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ABSTRACT 

In the recent twenty years the roundabouts have become the most frequent form of 
intersections on the roads of European countries. In practice there are many methods for the 
calculation of the roundabout capacities, and all are specific and implemented for various 
types of roundabouts. Capacity calculations require high-quality field measurements and the 
collection of necessary data. The paper presents the latest scientific methods to calculate 
roundabout capacities – method of linear regression and method according to Ning Wu. They 
have been used to analyze the capacity and efficiency indicators according to real 
measurements at fifteen roundabouts located in the urban and suburban parts of the City of 
Zagreb. The research results should be used, among other things, for the selection method 
that would be used in the calculation of the roundabout capacities in Croatia. 
 
KEYWORDS: roundabout, capacity, capacity calculation methods, average delay method, 
vehicle queuing length 

1 INTRODUCTION 

The issues that accompany the introduction of roundabouts in the Republic of Croatia 
represent a certain “re-run” from other countries. Generally speaking, there is certain distrust, 
in experience and lack of the basic guidelines for designing, as well as of norms and rules for  
the users. However, the increasing implementation of roundabouts has resulted also in 
insufficient research regarding their safety and capacity. In order to model the capacities of 
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roundabouts numerous models from different countries have been developed and the very 
selection of the model requires good field measurements with the collection of necessary data. 

The paper presents several basic models with comparisons and analysis of their 
implementation for the actual data collected by measurements. The measurable data have 
been collected at fifteen roundabouts with single-lane entry/exit and circular lane in the city of 
Zagreb. The analysis of the traffic flows at roundabouts means assessment of capacities and 
adaptability of the observed solution to the needs of various types of traffic and different 
users, as well as of the function itself in the traffic network of the city. The indicators that can 
be measured and considered in the qualitative assessment of the intersection are: capacity 
reserve, degree of saturation, time losses and length of vehicle queues at the entry into the 
intersection. 

2 METHODS OF LINEAR REGRESSION AND UNIVERSAL METHOD   
ACCORDING TO NING WU 

2.1 Method of liner regression 

In the mid 1990s in Germany many recordings were carried out at roundabouts, mainly 
at roundabouts with single lanes (1/1). Beier and Mutschler found in 1995 that the capacities 
exceed somewhat the capacity values obtained in 1993. This increase was also observed at the 
roundabouts with two lanes each (2/2). The measuring data at roundabouts were measured by 
video cameras, and were analysed by the method of empirical regression [5]. 
 

ku qBAq ⋅−=max,                                                                                                                       (1) 

 
where: 

qu,max - roundabout entry capacity, 
qk - traffic intensity on circular roadway, 
A, B - regression coefficients [5, 9]. 
 

The analysis of the newly measured data using linear regression has yielded values for 
A and B that have optimally adapted to the actual measured data (Table 1 and Figure 1). 
These data have been verified by the simulation method, and it was found that the regression 
analysis, apart from having data dispersion in case of 1-minute interval, can reliably assess the 
capacity even in intervals that exceed one hour [5, 9]. 
 
Table 1: Parameters A and B for linear regression [5, 9] 
 

Number of entry 
lanes 

Number of lanes in the 
roundabout 

A B 

1 1 1218 0.74 
2 2-3 1250 0.53 
2 2 1380 0.50 
2 3 1409 0.42 
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Figure 1: Lines of linear regression [5, 9] 
 

Figure1 shows that in the area of weaker flow of vehicles in the roundabout, the entry 
capacity to the roundabout obtained by older formulas was smaller. The most probable reason 
for this are the better designed elements of roundabout construction and changed motorists’ 
attitudes at roundabouts, the so-called familiarization factor (motorists get used to various 
new types of roundabouts). However, it should be emphasised that the increase of capacities 
is minimal. The line of linear regression represents a simple method to calculate roundabout 
capacities, exclusively of those roundabouts that have been designed with a single lane each 
(1/1). For those roundabouts that have more than one lane, e.g. (nu/nk) = (1/2), (1/3), (2/2) and 
(2/3), the capacity curves have concave shapes. This means that the line of linear regression 
can be applied only at roundabouts where (nu/nk) = (1/1). The study of roundabouts with 
several lanes has shown that the possible intensity of vehicles inflow is systematically above 
the results obtained by equation ku qBAq ⋅−=max, . This effect cannot be described by linear 

regression line. In order to solve this problem, in 1997 Ning Wu developed a universal 
formula using the fundamentals of the queuing theory [5, 8, 9]. 
 
2.2 Method according to Ning Wu 

In 1997 Ning Wu developed a universal formula for which it is characteristic that it 
takes into consideration the number of lanes at the entry and in the roundabout. The curve 
obtained by the formula developed by Wu describes the roundabout capacity better than the 
exponential functions that had been used by Brilon and Stuwe. This curve has the advantage 
that in its closed theoretical concept based on the queuing theory, it describes the conditions at 
the roundabout that can in fact be considered as a series serving channel [5, 8]. 
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where: 
 
qu,max - roundabout entry capacity, 
qk - intensity of vehicles in circular lane, 
nu - number of entry lanes, 
nk - number of lanes in the roundabout; 
 

2
.

