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ABSTRACT:
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Supplemental Analysis of Freeway Loop-Detector Data
By
Feng-Bor Lin

Professor emeritus, Clarkson University
March 2019

Background

In 2018 the Institute of Transportation (IOT) conducted a study (1) on the traffic flow
characteristics of several basic segments of Taiwan’s freeways. The purpose of that study is to
identify the speed-flow relationships of freeway basic segments and to estimate related segment
capacities. As shown in Fig.1, the study reveals two peculiar characteristics at 5 locations with 3
regular lanes in one direction. First, at locations less than 3.5 km from downstream ramp
junctions, an increase in flow rate before traffic breakdown results in a steep drop in speed. This
phenomenon is likely attributable to the shockwaves caused by the traffic disturbances at the
downstream ramp junctions. As a result, the related speed-flow relationships may not be a good
reflection of the operating characteristics of freeway basic segments. Second, the average
maximum flow that can be sustained without a breakdown in traffic appears to be low. One
possible contributing factor of this phenomenon is the undercounting of traffic volumes by the
vehicle detectors (VDs).
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Fig. 1 Speed-Flow Relationships on Segment with 3 Lanes in One Direction
Under Stable Flow Conditions (2018 Analysis of VD Data)

To assess the validity of the VD data used in producing Fig. 1, the VD volume counts used
in IOT’s 2018 study were checked in January 2019 against counts provided by Taiwan’s



electronic toll collection (ETC) system. Appendix A shows samples of the volume comparisons.
The VD volume counts at NH1 76.300K southbound, NH3 74.510 northbound, NH3 71.630K
northbound, and NH3 66.015 southbound are found to be substantially lower than the ETC
counts. The VD counts at other locations match reasonably well with the ETC counts. Table 1
shows a contrast of the maximum 15-min flow rates (averages over several days) determined
respectively from the VD data and the ETC data for the various study locations.
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382 + E-dF)
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Note: Capacity = 0.960;5



If the vehicles moving from a gantry location to a detection area maintain their respective
headways, then the speed-flow relationships at 76.3K southbound and 74.51K northbound may
resemble the ones represented by the bold lines in Fig. 2.
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Fig. 2 Speed-Flow Relationships on Segment with 3 Lanes in One direction
Under Stable Flow Conditions (Based on hourly VD Data and ETC Data)

To foster a better understanding of the traffic characteristics of basic segments, five more
freeway segments were chosen in March 2019 for further investigation. This document presents
the findings of this current study.

Database

The five study segments are all part of the National Highway 1 (NH1) in the northbound
direction. They include:

1. Hsinchu-Tufuen (between 100K and 110.4K) - 3 regular lanes plus one rarely used
shoulder; 8.1 km from the downstream ramp junction.

2. TouFuen-TouWu (between 110.4 k and 132.8K) - 3 regular lanes; 9.8 km from the
downstream ramp junction.

3. TonglLo-SanYi (between 140K and 150.2K) - 3 northbound lanes; 6 km from the
downstream ramp junction.

4. ChangHwa-Puyen (between 198.5K and 208.0K) - 3 regular lanes plus one heavily used
shoulder; 7 km from the downstream ramp junctions.

5. BaeDou-SiLo (between 219.9K and 230.5K) - 3 regular lanes; 8.5 km from the downstream
ramp junction.

The segment between Hsinchu and Tufuen has 3 regular lanes and 1 shoulder lane. The flow
rate in the shoulder lane, however, rarely exceeds 100 vehicles per hour (vph). Therefore, this
segment is treated as one with only 3 regular lanes. On the other hand, the segment between



ChangHwa and PuYen has 3 regular lanes and 1 shoulder lane that occasionally has heavy
traffic. But this segment rarely has congestions and thus is dropped from further investigation.

The VD data and the ETC data used in the current study cover the following 15 days in 2018:

Av :2018/1/1
% & 1 2018/2/17~20
A 2018/4/5~8

= 02018/6/17 ~ 18
PR 12018/9/23 ~ 24
BE 12018/12/30 ~ 31

The VD data were collected at the northbound detectors located respectively at 107.5K,
120.2K, 146.7K, and 228.6K. These detector locations are approximately 6 km to 9.8 km from
their respective downstream ramp junctions. The ETC data were collected at upstream gantries.
Those gantries are at short distances from the upstream on-ramps. The raw VD and ETC data
were aggregated at 5S-minute intervals.

Comparison of Volume Counts

Figs. 3 and 4 reveal that the VD volume counts at 120.2K and 146.7k match well with the
corresponding ETC counts. In contrast, Figs. 5 and 6 show that the VD counts at 107.5K and
228.6K often differ substantially from the ETC counts. The large differences usually are
associated with high flow rates.
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Maximum Flow Rates and Capacities

Appendix B shows the maximum 15-minute flows (Q15) and the maximum 60-minute flows
(Q60) determined from the VD data for each of the study days. In some of the study days, the
VD data reveal no congestions. In some other days, maximum flows are unusually low.
Excluding such days, Appendix C shows the maximum flow rates before traffic breakdowns (5-
minute average speed drops below 70 km/h) as determined from the ETC data.

Considering only the days with traffic breakdowns and without unusually low flows, Table 2
shows the average maximum flows and the speeds determined from the VD data and the
corresponding maximum flows determined from the ETC data. This table shows that the
maximum flows determined from the VD data can be greater or smaller than those estimated
from the ETC data. As shown in Fig. 7, small differences are inevitable because when vehicles
move from a gantry location to a VD location, their headways will change even though the ETC
volume counts and the VD counts are the same. On the other hand, the detectors at 107.5K and
228.6K significantly undercounting traffic volumes (see Figs. 5 and 6). This problem explains
why the Q60s estimated from the VDs at these locations are substantially smaller than the ETC
estimates.

It is not certain the ETC estimates of Q60 are accurate estimates of the capacities of the study
segments. But it is reasonable to assume, based on Table 2, that the capacities of freeway
segments with 3 regular lanes in one direction are unlikely to exceed 1,950 small vehicles per
hour per lane (svphpl).



Table 2 Average Maximum 15-minute Flows (Q15), Maximum 60-minute Flows (Q60),
and Average Speeds Before Breakdowns in Traffic

VD Q15 Speed Q60 Speed  Ratio  Sample Freeway
Location (svphpl) (km/h) (svphpl) (km/h) Q60/Q15 Size Segment
107.5 1875 96.7 1795 97.5 0.96 12 HsinChu-TouFuen
[2041] [1937] [0.95]

120.2 1914 96.0 1751 98.1 0.91 11  TouFuen-TouWu
[1808] [1712] [0.95]

146.7 1781 94.2 1704 96.5 0.96 7 TongLo-SanYi
[1789] [1717] [0.96]

228.6 1797 87.8 1638 92.7 0.91 7 YenLin-SiLo
[1861] [1764] [0.95]

Note: 1. Numbers in [ ] are determined from ETC data; the rest are from VD data.
2. scphpl = small vehicles/hour/lane.
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Fig. 7 Transition of Flow Pattern from ETC Gantry Location to VD location at
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Speed-Flow Relationships

The 15-minute speed-flow relationships revealed by the VD data for the study locations are

shown in Figs. D-1 ~ D-4 in Appendix D. For comparison Fig. D-5, which is based on data
aggregated at 60- minute intervals for VD location 107.5K is also shown in the appendix. From
this and Fig. D-1, it can be seen that 15-minute and 60-minute speed-flow relationships follow



the same trend. The only significant difference is that the maximum 15-minute flow rate is
greater than the 60-minute flow rate.

