (v/c>1) as conditions 
that force travellers to change their route [25].
The authors decided to demonstrate the cali-
bration methodology on the BPR volume-de-
lay function. The BPR function was primarily 
selected because of its simplicity reflected in a 
small number of variables. The form of the BPR 
function is as follows [23]:

t t c
v10 a= +
b` ` j  (1)

t   – travel time; 
t0   – free-flow travel time; 
v   – traffic volume, 
c   – capacity; 
α, β – coefficients

In order to define this function, it is necessary to 
determine t0, c, and coefficients α and β. Values 
of t0 and c in IWC and under the influence of 
RCI and RCII can be determined from previous-
ly collected data. 
In order to determine the coefficients α and β 
based on the empirical data, function approx-
imation (curve fitting) must be performed. The 
approximation involves transformation of the 
initial form of the function:

the RCII the reduction was 12.8%. The percentage 
of reduction is significant, but it should be kept in 
mind that the survey was carried out in an urban en-
vironment with the lower vehicle speeds comparing 
to speeds on highway.

Empirical data of the vehicles travel time under 
different weather conditions is present on the fol-
lowing figure (Figure 2).
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Figure 2 – Travel time under different rain category impacts 
and different volume-capacity ratio

The highest recorded value of volume/capaci-
ty ratio was 0.94. Dispersion of travel time values 
in different weather conditions decreases with the 
increase of volume/capacity ratio, i.e., travel time 
during rain will converge toward travel time in ideal 
weather conditions for higher values of the volume/
capacity ratio. With the increase of the volume/ca-
pacity ratio, the impact of interaction between ve-
hicles is increasing and becomes predominant in 
relation to other potential impacts on traffic flow 
characteristics, in this case of the rain impact.

4. VOLUME-DELAY FUNCTION 
CALIBRATION 
In this chapter the phases of the methodology 

of volume-delay function calibration are present-
ed. Also, experimental results of the application of 
methodology are shown.

4.1 Calibration methodology 
The focus of this paper was not to find a vol-

ume-delay function that best fits the data (IWC, 
RCI, and RCII), but rather to develop a methodol-
ogy to implement the rain impact into the function 
for under-saturated and over-saturated traffic con-
ditions. 
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 A maximum value of v/c also needs to be set. In 
the proposed methodology, the limit was set to 
1.4, representing even wider range than in the 
Akcelik’s paper (1991), which represents one of 
the most important papers related to volume-de-
lay functions, where a maximum v/c=1.2 was 
used [49]. 

5) Bearing in mind that forcing the overlap of func-
tions (IWC and RC) for over-saturated condi-
tions could lead to changes of the curve position 
in under-saturated traffic conditions, it is neces-
sary to check deviations in relation to the initial 
function using some statistical measures, like 
RMSE and MAE. 

RMSE N x w1
i i

i

N
2

1
= -

=
^ h/  (7)

MAE N x w1
i i

i

N

1
= -

=
/  (8)

xi    – value of travel time for certain value of  
     v/c for volume-delay function under the  
     RCI and RCII
wi   – value of travel time for the same value of  
     v/c for the calibrated volume-delay  
     function under the RCI and RCII
N    – number of ED per rain category
RMSE – square root of the average of squared  
     deviations and it gives a relatively high  
     weight to large errors
MAE  – linear so that all deviations between  
     predicted values and empirical values  
     have an equal weight.

4.2 Experimental results
The first phase, related to determining different 

rain categories, was already presented in section 2 
and it is based on the Authors’ previous research [5]. 
The results of phases 2 and 3 are three volume-de-
lay functions: IWC, RCI, and RCII (Figure 4)

t t c
q

10 a= +
ba a k  (2)

t
t t

c
q

0
0 a=- ba k  (3)

;t
t t y c

q
x

0
0- = =  (4)

The final, simplified form of the function was:

y xa= b  (5)

Since this is a power function, the transforma-
tion could imply linearisation which could give 
the following form of the function:

( ) ( ) ( )log y log x logb a= +  (6)