0
sl

g

t
tt −=                                                                                                                                (3) 

 
tg - critical time gap in the vehicle stream, 
tsl. - time gap between vehicles in the stream, 
τ - minimal time gap between vehicles in the roundabout [5, 8]. 
 

The value of parameters that appear in the universal equation such as tq ,tsl and τ can be 
taken over from the single-lane intersections. For the calculation Wu has taken that: 
tg = 4.12 s; tsl = 2.88 s and τ = 2.10. With these initial values, the minimal time gap between 
vehicles in the roundabout was determined τ = 2.109 which corresponds to the real conditions 
of vehicle flow in a roundabout. In order to see better the differences of the results of the 
equation set by Ning Wu and the equation of linear regression the standard deviations have 
been calculated (Table 2). 
 
Table 2: Evaluating the values of individual equations [6] 

 
It may be seen from Table 2 that at single-lane intersections (1/1) the equations do not 

show differences. In case of those intersections which have fewer entry lanes than there are 
lanes in the circular flow, Wu’s equation exhibits better results. Interesting is the case of two-
lane roundabouts nu/nk = (2/2) where the linear regression equation shows a substantially 
better result. If the starting point is that the standard deviation is the assessment for equation 
validity then the linear regression equation for intersections (2/2) has priority over Wu’s 
equation. The reason could be because the measured data contain time gaps of even up to 5s 
[9]. For roundabouts (1/2), (1/3) and (2/3) Wu’s equation yields better results. Figure 2 shows 
the results obtained by the linear regression equation and with new Wu’s equation [5, 8]. 
 
 
 
 
 

Number of lanes Standard deviation Standard deviation Number of 
measurements n 

approach/circle Linear regression (PCU/h) Ning Wu (PCU/h)  
1/1 175 178 1504 
1/2 203 179 636 
1/3 185 136 243 
2/2 352 382 4576 
2/3 371 279 637 
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Figure 2: Comparing the curves according to Wu’s equation and linear regression  
equation [5, 8] 
 

Figure 2 shows that the universal formula matches well the line of linear regression for 
single-lane intersections (1/1). In intersections with several traffic lanes the universal formula 
obviously shows better results. It should be emphasised here that the observed capacity of 
roundabouts is the value which can be maximally accepted (served) by one entry during one 
hour. Such values can be expected in the construction of new roundabouts which means that 
they may be the basic data in planning. Care should be taken that in case of greater capacities 
also longer vehicle queues have to be taken into account. Therefore, for practical capacity 100 
PCU/h have to be subtracted from the obtained values [5, 8]. 
 
2.3 Average time delay 

Average time of delay is a standard parameter which is used to measure the efficiency of 
round and classical intersections. The average time of delay is the necessary time the driver 
spends waiting for a proper moment of merging into the roundabout traffic flow, without 
endangering themselves and other traffic participants. The formula that shows the delay is [6]: 
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where: 
 
 d     - average time of delay (s/PCU), 

uq    - number of vehicles entering the roundabout (PCU/h), 
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xm,c  - approach capacity (PCU/h), 

 T     - analyzed period of time (for the whole hour T = 1, for 15 minutes T = 0.25) [6]. 
 

Average time of delay grows exponentially with the increase in the entry capacity into 
the circular lane. Small changes in the capacity have large influence on the huge vehicle entry 
delays. Special attention should be paid to the capacity of vehicles entering the circular lane 
and that the degree of saturation does not exceed 1.0 since otherwise the average time of delay 
grows exponentially regarding larger delays [6]. 
 
Table 3: Level of service of roundabouts according to average delay control [6] 

 
 
 
 
 
 
 
 
 
 

 
2.4         Length of vehicle queuing 
 

The length of vehicle queuing represents an essential parameter in roundabout design. It 
is defined as the length of queues of vehicles waiting to enter the circular lane. In designing 
the roundabouts it should be taken into consideration that in 95% of cases the length of 
vehicle queues in front of the entry into the circular traffic flow is not exceeded. The formula 
for 95% queuing is [6]: 
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Q95     - 95% vehicle queuing (PCU), 

uq       - number of vehicles entering  the circular lane (PCU/h), 

xm,c    - approach capacity (PCU/h), 

T        - analyzed period of time (for the whole hour T = 1, for 15 minutes T = 0.25) [6]. 
 

Since the level of usage should not exceed 1.0, during intersection design the valid 
length of vehicle queuing should be taken (Figure 3). 

 

 

 

Level of service for roundabouts Average control of delay (s/veh.) 