The speed-flow relationships identified in the current and the 2018 studies are collectively
shown in Fig.9. The speed-flow relationship curve at 228.2K exhibits steep drops in speed as
flow increases. But the 228.2K location is at a relatively long distance of 8.5 km from the
downstream ramp junctions; one would expect it to have a flatter speed-flow curve. One
explanation of this phenomenon is that this location has high free-flow speed (about 112 km/h)
and a lack of high flow rates that can sustain for long periods of time. All the other locations that
are at least 5 km away from the downstream ramps have relatively flatter speed-flow curves.
Such curves reflect more realistically the operating characteristics of basic segments.
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Fig. 8 Speed-Flow Relationships on NH1 and NH3 with 3 Lanes in one direction
(2018 and 2019 Analyses of VD Data)

Because the VD volume counts at some of the study locations are below supposedly more
accurate ETC counts, several speed-flow relationships shown in Fig. 8 should be adjusted. If the
maximum flow rates Q60 determined from the ETC data and shown in Table 2 are representative
of the capacities of the study locations, then more realistic speed-flow relationships may
resemble those adjusted curves shown in Fig. 9.
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Proposed Speed-Flow Relationships for Inclusion in THCM

Based on Fig. 9, it is suggested that IOT adopt the speed-flow relationships shown in Fig. 10
for analysis of freeway basic segments that have 3 lanes in one direction. These relationships
may be modified with simulation data.
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Appendix A

Comparisons of VD and ETC Volume Counts at 10 Locations
on NH1 and NH3 (January 2019 Analysis)
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Appendix B
2018 maximum Flow Rates
(March 2019 Analysis Based on VD Data)

TABLE B-1 Maximum 2018 Flow Rates per Lane
at 107.5K Northbound on NH1

15 minutes 60 minutes
Flow Q15 Speed Flow Q60 Speed
Month Day (svphpl) (km/h) (svphpl) (km/h) Q15/Q60
1 1 1886 93.9 1858 96.7 0.99

2 17 1869 99.5 1770 99.7 0.95
2 18 1762 98.8 1735 98.6 0.98
2 19 1902 1004 1758 98.3 0.92
2 20 1936 979 1793 98.3 0.93
4 5 1813 96.7 1770 97.8 0.98
4 6 1746 91.0 1711 91.1 0.98*
4 7 1848 1003 1770 101.0 0.96
4 & 1715 99.6 1638 100.6 0.96*
6 17 1605 76.8 1551 81.8 0.97*
6 18 1970 90.8 1803 95.5 0.92
9 23 1866 97.5 1769 96.9 0.95
9 24 1898 94.0 1861 95.3 0.98
12 30 1885 949 1834 95.9 0.97
12 31 1872 95.9 1821 95.8 0.97

HsinChu-TouFuen 8.1 km from downstream ramp
Svphpl=small vehicles/hour/lane
*No Congestions or unusually low flow



TABLE B-2 Maximum 2018 Flow Rates per Lane
at 120.2K Northbound on NH1

15 minutes 60 minutes
Flow Q15 Speed Flow Q60 Speed
Month Day (svphpl) (km/h) (svphpl) (km/h) Q15/Q60
1 1 1928  96.5 1786 87.2 0.93

2 17 1815 1019 1693 102.1 0.93
2 18 1952 97.7 1659 101.1  0.85
2 19 1848 995 1726 99.5 0.93
2 20 1935 849 1708 101.9 0.88
4 5 1945 938 1864 94.8 0.96
4 6 1674 742 1625 753  0.97*
4 7 1928 91.6 1754 99.5 091
4 8 1622 100.8 1556 101.5 0.96*
6 17 1584 952 1466 90.3 0.93*
6 18 1849  96.2 1668 95.3 0.90
9 23 1779 994 1715 98.7 0.96*
9 24 1976 953 1830 97.7 093
12 30 1963 985 1761 10I.1 0.90
12 31 1921 99.8 1813 98.8 0.94

TouFuen-TouWu 9.8 km from ramp
Svphpl=small vehicles/hour/lane
*No Congestions or unusually low flow



TABLE B-3 Maximum 2018 Flow Rates per Lane

1

NS T\ JNe JNe R R e L N (S S S \V]

p—

1
17
18
19
20

5

6

7

8
17
18
23
24
30
31

at 146.7K Northbound on NH1

15 minutes

Flow Q15 Speed Flow Q60 Speed
Month Day (svphpl) (km/h) (svphpl) (km/h) Q15/Q60

1659
1773
1843
1830
1699
1734
1824
1725
1540
1431
1586
1658
1718
1750
1726

98.5
93.5
95.0
96.1
97.4
96.1
92.3
98.9
101.7
92.4
91.9
98.4
94.7
92.0
95.7

60 minutes

1607
1675
1802
1741
1643
1669
1738
1619
1449
1337
1505
1596
1663
1644
1631

99.2
95.9
95.8
98.1
97.4
96.8
94.3
97.7
102.7
94.2
89.6
99.2
96.6
97.8
95.6

0.97*
0.94
0.98
0.95
0.97*
0.96
0.95
0.94*
0.94*
0.93*
0.95*
0.96*
0.97
0.94
0.94*

TongLo-SanYi 6 km from downstream ramp

Svphpl=small vehicles/hour/lane
*No Congestions or unusually low flow
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TABLE B-4 Maximum 2018 Flow Rates per Lane
at 228.6K Northbound on NH1

15 minutes 60 minutes
Flow Q15 Speed Flow Q60 Speed
Month Day (svphpl) (km/h)  (svphpl) (km/h) Q15/Q60
I 1 1426 103.1 1313 102.5 0.92%*

2 17 1833 88.1 1747 942  0.95
2 18 1804 92.9 1566 92.8 0.87
2 19 1804 83.4 1693 93.1 094
2 20 1806 86.3 1644 87.9 0091
4 5 1657 94.9 1480 95.0  0.89*
4 6 1619 92.9 1503 933 0.93*
4 7 1680 86.4 1563 96.7 0.93*
4 8 1602 97.9 1516 97.5 0.95%
6 17 1599 95.6 1467 98.3  0.92%*
6 18 1484 92.9 1395 96.2  0.94*
9 23 1656 93.2 1545 932  0.93*
9 24 1849 79.9 1672 912  0.90
12 30 1779 93.2 1601 946 0.90
12 31 1708 90.7 1548 95.4 091

BaeDou-SiLo 8.5 km from downstream ramp
Svphpl=small vehicles/hour/lane
*No Congestions or unusually low flow



Appendix C
2018 Maximum Flow Rates at Selected Locations on Days with Congestions
(March 2019 Analysis Based on ETC Data)

TABLE C-1 Maximum Flow Rates Estimated from ETC Volume Counts
at Gantry:01F1045N (HsinChu-TouFuen)

Maximum Flow

(Small Veh/h/Lane)
15 minutes 60 minutes

Month Day Q15 Q60 Q60/Q50

1 1 2126 1959 0.92

2 17 1993 1944 0.98

2 18 2120 1954 0.92

2 19 2103 1912 0.91

2 20 2004 1912 0.95

4 5 2048 1944 0.95

4 7 2038 1939 0.95

6 18 1933 1800 0.93

9 23 2012 1946 0.97

9 24 1954 1866 0.96

12 30 2032 1993 0.98

12 31 2133 2073 0.97
Average Maximum 15-minute flow in svphpl= 2041
Average Maximum 60-minute flow in svphpl= 1937