Curve fitting involves the search for optimal val-
ues of coefficients (α and β) using empirical data 
and known values for t0 and c for each of the ana-
lysed weather conditions. The default values of α 
and β in the BPR function are set to 0.15 and 4.0, 
respectively. However, there are papers where 
values of these coefficients differ [33, 46–48]. 
The Authors propose generating a set of solutions 
in order to find an optimal solution, best values 
of the α and β coefficients using ranges defined 
in the literature. Values of the α coefficient were 
explored in the range from 0.01 to 5, and values of 
β coefficient in the range from 0.01 to 8. A coeffi-
cient offset value of 0.001 is proposed.

. .0 01 5 0 001with step< <a

. .0 01 8 0 001with step< <a

Curve fitting can be executed in Mat Lab using 
the least squares optimisation. From the set of 
possible solutions, the best ones are adopted. 

4) Survey data cover only the under-saturated con-
ditions. Since it was also necessary to define the 
volume-delay function for over-saturated condi-
tions, it is proposed to use the IWC curve to ap-
proximate this part of the RC curve. By analysing 
the survey data (Figure 2) and dispersion of travel 
time values recorded in different weather condi-
tions, there is a high probability that the forecast 
of the RC curve position in over-saturated traffic 
conditions will show a shorter travel time (∆t) 
than the curve generated in the IWC (Figure 3).

 The Authors assumed that in cases of high values 
of volume/capacity ratio, rain cannot significantly 
change the main traffic flow characteristics which 
implies that value of Δt in over/saturated traffic 
conditions tends to be close to zero (Figure 3). 

t

v/c

Under-saturated Over-saturated tIWC-tRC=∆t

Tend to overlap

Volume delay function for RC
Volume delay function for IWC

Figure 3 – Overlap of the RC and IWC curves for over-
saturated traffic conditions
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The primal assumption was that typically the 
values of volume/capacity ratio above 85% pres-
ent a high degree of saturation [50]. The aim was 
to define a starting point (v/c value) of conver-
gence. The set of possible starting points covered 
the range between v/c=0.85 and v/c=1, with a step 
of 0.05. The quality of calibration was measured 
using the least square method to strive minimal 
deviations of the calibrated curve in relation to the 
initial curve (in range of empirical data), i.e., in 
this case in the range of v/c≤0.94. 

Calibrated volume-delay functions under the 
rain impact are presented in Figure 5.

Table 3 presents calibrated values of the α and β 
coefficients for the impact of RCI and RCII.

In the final phase 5, it was necessary to examine 
the differences between the initially obtained vol-
ume-delay functions under the rain impact and the 

Calculated values of α and β coefficients are 
presented in Table 2.

Phase 4 is based on the graph (Figure 4) and it 
shows that the approximated curves intersect at 
points with the following values of the volume/
capacity ratio: 0.85 (1 and 2), 0.88 (1 and 3), and 
1.04 (2 and 3). After the intersection points, curves 
2 and 3 (RCI and RCII) go below curve 1 (IWC) 
(rectangle in Figure 4) which is cause for calibra-
tion. Curve that fits the best was produced by using 
Mat Lab and the least squares optimisation. The 
necessary input data were reduction of capaci-
ty and free flow speed in a specific rain category 
and volume/capacity ratio which indicate the start 
convergence point between the RC curves and the 
curve in IWC. 
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Figure 4 – Approximated BPR curves based on empirical data

Table 2 – Generated coefficients of the BPR curves

Weather conditions α β

IWC (1) 0.505 2.049

RCI (2) 0.307 2.189

RCII (3) 0.278 2.247

1.4

t [
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Under the impact of IWC (1) Calibrated function – impact of RCI (2 cal) Calibrated function – impact of RCII (3 cal)
v/c

Figure 5 – Calibrated BPR curves

Table 3 – Values of α and β coefficients for calibrated curves

Weather conditions α β

RCI (2 cal) 0.338 2.549

RCII (3 cal) 0.306 2.694
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functions. Given that the survey data for creating 
the volume-delay function are mostly related to un-
der saturated conditions, the presented methodolo-
gy also enables implementation of the rain impact 
in the over-saturated part of the volume-delay func-
tion.

