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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].

=A-B-q, 6]

QM ,max

where:

Jumax - roundabout entry capacity,
Jk - 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 Number of lanes in the A B
lanes roundabout
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]

Figurel 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. (ny/ny) = (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 (n,/ny) = (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 g, .. = A—B-q,. 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].

qu,max = |:1 - M:| ’ & : exp[_ qk : (t() - T)] (2)

n sl.

n
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where:

qumax - roundabout entry capacity,

dk - intensity of vehicles in circular lane,
ny - number of entry lanes,
Nk - number of lanes in the roundabout;
t
t,=t, ——L 3)
0 g 2
ty - critical time gap in the vehicle stream,
tol - time gap between vehicles in the stream,
T - minimal time gap between vehicles in the roundabout [5, 8].

The value of parameters that appear in the universal equation such as t ,tg and T can be
taken over from the single-lane intersections. For the calculation Wu has taken that:
to =4.12 s; tg = 2.88 s and T = 2.10. With these initial values, the minimal time gap between
vehicles in the roundabout was determined t = 2.10° 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]

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
172 203 179 636
1/3 185 136 243
2/2 352 382 4576
2/3 371 279 637

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 n,/nx = (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].
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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]:

5 2OV e
C C
d=@+9007-' 9y -1+ 7qu -1 +M (4)
Conx Conx Conx 450T
where: i B

d - average time of delay (s/PCU),
q, -number of vehicles entering the roundabout (PCU/h),
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Cmx - 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]

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

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]:

|00 | 9
(o (o
Q95 =900T -| Lo _pq| 1= G| f21Zmx ) \Zma) || Con )
; 150T 3600

Qos - 95% vehicle queuing (PCU),
q, -number of vehicles entering the circular lane (PCU/h),

Cnx - 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).
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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]

Red.| Oznaka MNaziv raskriZja Kruzni kolnik Privozi Napomena
br. D Du | bk q n bp uvoz/ n-tratnost
fm) [(m)| (m) | {+%}] () | {m) |izvoz{m) (k/p)
a) m - |Mini RKT (Dv = 26 m)
01 RkTm |Sv.Duh-Kunigcak 20 6 i 1570 3 || TA 3.6/3.6 1
02. RKTm |Bukoviev trg 20 g 6 -2 4 | 6.25 | 3.0/3.25 1
03. RKTm |Ljudevita Posavskog-Zavrtnica A 19 6 6.5 - 3 7 3.5/3.5 |11 (2% RKT)
04 RETm |Ljudevita Posavskog-Zavitnica B 19 6 6.5 - 3 7 3.5/3.56 | 111 (2% RKT)
{m) M- [Mini raskriZja u funkciji malih
05 | RKTim) M |Petraticev trg 22 |57 B5 | 145 3| 85 | 4540 1
06. | RKTim) m |Bundek-5 R MNjemacke 26 10| 65 | 16| 3 | 7.26 | 4,0/325 1
07, | RKTimp M Sestinski vijenac-Pantoviak 25 g 8 -4 3 9 4 5/45 1
08. | RKT(m} M |Vinogradska-Podolje 10 4 3 - 4 7 3,6/35 1
b) M - Mala RKT (22m < Dv = 35 m)
09 RKTW |Petrova-Jordanovac 25 12| 65| 15| 4 ] 3.5/4.5 1
10. RKTwW |Lavoslava RuZicke-lvana Lucica 32 21 55 | 15| 3 g 4.0/4.0 1
gl RKTW  |Petrova-Bukovacka 30 W ¥5 -2 4 [ 3.0/4.0 1
12. RKTH  |Bukovatka-Barutanski | 30 15 6 -3 3 | Th 3.5/4.0 1
13, RKTM  |Vodarska-Bijenicka 22 g -3 4 8 4.0/4.0 1
14 RETH  |MiroSevecka-Sunekova 24 7 5 16 | 4 [ 3535 1
156 RKTwm |Radnitka cesta-PetruSevec 40 28 ] 06 ] 4 6.5 3.0/34 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.