Q60 to Q15 ratio=  0.95



TABLE C-2 Flow Rates Estimated from ETC Volume Counts
at Gantry:01F1123N (TouFuen-TouWu)

Maximum Flow

(Small Veh/h/Lane)
15 minutes 60 minutes
Month Day QIS5 Q60 Q60/Q50

1 1 1766 1715 0.97

2 17 1836 1669 0.91

2 18 1788 1581 0.88

2 19 1810 1686 0.93

220 1827 1727 0.95

4 5 1812 1755 0.97

4 7 1841 1777 0.97

6 18 1752 1629 0.93

9 24 1795 1732 0.97

12 30 1789 1734 0.97

12 31 1876 1829 0.97
Average Maximum 15-minute flow in svphpl= 1808
Average Maximum 60-minute flow in svphpl= 1712

Q60 to Q15 ratio=  0.95



TABLE C-3 Flow Rates Estimated from ETC Volume Counts
at Gantry:01F1465N (TongLo-SanY1)

Maximum Flow

(Small Veh/h/Lane)
15 minutes 60 minutes
Month Day Ql5 Q60 Q60/Q50
2 17 1811 1696 0.94
2 18 1862 1830 0.98
2 19 1864 1768 0.95
4 5 1748 1691 0.97
4 6 1745 1674 0.96
9 24 1743 1680 0.96
12 30 1751 1677 0.96
Average Maximum 15-minute flow in svphpl= 1789
Average Maximum 60-minute flow in svphpl= 1717

Q60 to QIS5 ratio=  0.96

TABLE C-4 Flow Rates Estimated from ETC Volume Counts
at Gantry:01F2249N (BaiDou-SiLo)

Maximum Flow
(Small Veh/h/Lane)
15 minutes 60 minutes
Month Day Q15 Q60 Q60/Q50

2 17 1960 1887 0.96

2 19 1908 1829 0.96

2 20 1839 1769 0.96

9 24 1855 1722 0.93

12 30 1822 1695 0.93

12 31 1780 1680 0.94
Average Maximum 15-minute flow in svphpl= 1861
Average Maximum 60-minute flow in svphpl= 1764

Q60 to Q15 ratio= 0.95
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Appendix D Speed-Flow Relationships at Four VD Locations
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Simulated Speed-Flow Relationships of Freeway Basic Segments
with Three Lanes in One Direction
by
Professor Emeritus Feng-Bor Lin, Clarkson University
April 7, 2019

Background

An analysis of supplemental data [1] collected by the ETC system and the loop detectors on
National Highway 1 (NH1) leads to a set of proposed speed-flow relationships for analysis of
freeway basic segments with three lanes in one direction. These relationships are shown in Fig. 1.
Among the relationships, those associated with free-flow speeds of 110 km/m and 100 km/h lack
good field data to confirm their validity in representing the actual relationships. One way to
determine whether the proposed relationships need revision is to use computer simulation.
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Fig. 1 Speed-Flow Relationships on Freeway Basic Segments
Proposed in Reference 1

Therefore, the HTSS model outputs were checked against and calibrated with two sets of
speed-flow relationships that very likely are reliable depictions of the actual relationships at two
detector locations. The calibrated HTSS model was then used to generate speed-flow
relationships for comparison with the ones shown in Fig. 1.

Base Speed-Flow Relationships and Simulated Relationships

The two sets of speed-flow relationships used to check and calibrate the HTSS model are
shown in Figs. 2 and 3. They are based on data collected respectively by the detectors at 120.2K
and 146.7K, northbound on NH1. Each data point in these figures represents the combination of
average speed and flow rate in a 15-minute period. It is known that the flow patterns revealed by
the detector data for these locations match the patterns displayed by the ETC data [1].
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Fig. 2 2018 Speed-Flow Relationship at 120 2K (TouFuen-T ouyu)
Northbound on NH1{9.8 km from Downstream Ramp )
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Fig. 3 2018 Speed-Flow Relationship at 146.7K {TongLo-San'Yi)
Northbound on NH 1{5 km from Downstream Ramp)

Figs. 2and 3 show that the current HTSS model is capable of generating realistic speed-flow
relationships when the free-flow speed of a freeway segment is about 105 km/h. For segments
with other free-flow speeds, no good field data are available to assess the effectiveness of the
HTSS model in generating realistic relationships.



Comparison of Proposed and Simulated Relationships

This analysis considers freeway basic segments with the following four combinations of free-
flow speed, capacity, and critical speed:

1. Free-flow speed = 115 km/g; Capacity = 2,000 small veh/hour/lane (svphpl); critical
speed = 105 km/h.

2. Free-flow speed = 110 km/g; Capacity = 1,950 small veh/hour/lane (svphpl); critical
speed = 100 km/h.

3. Free-flow speed = 105 km/g; Capacity = 1,900 small veh/hour/lane (svphpl); critical
speed = 95 km/h.

4. Free-flow speed = 100 km/g; Capacity = 1,850 small veh/hour/lane (svphpl); critical
speed = 90 km/h.

These combinations approximate the capacities and the critical speeds associated with the
proposed relationships shown in Fig. 1. Fig. 4 shows the contrast of the proposed relationships
and the relationships generated by the HTSS model. The simulated critical speeds are within 1
km/h of the values mentioned above. The simulated capacities deviate from the prescribed values
by less than 10 svphpl. The simulated speed-flow relationships are in good agreement with the
proposed ones. For capacity analysis it is recommended that the simulated relationships, with
minor changes if necessary, be used.
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Fig. 4 Possible Speed-Flow Relationships on Freeway Basic Segments

Reference
1. Lin, F. B., Supplemental Analysis of Freeway Loop-Detector Data, Technical notes
submitted to 10T, March 2019.
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Speed-Flow Relationships of Uninterrupted Flows on Basic Segments of

Freeways and Rural Multilane Highways
By
Feng-Bor Lin
May 2019

Background

Because of difficulties in obtaining reliable field data, recent studies [1, 2] conducted by the Institute of
Transportation (I0T) were unable to identify, with a high level of confidence, the representative speed-flow
relationships of the uninterrupted flows on basic segments of freeways and rural multilane highways. The detectors
on Taiwan’s freeways often cannot provide accurate volume counts and the ETC system has no capabilities to
collect spot speeds at a given location. Furthermore, owing to the short spacing between the ramps on freeways and
the prevalence of signalized intersections on multilane highways, it is difficult to find highway segments that can
truly be labeled as basic segments.

To alleviate the aforementioned dilemma, this study synthesizes known flow characteristics to estimate likely
capacities of basic segments and then uses computer simulation to establish representative speed-flow relationships.
The simulation model used in this study is the Urban Traffic Systems Simulation (UTSS) Model developed by the
I0T.

Flow Characteristics of Freeway Basic Segments

The capacity of a freeway basic segment depends on geometric design, vehicle design and performance
characteristics, driving environment, and driver behavior. In the United States, the capacities of level freeway basic
segments described in the recent versions of TRB’s highway capacity manuals [3, 4] vary with free-flow speeds;
they range from 2,250 pcphpl when the free-flow speed is 55 mph (88 m/h) to 2,400 pcphpl when the free-flow
speed is 75 mph (120 km/h).This implies a drop of 46 pcphpl in capacity for every 10-km/h decrease in free-flow
speed.