In order to create a more resilient and robust 
transportation system, it is important to implement 
the rain impact in the existing modelling procedures. 
It allows testing the transportation system supply 
sensitivity on that impact and in parallel provides 
better input data for traffic management purposes. 

Further research on this topic will be direct-
ed towards the analyses of other kinds of adverse 
weather impacts on the transportation system, such 
as snow and fog. In the next phase of the research, it 
is planned to apply this methodology in a real trans-
port model to enable quantifications of the rain im-
pact on the traffic characteristics. In addition, future 
efforts will concentrate on analysing the feasibility 
of implementing specific traffic management mea-
sures to mitigate adverse weather impacts creating 
a weather responsive decision support system for 
traffic managers. 
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MODELIRANJE UTICAJA KIŠE  
U PROCEDURI SAOBRAĆAJNOG 
OPTEREĆENJA

REZIME
Efikasnost transportnog sistema je pod uticajem vre-

menskih prilika. Da bi se pripremile odgovarajuće mere 
u cilju ublažavanja uticaja nepovoljnih vremenskih pri-
lika neophodno je uključiti ih u analizu transportnog 
sistema. Transportni modeli se često koriste u različitim 
transportnim analizama i prognozama budućih karak-
teristika transportnog sistema. Ovaj rad je fokusiran 
na implementaciju uticaja kiše u modeliranje, posebno 

calibrated volume-delay functions. This difference 
was examined only for the empirical data domain 
(v/c≤0.94), using two statistical measures: the root 
mean squared error (RMSE) and the mean absolute 
error (MAE). The differences were rather small 
and indicate a high level of similarity between the 
initially defined curves and the calibrated curves 
(Table 4).

Table 4 – RMSE and MAE: differences between calibrated 
curves and initially defined BPR curves 

RMSE (sec) MAE (sec)

RCI cal / RCI 0.16 0.13

RCII cal / RCII 0.11 0.07

The results support the proposed methodology 
for calibrating the volume-delay function and im-
plementing the impact of rain in traffic assignment 
procedure.

5. CONCLUSION
Traffic assignment procedures in transport mod-

elling are commonly based on travel time, with the 
volume-delay functions being one of the most im-
portant inputs. Volume-delay functions are general-
ly set for ideal weather conditions and such an ap-
proach does not enable a realistic traffic assignment 
in rainy conditions.

The focus of this paper is on implementation of 
the impact of rain in volume-delay function. The 
impact of different rain categories on the basic pa-
rameters of volume-delay functions was quantified 
based on the research results. It has been determined 
that the occurrence of rain affects the reduction of 
capacity in the range of 3–12%, depending on the 
rain category. The average values of free-flow speed 
reduction are 10.7% for RCI and 12.8% for RCII. It 
was concluded that the free-flow speed was affect-
ed more by the rain occurrence than by the rain in-
tensity. Moreover, it was concluded that travel time 
under the influence of rain converged with travel 
time values under ideal weather conditions for a 
high value of saturation degree. With the increase of 
saturation degree impact of the interaction between 
vehicles becomes dominant in relation to other po-
tential impacts on traffic flow characteristics.

The results of the research were used to devel-
op a methodology for calibrating the volume-delay 
function to the impact of rain. The methodology 
was applied to the BPR volume-delay but it can 
also be applied to any other type of volume-delay 
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structure. Infrastructures. 2018;3(2). doi: 10.3390/infra-
structures3020010.

[10] Tao S, Corcoran J, Rowe F, Hickman M. To travel or not 
to travel: ‘Weather’ is the question. Modelling the effect 
of local weather conditions on bus ridership. Trans-
portation Research Part C: Emerging Technologies. 
2018;86(November 2017): 147–167. doi: 10.1016/j.
trc.2017.11.005.