Nikola Subi¢ B. Eng., , Marko Matulin
ANALYSIS OF ROUNDABOUT CAPACITIES IN THE CITY OF ZAGREB

Table 5: Capacity and presentation of other traffic indicators of the selected roundabouts

METHODS LINEAR REGRESSION NING WU
Roundabout name Number of vehicles in rounda. | Capacity |Level of | Time and number | Capacity [Level of | Time and number
At entry At exit Circular usage | of waiting vehicles usage | of waiting vehicles
flow
qu (PCUAY | gi (FCUMKY [qk (PCUAY] C (PCUMY =100 (%) | d (s/PCLY[Q85%(FCLY]C (PCLARY | *100 (%) | d (s/PCU) | Q95%(PCLY

Sweti Duh - Kunidéak
Approach 1 418 410 527 828 05 443 302 712 059 716 414
Approach 2 216 306 535 g22 026 156 1,06 705 0,31 226 1.3
Approach 3 427 345 445 889 048 374 274 785 054 546 35
Bukoviey try (Magiceva)
Approach 1 480 274 386 932 052 41 314 839 057 572 392
Approach 2 434 472 592 760 056 877 368 B56 0,66 1061 5,58
Approach 3 224 R4 554 808 028 1.71 1,14 639 0,33 252 143
Approach 4 5] 131 414 gr2 0 0,014 0,01 723 0,00 002 0015
Ljudevita Posavskog - Tuskanova
Approach 1 184 194 278 1012 0,18 079 056 944 019 052 072
Approach 2 429 242 269 1018 042 257 216 954 045 308 242
Approach 3 141 38 456 8581 0,16 078 057 775 0,18 103 066
Ljudevita Posavskog - Tugkanova
Approach 1 250 865 43 520 048 641 272 396 053 15,37 481
Approach 2 563 166 328 975 059 547 436 425 065 746 541
Approach 3 438 240 745 BE7 0Bs 10,21 547 536 052 27 89 1098
Ferteticev try
Approach 1 50 55 244 1037 004 017 0,15 979 0,05 0,19 016
Approach 2 306 208 239 1041 023 144 1,24 934 0,31 165 1,34
Approach 3 214 307 337 969 022 105 084 836 0,24 129 085
Bundek - 5.R. Njemacke
Approach 1 475 B3 744 BE7 071 131 592 537 0,58 4293 1536
Approach 2 275 122 526 829 033 216 1,48 713 0,39 317 1,86
Approach 3 507 442 679 718 07 12,06 G856 a87 0,56 3435 1401
Sestinski vijenac - Pantoviak
Approach 1 305 194 292 1002 03 157 1.3 931 0,33 1,88 1,45
Approach 2 203 171 403 920 03 1.74 132 623 0,34 229 1.56
Approach 3 229 452 515 837 027 162 1,12 722 0,32 232 1,38
‘Winogradska - Podolie
Approach 1 447 453 538 820 055 525 352 703 064 887 5,03
Approach 2 300 309 526 829 036 2 46 169 713 042 367 215
Approach 3 323 302 523 831 039 276 1,89 715 045 415 244
Approach 4 39 45 544 a15 0p0s 022 0,15 697 0,06 03 017
Petrova - Jordanovac
Approach 1 467 38 550 781 05 6,82 434 559 0,71 13,04 681
Approach 2 139 242 666 725 0,13 1,18 07 557 023 1,83 09
Approach 3 304 427 563 a0t 048 4,14 272 681 0,56 6,81 378
Approach 4 190 120 520 833 023 1,28 088 718 0,26 1481 1,075
Lavoslava Rufitke - lvana Luciéa
Approach 1 125 495 505 g44 05 4,32 £l Fils ]| 0,58 6,81 405
Approach 2 12 14 435 896 0,01 0,05 0,04 794 0,02 0,06 0,04
Approach 3 498 426 433 G908 055 498 366 796 063 7.1 485
Petrova - Bukovacka - Prilegje
Approach 1 373 192 1218 316 1,18 392 41,86 230 1.62 178 78,61
Approach 2 985 1141 1400 152 541 8141 405,14 136 7,24 11588 427 95
Approach 3 202 267 1244 297 053 2504 hibg 216 0,54 121,23 14,25
Approach 4 984 944 1179 346 284 3373 323 56 262 350 633102 369,98
Bukovacka cesta - Barutanski jarak
Approach 1 242 165 32 987 024 1.18 057 an 027 1.43 1.08
Approach 2 318 372 389 930 034 201 155 836 0,358 2 bd 1,82
Approach 3 156 179 35 a70 0,16 0,71 057 8585 0,18 086 053
“ocarska - Bijenicka
Approach 1 478 318 g40 5596 04 2313 10,34 455 098 97 88 2439
Approach 2 171 358 768 650 026 198 1,06 519 0,33 342 146
Approach 3 436 5595 g13 616 0.71 1388 6,75 4586 0,50 81,12 15,96
Approach 4 427 238 651 736 053 6,73 403 509 0,70 1351 656
MWlirogevecka cesta - Sunekova
Approach 1 179 272 677 7 025 1.67 029 588 0,30 269 1
Approach 2 819 545 5584 78b 1,04 13857 44,25 664 1,23 448,78 91
Approach 3 40 a0 g58 503 007 045 0,22 454 0,09 077 028
Approach 4 416 607 865 a7k 072 15 86 715 447 093 70,06 18,4
Radnitka cesta - Petrufevec 1.
Approach 1 G664 593 701 699 085 5937 24 570 1,16 335 6284
Approach 2 122 120 772 647 0,19 129 053 516 0,24 217 082
Approach 3 572 631 774 645 089 37 23 16,26 514 ikl 25958 4718
Approach 4 183 167 715 689 022 1.49 0,55 558 027 243 112
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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:

Dependence of entry capacity and number of vehicles
in circular lane

o 1400 - @  Linear regression, domestic experiences
c
5 1200 |
= [ ] Ning Wu, domestic experiences
o 3 _ 1000 -
g8<
o % > 800 - = = = =Linear regression, world experiences
T c 2
€3> 600 : :
2 <] 3 Ning Wu, world experiences
o
22° 400 -
& 200
s
o 0 T T T 1
0 500 1000 1500 2000

Number of vehicles in circular lane qk (PCU/h)

Graph 1: Dependence of entry capacity and number of vehicles in circular lane

Dependence of vehicle delay and degree of roundabout

saturation
160
140 - * * Linear regression, domestic experiences
120 - .

[ ] Ning Wu, domestic experiences

= = = =linearna regresija, world experiences

Ning Wu, world experiences

Vehicle delay d (s/PCU)

0 0,5 1 1,5

Degree of saturation x

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

METHODS LINEAR REGRESSION NING WU
Roundabout name Number of vehicles in rounda. | Capacity |Level of | Time and number | Capacity |Level of | Time and number
At entry At exit Circular usage | of waiting vehicles usage | of waiting vehicles
flow
qu (FCU/M) [ qi (PCUM) [qk (FCUM)| € (PCUM [*100 (%) [ d (s/PCU)[Qese(PCUY| C (PCUM)| =100 (%) | d (s/PCLY) JQ95%(FCU)

Petrova - Bukovacka - Prilesje
Approach 1 373 192 1219 316 1,18 392 41,86 230 162 1178 7861
Approach 2 958 1141 1400 152 541 G141 408,14 136 724 11595 427 85
Approach 3 202 267 1244 297 058 25,04 569 216 024 121,23 1425
Approach 4 554 544 1179 346 254 3373 323 56 252 350 533102 369,58
Mirogevetka cesta - Sunekava
Approach 1 179 272 677 717 0,28 167 059 558 030 259 ]
Approach 2 819 545 554 786 1,04 13857 44 25 664 1,23 449 79 91
Approach 3 40 30 858 583 0,07 0,45 022 454 0,09 0.77 028
Approach 4 418 507 868 576 072 15 56 718 447 083 70,06 154
Radnitka cesta - Petrufevec 1.
Approach 1 BG4 593 701 599 095 58,37 24 570 1,16 338 52,84
Approach 2 122 120 772 G647 0,19 1.29 0B9 516 024 P 052
Approach 3 572 631 774 645 089 37.23 16,26 514 1.1 259,58 47,18
Approach 4 153 167 15 689 022 149 085 559 027 243 1,12
Index:

inadequate traffic indicators
adequate traffic indicators

11
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Dependence of vehicle delay and degree of roundabout
saturation
14000 - optimal marginal value

—_ X<
5 12000 | ( ) -
[&]
2 0000 |
Q2
T 8000 { .
% @ Linear regression, domestic experiences
D 6000 -
g = m Ning Wu, domestic experiences
S 4000 -
= *
S
2 2000 | .

[ - : ‘ ‘

0 2 4 6 8
Degree of saturation x

Graph 4: Dependence of vehicle delay and degree of roundabout saturation

Dependence of vehicle queuing lenght 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

12
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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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