TRB’s highway capacity manuals assume capacity does not change with the number of lanes. Observations in
other countries, however, indicate that capacity is a function of the number of lanes. Table 1 shows the freeway
capacities specified in the German Highway Capacity Manual [5], the Dutch Highway Capacity Manual [6], and the
Motorway Design Volume Guide [7] of Victoria State, Australia. The capacities specified in both the Netherlands
manual and the Victoria guide decrease when the number of lanes increases from 2 to 3 and from 3 to 4. An
increase by one lane reduces the capacity by 17 vphpl to 70 vphpl. The German Highway Capacity Manual also
reveals an increase from 2 lanes to 3 lanes in each direction raises the capacity by 100 vphpl, but a further increase
to 4 lanes results in a 50 vphpl increase in capacity.

Table 1 Capacities (in Vehicles/hour/lane) of Level Freeway Basic Segments
in Germany, Netherlands, and Australia

Victoria Design Capacities
Germany
Capacities
Number of Lanes Speed limit = Netherlands gnm_anaged I(\:/Ianf';\ged
In One Direction 100 or 120km/h | Capacities arnageway arnageway
2 1,900 2,150 1,687 2,087
3 1,800 2,067 1,625 2,017
4 1,850 2,050 1,575 1,950




The most comprehensive speed-flow relationships 10T has investigated so far concern basic segments with 3
lanes in one direction. As shown in Fig. 1, detector data reveal that those segments more than 5 km from
downstream ramps and with free-flow speeds of 105~115 km/h have capacities between 1,700 and 1,800 pcphpl.
The detectors for some locations underestimate volumes in comparison with ETC volume counts. Adjusted with
ETC data, Fig. 1 show that the capacity of a 3-lane basic segment may reach 2,100 pcphpl when the free-flow speed
is 115 km/h and 1,700 to 1,900 pcphpl when the free-flow speed is 105~110 km/h. The ETC data, however, reflect
the flows several kilometers upstream from study sites. Whether the ETC maximum flows can sustain over such
distances is an open question.
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Fig. 1 Adjusted Speed-Flow Relationships on Freeway basic Segments
with 3 Lanes in one direction
{Distances to downstream ramps > 5 km)

Taking into consideration the various flow characteristics mentioned above, it is proposed that the capacities
shown in Table 2 be used as representative capacities for inclusion in the new THCM:

Table 2 Proposed Representative Capacities of Freeway Basic Segments

2 lanes per direction 3 lanes per direction 4 lanes per direction

Free- Approximate Approximate Approximate
Flow Critical Critical Critical
Speed Capacity Speed Capacity Speed Capacity Speed
(km/h) | (svphpl) (km/h) (svphpl) (km/h) (svphpl) (km/h)

115 2,050 105 2,000 105 1,950 105

110 2,000 100 1,950 100 1,900 99

105 1,950 95 1,900 95 1,850 95

100 1,900 90 1,850 90 1,800 90

Note: svphpl=small vehicles/hour/lane

The proposed capacities per lane drop by 50 pcphpl for every 5 km/h reduction in free-flow speed. They also
drop by the same magnitude when the number of lanes is increase by one. The critical speed, at which flow rate
reaches the capacity of a segment, is about 10 km/h below the free-flow speed.



Fig. 2 shows the speed-flow relationships determined from the UTSS model on the basis of the aforementioned
capacities.
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Fig. 2 Simulated Speed-Flow Relationships on Freeway Basic Segments

Flow Characteristics of Basic Segments on Rural Multilane Highways

If the capacity of a freeway basic segment shown in Table 1 continues to drop at a rate of 50 small
vehicles/h/lane for every 5 km/h reduction in free-flow speed, the capacity of a segment with a free-flow speed of 90
km/h and two lanes in each direction would be 1,800 small vehicles/h/lane. And the capacity of a rural multilane
highway with a free-flow speed of 90 km/h and two lanes in each direction is likely below 1,800 small
vehicles/h/lane.

IOT’s field data on multilane highways are very limited. Figs 3 and 4 show respectively the speed-flow
relationships observed on Sibin Expressway and Chu-Wei. These relationships are affected by the upstream and the
downstream traffic signals. Chu-Wei site had longer green signal durations than the Sibin site. This may be one
reason why the maximum one-minute flow rate at Chu-Wei is much higher. A study of rural two-lane highways by
Polus, Craus, and Livneh [8] shows that capacities determined from data aggregated over 15 minutes is about 80%
of those determined from 1-minute data. For multilane highways, 1-minute capacities and 15-minute capacities are
likely closer because difficulties in passing on rural two-lane highways tend to depress maximum flow rates over 15
minutes. The capacities that can be sustained for one hour on the multilane highways in Taiwan could be about 80%
or more of the capacities that can be sustained for one minute.

It is not possible to accurately determine from Figs 3 and 4 the capacities at the Sibin and the Chu-wei sites. One
reason is that the flows shown in these figures are constrained by the upstream traffic signals. The speed-flow
relationships are also affected by the downstream signals. In addition, the Chu-Wei data show excessively high
speeds under free-flow conditions. This calls into question the reliability of the related data.

Fig. 4 shows that average maximum 1-minute flow may be about 2,100 small vehicles /h/lane. And the
corresponding 1-hour capacity could be between 1,650 and 1,700 small vehicles /h/lane.

As an interim measure, it is suggest that the capacity values given in Table 3 be used to facilitate highway
capacity analysis before a comprehensive study of multilane highway capacities can be carried out. Fig. 5 shows the



simulated speed-flow relationships related to the suggested capacities.
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Table 3 Proposed Representative Capacities of Basic Segments on Rural Multilane Highways
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2 lanes per direction 3 lanes per direction 4 lanes per direction
Free- Approximate Approximate Approximate
Flow Critical Critical Critical
Speed Capacity Speed Capacity Speed Capacity Speed
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Analytical Models of Speed-Flow Relationships of
Uninterrupted Flows under Stable Conditions

By
Feng-Bor Lin
May 26, 2019

The speed-flow relationships on level basic segments can be represented by models in either, or a
combination, of the following two equations:

V:al+% (1)
l+e <
_0-b3

V=bl+b2e b ()

where
V = average speed (km/h),
QO = flow rate (small vehicles /h/lane, or svphpl),
al,a2,a3, a4 = coefficients of Eq. 1, and
b1,b2,b3,b4 = coefficients of Eq. 2.

Notation V; refers to free-flow speed in this document.
A. Freeway Basic Segments

1. Simulated Speed-Flow Relationships in regular lanes
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Fig. 1 Simulated Speed-Flow Relationships on Freeway Basic Segments

2. Coefficients for Freeway Segments with 2 Regular Lanes

| Free-Flow | Flow Q | al | a2 | a3 | a4 | Capacity




Speed (km/h) (svphpl)

115 0~1,500 115.96 -14.94 1,691.4 629.01 2,050
1,500~2,050 | 111.65 -21.133 2,344.8 378.55

110 0~1,500 110.63 -9.93 1,347.6 497.01 2,000
1,500~2,000 | 105.98 -10.609 1,947.3 205.52

105 0~1,500 105.84 -18.446 1,930.0 635.41 1,950
1,500~1,950 | 101.24 -30.292 2,356.6 300.17

100 0~1,500 100.78 -16.299 1,771.2 591.36 1,900
1,500~1,900 | 95.377 -23.555 2,147.3 202.86

Coefficients for Freeway Segments with 3 Regular Lanes

Free-Flow Flow Q al a2 a3 a4 Capacity

Speed (km/h) (svphpl)

115 0~1,500 115.71 -14.57 1,808.4 613.69 2,000
1,500~2,000 | 112.82 -18.46 2,103.3 335.38