[11] Wei M, Corcoran J, Sigler T, Liu Y. Modeling 
the influence of weather on transit ridership: A 
case study from Brisbane, Australia. Transporta-
tion Research Record. 2018;2672(8): 505–510. doi: 
10.1177/0361198118777078.
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ptt.v32i5.3499.

[13] Malin F, Norros I, Innamaa S. Accident risk of road and 
weather conditions on different road types. Accident 
Analysis and Prevention. 2019;122(October 2018): 181–
188. doi: 10.1016/j.aap.2018.10.014.

[14] Theofilatos A, Yannis G. A review of the effect of traf-
fic and weather characteristics on road safety. Acci-
dent Analysis and Prevention. 2014;72: 244–256. doi: 
10.1016/j.aap.2014.06.017.

[15] Hooper E, Chapman L, Quinn A. The impact of precipi-
tation on speed–flow relationships along a UK motorway 
corridor. Theoretical and Applied Climatology. 2013. 
doi: 10.1007/s00704-013-0999-5.

[16] Kidando E, et al. Applying probabilistic model to quanti-
fy influence of rainy weather on stochastic and dynamic 
transition of traffic conditions. Journal of Transportation 
Engineering, Part A: Systems. 2019;145(5).

[17] Shang P, Li R, Liu Z, Li X. Inclement weather impacts 
on urban traffic conditions. CICTP2015; 2015. p. 2213–
2227. doi: 10.1061/9780784479292.fm.

[18] Zhang W, Li R, Shang P, Liu H. Impact analysis of rainfall 
on traffic flow characteristics in Beijing. International 
Journal of Intelligent Transportation Systems Research. 
2019;17(2): 150–160. doi: 10.1007/s13177-018-0162-x.

[19] Anda C, Erath A, Fourie PJ. Transport model-
ling in the age of big data. International Journal 
of Urban Sciences. 2017;21(October): 19–42. doi: 
10.1080/12265934.2017.1281150.

[20] Jović J, Dorić V. Traffic and environmental street network 
modelling: Belgrade case study. Transport. 2010;25(2). 
doi: 10.3846/transport.2010.19.

[21] Snelder M, Calvert S. Quantifying the impact of ad-
verse weather conditions on road network perfor-
mance. European Journal of Transport and Infrastruc-
ture Research. 2016;16(1): 128–149. doi: 10.18757/
ejtir.2016.16.1.3118.

[22] Xu F, et al. Assessing the impact of rainfall on traffic 
operation of urban road network. Proceedings from the 
13th COTA International Conference of Transportation 
Professionals (CICTP2013); 2013. p. 96, 82–89. doi: 
10.1016/j.sbspro.2013.08.

[23] Bureau of Public Roads. Traffic assignment manual for 
application with a large, high speed computer. Washing-
ton, D.C.: U.S. Dept. of Commerce, Bureau of Public 

u procedure opterećenja ulične mreže u makroskopskom 
transportnom modelu. Ovaj aspekt modeliranja je poseb-
no važan jer ukazuje na delove mreže na kojima dolazi 
do značajnog povećanja odnosa protok/kapacitet što 
predstavlja dobar ulazni podatak u definisanju mera za 
ublažavanje negativnih posledica. Transportni modeli u 
standardnim procedurama uglavnom ne uzimaju u obzir 
uticaj vremenskih prilika. Rad predstavlja metodologiju 
za kalibraciju funkcije vremena putovanja sa ciljem un-
apređenja procesa saobraćajnog opterećenja u uslovima 
kiše. Uticaj različitih kategorija kiše na kapacitet i brz-
inu slobodnog toka je kvantifikovan i implementiran u 
funkciju vremena putovanja. Posebna pažnja je posveće-
na kalibraciji funkcije vremena putovanja u uslovima 
zasićenog saobraćajnog toka. Metodologija kalibracije 
je primenljiva na različite tipove funkcija vremena puto-
vanja i predstavlja adekvatan pristup implementaciji uti-
caja vremenskih prilika u inženjersku praksu. 
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uticaj kiše; funkcija vremena putovanja; transportni  
model; saobraćajno opterećenje.
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