A  0 – 10  
B  > 10 – 15  

C                                  > 15 – 25  
D  > 25 – 35  
E  > 35 – 50  

F  > 50  
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Figure 3: Dependence of degree of saturation and vehicle queuing [6] 

3 ANALYSIS OF ROUNDABOUT CAPACITIES IN THE CITY OF ZAGREB 

The analysis and assessment of capacities was carried out at fifteen roundabouts in 
central and peripheral part of the City of Zagreb. The key role in their selection was their 
physical location in the traffic network of the city of Zagreb, and the design elements (figure 
4), especially the number of lanes at approaches and in the circular roadway. The intersections 
have been divided into three groups according to the size of the external diameter: Mini RKT 
(Dv ≤ 26 m), Mini roundabouts in the function of small roundabouts and Small RKT (22 m ≤ 
Dv ≤ 35 m), and the breakdown and the design elements are presented in Table 4. 

 

 
 
Figure 4: Design elements of roundabout 
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Table 4:  Design parameters of selected roundabouts [1] 
 

 
 

Data from Table 4 are essential for the calculation of roundabout capacities using the 
linear methods since the linear method uses geometrical elements of the circular lane, 
approach and number of lanes at the entry into the circular lane. The methods of calculating 
roundabout capacities according to Ning Wu is based on the number of entry lanes into the 
roundabout and in the circular lane. Table 5 shows all the traffic parameters with calculated 
capacity, calculated according to the mentioned methods. 
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Table 5: Capacity and presentation of other traffic indicators of the selected roundabouts 
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3.1         Analysis and comparison of research results 
 

In order to make clearer comparison and presentation of results of the carried out 
research in the city of Zagreb with the results of previous research, using the mentioned 
methods, the following graphs are given: 
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Graph 1: Dependence of entry capacity and number of vehicles in circular lane 

 
 

Dependence of vehicle delay and degree of roundabout 

saturation

0

20

40

60

80

100

120

140

160

0 0,5 1 1,5

Degree of saturation x

V
e

h
ic

le
 d

e
la

y
 d

 (
s

/P
C

U
)

Linear regression, domestic experiences

Ning Wu, domestic experiences

Linearna regresija, world experiences

Ning Wu, world experiences

 
 

Graph 2: Dependence of vehicle delay and degree of roundabout saturation 
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Graph 3: Dependence of vehicle queuing length and degree of roundabout saturation 
 

It may be concluded that the results obtained by our measurements, in relation to 
foreign results are within the limits of tolerances. This confirms the thesis that foreign 
methods can be used in Croatia for the calculation of roundabout capacities with a single lane 
at entry/exit and the circular lane. However, out of fifteen roundabouts only three deviate 
from the foreign results, i.e. they are not within the tolerance limits. The mentioned 
calculations for roundabouts that are not within the tolerance limits are presented in Table 6 
and Graphs 4 and 5. 
 
Table 6: Calculated values that deviate significantly from the tolerance limits 
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Graph 4: Dependence of vehicle delay and degree of roundabout saturation 
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Graph 5: Dependence of vehicle queuing length and degree of roundabout saturation 
 

The limit value is reflected in the degree of saturation X ≤ 1, whereas all other degrees 
of saturation for the values X ≥ 1 cannot support the roundabout capacity and other traffic 
parameters, since large waiting queues are formed as well as big time losses that are reflected 
in delays. Observing the mentioned three roundabouts that have degrees of saturation greater 
than X ≥ 1 it can be seen that large queues are formed, from 200 to 400 vehicles, and the 
delay of 300 to 12.000 s/PCU which is not acceptable, of course. Obviously, the mentioned 
three intersections, not only differ in comparison, but neither do they satisfy the majority of 
the mentioned traffic indicators, thus causing reduced capacity and safety of roundabouts  
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which at some time has to lead to the requirement of their reconstruction. The factors that 
influence certain deviation from marginal values are: physical location of intersections in the 
traffic network of the city, traffic congestion and the direction of movement of individual 
traffic flows through the intersection, intersection design elements, traffic flow quality and 
motorists’ behaviour. 

4 CONCLUDING CONSIDERATIONS 

The carried out field recordings and results analysis, and by comparing the obtained 
results using two mathematical methods, it may be claimed that the capacity and traffic 
indicators are within the tolerance limits and the acceptable values (see Graphs 1, 2, 3). For 
these reasons the implementation of the latest scientific methods and experiences in domestic 
conditions is applicable at roundabouts of the form (1/1 – one lane at approach and in circular 
lane). The carried out research represents the basis for further research both for the 
roundabouts of the studied shape, and for other shapes (1/2, 1/3, 2/1, 2/2, etc.). However, out 
of the analyzed fifteen roundabouts in the city of Zagreb, the results of only three roundabouts 
are not within the tolerance limits. Their calculated values of capacities and traffic indicators 
deviate significantly from the limit values and greatly question the observed roundabouts 
regarding their capacity and their very safety (see Graphs 4 and 5). In the near future, the 
queues and delay control will be the fundamental basis for the capacity and safe traffic flows 
at roundabouts, both in Croatia and in the world. 
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