110 0~1,500 110.36 -10.672 1,483.6 459.12 1,950
1,500~1,950 | 108.45 -23.00 2,161.5 389.23

105 0~1,500 105.72 -14.74 1,714.9 572.82 1,900
1,500~1,900 | 100.74 -8.584 1,795.1 149.2

100 0~1,500 100.33 -11.359 1,481.4 437.98 1,850
1,500~1,850 | 95.016 -16.345 1,965.1 138.43

4. Coefficients for Freeway Segments with 4 Regular Lanes

Free-Flow Flow Q al a2 a3 a4 Capacity

Speed (km/h) (svphpl)

115 0~1,500 115.48 -13.12 1,589.84 488.95 1,950
1,500~1,950 | 111.86 -22.775 2,238.5 342.01

110 0~1,500 110.69 -15.284 1,685.2 558.05 1,900
1,500~1,900 | 105.99 -31.391 2,307.1 281.37

105 0~1,500 105.79 -15.572 1,715.8 589.23 1,850
1,500~1,850 | 99.942 -10.502 1,865.0 125.9

100 0~1,500 100.52 -11.711 1,478.2 497.03 1,800
1,500~1,800 | 94.761 -10.959 1,824.7 89.94




5. Coefficients for Freeway Segments with 2 Regular Lanes and 1 Shoulder Lane

Simulated speed-flow relationships for this case are shown in Fig. 2.
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With 2 Regular Lanes and 1 Shoulder Lane
Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 117.17 -37.722 2105.2 751.3 1,850
1,500~1,850 | 110.01 -23.71 1,947.9 309.48
110 0~1,500 111.62 -31.37 1,839.4 634.26 1,800
1,500~1,800 | 102.76 -17.256 1,837.1 178.72
105 0~1,500 106.98 -35.79 2,064.8 725.9 1,750
1,500~1,750 | 96.071 -9.939 1,719.3 68.914
100 0~1,500 101.77 -31.122 1,878.0 667.05 1,700
1,500~1,700 | 90.905 -14.426 1,724.9 65.58




6. Coefficients for Freeway Segments with 3 Regular Lanes and 1 Shoulder Lane

Simulated speed-flow relationships for this case are shown in Fig.3.
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with 3 Regular Lanes and 1 Shoulder Lane
Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 116.1 -23.504 1,768.8 584.43 1,850
1,500~1,850 | 114.22 -45.271 2,161.3 397.77
110 0~1,500 111.17 -35.159 2,175.1 648.76 1,800
1,500~1,800 | 103.44 -25.76 1,905.3 144.28
105 0~1,500 105.63 -17.634 1,468.4 444.57 1,750
1,500~1,750 | 98.048 -24.756 1,845.6 128.37
100 0~1,500 100.5 -16.08 1,402.2 407.34 1,700
1,500~1,700 | 92.105 -12.901 1,687.3 62.201




B. Rural Multilane Highway Basic Segments

1. Speed-Flow Relationships in Regular Lanes
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Fig. 4 Simulated Speed-Flow Relationships on Basic Segments
of Rural Multilane Highways

2. Coefficients for Multilane Highways with 2 Regular Lanes

Free-Flow Flow Q al a2 a3 a4 Capacity

Speed (km/h) (svphpl)

90 0~1,200 91.866 -17.765 1,360.6 634.32 1,760
1200~1,760 | 84.665 -42.729 1,991.9 187.04

80 0~1,200 81.366 -16.647 1,327.0 550.13 1,710
1,200~1,710 | 74.643 -22.753 1,760.2 158.97

70 0~1,200 71.400 -19.916 1,556.4 602.84 1,650
1,200~1650 | 64.589 -14.545 1,632.8 112.03

60 0~1,200 60.989 -16.080 1,470.4 542.69 1,580
1,200~1,580 | 55.256 -13.909 1,591.8 113.69

50 0~1,200 51.002 -16.739 1,825.7 663.62 1,500
1,200~1,500 | 46.637 -10.530 1,514.4 93.677

3. Coefficients for Multilane Highways with 3 Regular Lanes

Free-Flow Flow Q al a2 a3 a4 Capacity

Speed (km/h) (svphpl)

90 0~1,200 92.083 -27.107 1,832.8 737.21 1,730
1200~1,730 | 84.703 -41.727 1,954.6 187.75

80 0~1,200 81.449 -18.574 1421.3 578.62 1,680




1,200~1,680 | 74.653 -29.141 1,805.5 167.06

70 0~1,200 71.362 -17.922 1,436.9 577.55 1,620
1,200~1620 | 64.688 -31.243 1,749.2 134.35

60 0~1,200 61.334 -15.921 1,455.8 610.98 1,580
1,200~1,550 | 57.766 -43.955 1,887.7 255.00

50 0~1,200 51.842 -19.588 1,933.3 854.32 1,470
1,200~1,470 | 46.657 -11.731 1,477.0 98.042

3. Coefficients for Multilane Highways with 4 Regular Lanes

Free-Flow Flow Q al a2 a3 a4 Capacity

Speed (km/h) (svphpl)

90 0~1,200 90.396 -12.708 1,229.7 358.85 1,710
1200~1,710 | 86.244 -93.4297 2,228.2 266.95

80 0~1,200 80.411 -15.248 1,328.2 368.39 1,660
1,200~1,660 | 74.745 -17.199 1,627.4 134.55

70 0~1,200 70.25 -11.792 1.192.7 315.38 1,600
1,200~1600 | 65.567 -33.613 1,785.3 185.32

60 0~1,200 60.128 -10.221 1,166.6 285.12 1,560
1,200~1,530 | 55.141 -13.564 1,485.3 86.364

50 0~1,200 50.11 -8.921 1,170.7 285.29 1,450
1,200~1,450 | 47.62 -33.654 1,668.7 177.07

4. Motorcycle Lanes on Rural Multilane Highways

The saturation flow of exclusive motorcycle lanes at signalized urban intersections can be estimated as [1]:

S§=4,839+1,900Wy,

where

S=saturation flow ( motorcycles/h), and
W= effective lane width (width used by 90% of the wheels of discharged motorcycles).

3)

Effective width depends on lane width and the types of devices use of lane division. Given that the lane
width is W meters, the effective width can be estimated as follows:

Wg() =W+L+R
where

W=width of traffic lane (m), and

L2l d EqepF - L=-0322 ¢ o £ )F M R=-0322¢ «
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Limited data collected by IOT shows that the saturation flows of the traffic lanes at
signalized rural intersections are about 70% of those at urban intersections. Traffic
densities on open rural highways are lower than at signalized intersections. And drivers
on open highways are expected to be less efficient in lane utilization than those at
signalized intersections. Therefore, it is assumed that the capacities of motorcycle lanes

on rural multilane highways are about 60% of the saturation flows estimated from the Eq.

3.
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V' =58.02 -

4-1-2 Wyy =4 m, Free-Flow Speed V;= 60 km/h
For Q <2,000 motorcycles/h,

B
V =47.79 +12.253¢ 0015

For Q =2,000 ~ 5,000 motorcycles/h,
02,000

V =3426+15.446¢ "'

For Q =5,000~ 7,085 motorcycles/h,

18.683
0-79712
1_,_67 1,400

V =46.36—

4-1-3 Wyy =4 m, Free-Flow Speed V;= 50 km/h
For Q < 2,000 motorcycles/h,
__ 9
V =40.92+9.062¢ 057

For Q =2,000 ~ 5,000 motorcycles/h,
_0-2,000

V =5.17+37.06e 772570

For Q =5,000~ 6,950 motorcycles/h,

6.825
0-65173
1+e_ 680.34

V' =39.063 -

4-1-4 Wyy =4 m, Free-Flow Speed V;=40 km/h
For Q < 2,000 motorcycles/h,

.0
V' =34.59 +5.376e 83946

For Q =2,000 ~ 4,000 motorcycles/h,
02,000

V =31.05+4.05¢ *77

For Q =4,000~ 5,900 motorcycles/h,

16.086
083495
1+e_ 3,319.5

V' =36.92 -




4.2 Speed-Flow Relationships in Wy, =3m Lanes
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Fig. & Simulated Speed-Flow Relationships on 3-m VWide
Exclusive Motorcycle Lane

4-2-1 Wyy =3 m, Free-Flow Speed V;=70 km/h
For Q <2,000 motorcycles/h,
0

V =53.33+16.6966¢ 24284

For Q =2,000 ~ 5,000 motorcycles/h,
02,000

V =15.48 + 41.239¢ 5%

For Q =5,000~ 6,290 motorcycles/h,

56.910
v =5118-———

1+€ 931.5

4-2-2 Wy =3 m, Free-Flow Speed V;= 60 km/h
For Q < 2,000 motorcycles/h,
9

V =48.13+11.906¢ 00646

For Q =2,000 ~ 5,000 motorcycles/h,
0 -2,000

V' =37.79+11.998¢ ***1

For Q =5,000~ 6,190 motorcycles/h,



11.616

1 +e 372.87

4-2-3 Wyy =3 m, Free-Flow Speed V;= 50 km/h

For Q <2,000 motorcycles/h,
0

V =41.09 +8.916¢ 956716

For Q =2,000 ~ 5,000 motorcycles/h,
~ 0-2,000

V =18.95+23.259¢ 1554

For Q =5,000~ 6,070 motorcycles/h,

6.27
V=381~ T 0-59465

1 +e 278.53

4-2-4 Wy =3 m, Free-Flow Speed V;=40 km/h

For Q <2,000 motorcycles/h,
9

V' =34.82+5.155¢ 767

For Q =2,000 ~ 5,000 motorcycles/h,
0 -2,000

V =24.55+10.54¢ 7300

For Q =5,000~ 5,960 motorcycles/h,

5.029
V=324T-— s

1 +e 287.85

10



4-3 Speed-Flow Relationships in Wy, =2m Lanes
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4-3-1 Wy =2 m, Free-Flow Speed V;= 60 km/h
For Q <2,000 motorcycles/h,
0
V =46.79 +13.224¢ 919363

For Q =2,000~ 5,160 motorcycles/h,

53.286

0 -7.0663
l+e 49323

V =62.345—-

4-3-2 Wy =2 m, Free-Flow Speed V;= 50 km/h
For Q <2,000 motorcycles/h,
0
V =40.06+9.932¢ 887228

For Q =2,000~ 5,060 motorcycles/h,

59.937
1_,_67 2,567.8

4-3-3 Wy, =2 m, Free-Flow Speed V;= 40 km/h
For Q < 2,000 motorcycles/h,
Y
V =33.63+6.367¢ 39736

For Q =2,000~ 4,950 motorcycles/h,

BO00

11



22.788
1+ e_ 1358.0

4-3-4 Wyy =2 m, Free-Flow Speed V;=30 km/h
For Q < 2,000 motorcycles/h,
__9
V =2732+2.666¢ °*¥

For Q =2,000~ 4,860 motorcycles/h,

13.346

—0-6327.9
l+e 93522

V=2771-

4-4 Speed-Flow Relationships in Wy, =1.5m Lanes
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Fig. 8 Simulated Speed-Flow Relationships on 1.5-m Wide
Exclusive Motorcycle Lane

4-4-1 Wyy =1.5 m, Free-Flow Speed V;= 60 km/h
For Q <2,000 motorcycles/h,
Y

V =45.28+14.704¢ 004

For Q =2,000~ 4,800 motorcycles/h,

179.218
v =137.19-— "

1+ e 21,403.0
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4-4-2 Wyy =1.5 m, Free-Flow Speed V=50 km/h
For Q < 2,000 motorcycles/h,
Y
V =39.6+10.38¢ 829264

For Q =2,000~ 4,690 motorcycles/h,

27.358

—0-5953.9
l+e 14397

V' =42.12 -

4-4-3 Wy =1.5 m, Free-Flow Speed V=40 km/h
For Q < 2,000 motorcycles/h,
0
V =33.37+6.62¢ 178

For Q =2,000~ 4,560 motorcycles/h,

52.358
0-6,656.6
1+87 931.54

V' =34.12 -

4-4-4 Wy =1.5 m, Free-Flow Speed V=30 km/h
For Q <2,000 motorcycles/h,
0
V =27.83+2.15¢ 976387

For Q =2,000~ 4,450 motorcycles/h,

21.226

—0-60718
l+e 10868

V =28.57~-
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Average Travel Speed, km/h

C. Rural Two-Lane Highways
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Modeling of Speed-Distance Relationships of
Representative Trucks on Upgrades
By
Feng-Bor Lin

June 24,2019
Introduction

The objective of this study is to develop analytical models to relate the speeds of representative trucks on
upgrades to the distances traveled. Such models would simplify the assessment of the desirability of a given
combination of the slope and the length of an upgrade.

The representative trucks refer to tractor-trailers with the following weight-to-horsepower ratios:

1. 123 kg/kW for freeways,
2. 124 kg/kW for rural multilane highways, and
3. 105.3 kg/kW for rural two-lane highways.

It is known from a 2017 IOT study that typical weight-to-horsepower ratio would drop below 124 kg/kW on

multilane highways when the grade exceed 5%. As a conservative measure, a constant 124 kg/kW truck is assumed
regardless of the actual grade.

Database

The data used for developing analytical models are derived from simulation by using the HTSS model. The
simulated speed-distance relationships are shown in Figs. 1, 2, and 3.

120
o WHEM& Gradp=0.1%
100 \ —
0,
ap .
s 2%
=
@ \ ‘“H-H__‘_‘___h 0
& I
4%
50 [T
\\53/1
40
5%
a0
0.0 0.5 1.0 1.4 2.0 2.8 3.0 3.4 4.0

Traveled Distance (km/h)

Fig. 1 Speed Changes on Freeway Upgrade as a Function of
Grade and Traveled Distance (Trucks with 123 km/Adh)
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Fig. 3 Speed Changes on Rural Two-Lane Highway Upgrades as a Function
of Grade and Traveled Distance (1053 kg/dh trucks)

In general, for a given upgrade, the speed as a function of traveled distance can be modeled as:



B-4
V=A+ (1)
|4 (X=C)

D

where
V=speed (km/h),
X=traveled distance (km or m) from the origin where the initial speed is 120 km/h for freeways and 100 km/h
for other types of highways, and
A,B,C,D = model coefficients.

Model Development

In Eq. 1 the coefficients A, B, C, and D are functions of the grade (i.e., slope). The functional relationships
between these coefficients and grade can be identified through neural network modeling or nonlinear regression.
Several neural network models have been developed and assessed. These models are not as descriptive as regression
models. Therefore, regression models become the end products of this modeling effort. The results are summarized
in Appendix A.

Figs. 4, 5, and 6 show sample comparisons between the speed-distance relationships determined respectively
from Eq.1 and the HTSS model.
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Model Applications

Eq. 1 can be converted into the following function for evaluating the desirability of the geometric design of an
upgrade:

4y ®

X=C-Din(
A

B—
vV —
For example, given a grade the values of A, B, C, and D can be determined from the equations shown in
Appendix A. If the entry speed is V, then the location of of a truck (distance from the origin) can be determined

from Eq. 2 as X. If the length of the upgrade is L, then the location of the truck at the end of the upgrade is X2 =
X+L. Substituting X2 for X in Eq. 1 would allow one to estimate the truck speed at the end of the upgrade. If the



speed drop (difference between the entry speed and the end speed) is excessive, then the geometric design needs to
be modified.

Another application of Eq. 2 is to determine whether an upgrade can be treated as a level segment. A level
segment is a downgrade, a segment with 0% slope, or an upgrade on which the speed drop of a representative truck
does not exceed 5 km/h. Given highway type, grade G (%), entry speed V, (km/h), and grade length L (m), the
procedure of determining whether an upgrade can be treated as level is as follows:

1.

W

Based on the highway type and the grade G, determine the crawl speed on the upgrade.

The crawl speed is the speed at which a vehicle can neither accelerate nor decelerate. This is the
minimum stabilized speed shown in Figs. 1, 2, and 3 for each grade. Fig. 7 shows how crawl speed changes
with grade. Crawl speeds (Vc in km/h) as a function of grade (G in %) can be determined as follows:

(a) For freeways: Ve =14.14 + 95.674¢————— G
4.12296
(b) For multilane highways: Ve =16.04 + 77.7638M
9588
—(G-06)

(c) For rural Two-Lane Highways: Vc =14.89 +80.115¢
5.01071
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Fig. 7 Crawl Speeds of Representative Tractor-trailers

If the entry speed V,-5 is below the crawl speed, then speed will not drop by 5 km/h or more and the
grade can be treated as a level segment. If this is not the case, perform the 4steps below.

Based on the highway type and the grade G, determine the model coefficients A, B, C, and D.

Based on entry speed V,, determine from Eq. 2 the location X of the truck. Denote this X as X1.

Based on V-5, determine from Eq. 2 the location X of the truck when the speed drops by 5 km/h from V,,
Denote this X as X2.

The difference X2-X1 represents the critical grade length beyond which speed drop would exceed 5 km/h.
Therefore, if the actual grade length L exceeds X2-X1, the grade cannot be treated as a level segment.
Otherwise, the grade can be treated as a level segment.

A Fortran program has been developed to implement the aforementioned procedure. The name of this program is



checkgrade.for. This program will be sent to IOT separately.

To use this program, the source codes should be compiled to create an executable file (File name:
checkgrade.exe). Next, an input file (file name: input.txt) should be prepared and stored in the folder that contains
the executable file. The input file should contain the following 2 lines:

Line 1: highway types (FREEWAY, MULTI, or TWO)
Line 2: Speed in km/h, grade in %, grade length in meters

Example input file:

MULTI
80.0 3.5 430

This file indicates the grade being analyzed is on a multilane highway (TWO means two-lane highway).
In addition (line 2), the entry speed, the grade, and the grade length are respectively 80 km/h, 3.5%, and
430 m.

To run the program, double click on the executable file icon. The output is named “result.txt”



Appendix A: Coefficients A, B, C and D of Eq.1 and Eq. 2

Definitions: G = grade in %
EXP (X)=e"

Cr¥*¥****For Rural Two-Lane Highway
IF(G.<=.1.25)THEN
A=123.14+41.34/(1+EXP(-(G-0.94459)/0.18804))
IF(G=1.25~.6)THEN
A=102.38408+55.42065*EXP(-(G-1.25)/3.41723)
IF(G=6~8)THEN
A=107.56913+8.89087*EXP(-(G-6)/2.57643)
IF(G+8~10)THEN
A=108.23653+3.42347*EXP(-(G-8)/1.62974)
IF(G >10)THEN
A=106.4775+3.6125*EXP(-(G-9)/3.72767)

B=14.71135+80.3349*EXP(-(G-0.6)/5.02991)

IF(G<= 2)THEN
C=-2.17783+0.83989*G

IF(G=2~4)THEN
C=-6.0639+6.40946/(1+EXP(-(G-0.014799)/1.0453))

IF(G=4~6)THEN
C=0.18338+0.12565/(1+EXP(-(G-4.4583)/0.31334))

IF(G=6~8)THEN
C=0.31037-0.043/(1+EXP(~(G-7.7349)/0.59914))

IF)G.>8)THEN
C=0.33321-0.15637/(1+EXP(-(G-9.632)/2.0818))

IF(G <=2)THEN
D=1.3381-1.878/(1+EXP(-(G-3.3951)/1.8609))
IF(G=2~6)THEN
D=0.05851+0.67823*EXP(-(G-2)/3.15618)
IF(G.>6)THEN
D=0.07023+0.18063*EXP(-(G-6)/3.33893)



Cr¥*%***For Rural Multilane Highways
IF(G<=1.0)THEN
A=123.55333+32.56667*G
IF(G=1.0~4.0)THEN
A=74.00191+82.49442*EXP(-(G-1.0)/5.28915)
IF(G=4~6.0)THEN
A=108.96035+12.00677*EXP(-(G-4)/1.7126)
IF(G=6~8.0)THEN
A=125.10333-2.08*G
IF(G> 8.)THEN
A=106.8444+1.60556*EXP(-(G-8)/1.32666)

B=16.06992+77.78644*EXP(-(G-0.7)/3.94297)

IF(G<=2.5)THEN
C=-6.8497+7.12357/(1+EXP(-(G-0.44885)/0.65874))

IF(G=2.5~5.0)THEN
C=-0.66277+1.06019/(1+EXP(-(G-2.2567)/0.57494))

IF(G >5)THEN
C=0.46698-0.33098/(1+EXP(-(G-8.5222)/3.0709))

IF(G<=4.0)THEN
D=-0.10896+1.43412*EXP(-(G-0.7)/3.22138)
IF(G=4~6)THEN
D=0.11617+0.29564*EXP((G-4)/2.22753)

IF(G> 6)THEN
D=0.069451+0.16688*EXP(-(G-6)/3.17017)



IF(G<=0.5)THEN
A=194.1675+0.125*G

IF(G=0.5~1.5)THEN
A=200.16-37.91/(1+EXP(«(G-1.1416)/0.38081))

IF(G=1.5~2.5)THEN
A=40.35019+132.5398 1 *EXP(~(G-1.5)/7.58057)

IF(G=2.5~4.)THEN
A=113.41815+43.09185*EXP(-(G-2.5)/3.54411)

IF(G=4~5.)THEN
A=112.08441+29.55559*EXP(-(G-4)/4.40704)

IF(G.GT.5)THEN
A=130.52636+5.11364*EXP(-(G-5)/0.86234)

IF(G<=2.5)THEN
B=-12.0404+121.15229*EXP(-(G-0.0)/5.68314)

IF(G.GT.2.5)THEN
B=18.79822+47.27075*EXP(-(G-2.5)/3.5932)

F(G<=2.5)THEN
C=-10.759+11.40123/(1+EXP(-(G+0.62556)/0.90426))
IF(G=2.5~4.5)THEN
C=-0.14184+0.70497/(1+EXP(-(G-2.2507)/0.51267))
IF(G>4.5)THEN
C=0.55445-0.06905/(1+EXP(-(G-5.8835)/0.35501))

IF(G<=2.5)THEN
D=-1.43227+3.14882*EXP(-G/7.11252)

IF(G.GT.2.5)THEN

D=0.136771+0.65236*EXP(~(G-2.5)/2.37222)












July 15,2019 Update on
Analytical Models of Speed-Flow Relationships of
Uninterrupted Flows under Stable Conditions

By
Feng-Bor Lin

Revised from May 26, 2019 Version

The speed-flow relationships on level basic segments can be represented by models in either, or a
combination, of the following two equations:

V=al+% (1)
l+e @
_0-b3

V=bl+b2e " )

where

V = average speed (km/h),

QO = flow rate (small vehicles /h/lane, or svphpl),
al,a2,a3, a4 = coefficients of Eq. 1, and
b1,b2,b3,b4 = coefficients of Eq. 2.

Notation V; refers to free-flow speed in this document.

A. Freeway Basic Segments

1. Simulated Speed-Flow Relationships in regular lanes (Revised)
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Fig. 1 Simulated Speed-Flow Relationships on Freeway Basic Segments



2. Coefficients for Freeway Segments with 2 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 116.13 83.396 2,453.5 780.06 2,050 at
1,500~2,050 | 113.05 80.031 2,581.3 467.67 105 kmv/h
110 0~1,500 110.78 91.201 2,070.2 645.99 2,000 at
1,500~2,000 | 107.92 69.691 2,577.8 427.41 100 km/h
105 0~1,500 105.60 90.819 1,743.2 537.84 1,950 at
1,500~1,950 | 100.79 82.317 2,124.5 221.04 95 km/h
100 0~1,500 100.60 82.809 1,974.8 577.44 1,900 at
1,500~1,900 | 95.759 67.759 2,136.8 173.44 90 km/h

3. Coefficients for Freeway Segments with 3 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 115.48 92.450 2,221.6 575.00 2,000 at
1,500~2,000 | 112.25 54.011 2,687.6 349.41 105 km/h
110 0~1,500 110.52 73.458 2,588.3 613.77 1,950 at
1,500~1,950 | 106.54 85.277 2,161.7 256.29 100 km/h
105 0~1,500 105.41 82.032 2,078.5 518.01 1,900 at
1,500~1,900 | 102.12 67.285 2,351.1 330.58 95 km/h
100 0~1,500 100.40 83.584 1,855.0 499.06 1,850 at
1,500~1,850 | 96.452 54.946 2,236.6 227.55 90 km/h

4. Coefficients for Freeway Segments with 4 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 115.28 101.59 1,679.7 422.87 1,950 at
1,500~1,950 | 112.11 94.006 2,078.0 288.36 105 km/h
110 0~1,500 110.29 98.132 1,562.8 413.03 1,900 at
1,500~1,900 | 108.92 69.703 2,464.3 458.29 100 km/h
105 0~1,500 105.34 92.059 1,595.4 423.72 1,850 at
1,500~1,850 | 101.03 88.732 1,858.1 184.22 95 km/h
100 0~1,500 100.34 86.258 1,697.6 450.87 1,800 at
1,500~1,800 | 95.568 75.405 1,927.7 131.33 90 km/h




5.

Coefficients for Freeway Segments with 2 Regular Lanes and 1 Shoulder Lane

Simulated speed-flow relationships for this case are shown in Fig. 2.
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Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,500 117.17 -37.722 2105.2 751.3 1,850 at
1,500~1,850 | 110.01 -23.71 1,947.9 309.48 100 km/h
110 0~1,500 111.62 -31.37 1,839.4 634.26 1,800 at
1,500~1,800 | 102.76 -17.256 1,837.1 178.72 95 km/h
105 0~1,500 106.98 -35.79 2,064.8 725.9 1,750 at
1,500~1,750 | 96.071 -9.939 1,719.3 68.914 90 km/h
100 0~1,500 101.77 -31.122 1,878.0 667.05 1,700 at
1,500~1,700 | 90.905 -14.426 1,724.9 65.58 85 km/h




6. Coefficients for Freeway Segments with 3 Regular Lanes and 1 Shoulder Lane (Revised)

Simulated speed-flow relationships for this case are shown in Fig.3.
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Fig. 3 Simulated Speed-Flow Rekatonships for Freeway Basic Segmemts
with 3 Regular Lanes and 1 Shoulder Lane per Direction
Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
115 0~1,200 115.95 87.846 2,056.3 609.89 1,800 at
1,200~1,800 | 111.66 71.878 2,012.1 239.63 100 km/h
110 0~1,200 110.48 92.255 1,552.2 429.93 1,750 at
1,200~1,750 | 106.75 65.344 1,992.9 261.38 95 km/h
105 0~1,200 105.34 83.598 1,495.2 358.76 1,700 at
1,200~1,700 | 102.47 52.826 2,091.5 358.01 90 km/h
100 0~1,200 100.26 76.841 1,511.3 337.26 1,650 at
1,200~1,650 | 99.066 -47.766 2,677.6 456.80 85 km/h




B. Rural Multilane Highway Basic Segments

1. Speed-Flow Relationships in Regular Lanes (Revised)
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Fig. 4 Simulated Speed-Flow Relationships on Basic Segments
of Rural Multilane Highways

2. Coefficients for Multilane Highways with 2 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
90 0~1,760 92.307 -6.3932 3,017.5 810.61 1,760 at
75 km/h
80 0~1,710 82.060 -761.2900 5,025.7 837.55 1,710 at
66 km/h
70 0~1650 71.879 -144.5200 3,743.5 791.55 1,650 at
57.5 km/h
60 0~1,580 61.487 -53.3040 3,025.4 700.89 1,580 at
48.5 km/h
50 0~1,500 50.978 -3.0675 2,293.3 579.48 1,500 at
40 km/h




3. Coefficients for Multilane Highways with 3 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
90 0~1,730 91.763 -12.731 2,928.6 723.64 1,730 at
75 km/h
80 0~1,680 81.267 -9.4673 2,703.3 638.94 1,680 at
66 km/h
70 0~1620 70.852 -14.290 2,540.7 248.14 1,620 at
57.5 km/h
60 0~1,200 60.919 -6.3895 2,548.2 593.99 1,550 at
48.5 km/h
1,200~1,550 | 55.852 35.641 1,636.6 154.12
50 0~1,200 50.310 38.848 1,237.5 342.36 1,470 at
40 kmv/h
1,200~1,470 | 45.635 38.074 1,382.0 82.104

4. Coefficients for Multilane Highways with 4 Regular Lanes (Revised)

Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
90 0~1,710 90.647 -10.458 2,593.1 520.70 1,710 at
75 km/h
80 0~1,660 80.718 -82.889 2,879.4 526.22 1,660 at
66 km/h
70 0~1600 70.463 -25.078 2,439.3 453.83 1,600 at
57.5 km/h
60 0~1,200 60.205 48.794 1,230.6 320.38 1,530 at
48.5 km/h
1,200~1,530 | 55.921 13.273 1,794.4 169.00
50 0~1,450 50.391 36.595 1,443 407.78 1,450 at
40 km/h
1,200~1,450 | 46.238 34.260 1,442.5 86.30




5. Motorcycle Lanes on Rural Multilane Highways

The saturation flow of exclusive motorcycle lanes at signalized urban intersections can be estimated as [1]:

8§=4,839+1,900Wy, 3)
where

S=saturation flow ( motorcycles/h), and

W= effective lane width (width used by 90% of the wheels of discharged motorcycles).
Effective width depends on lane width and the types of devices use of lane division. Given that the lane
width is W meters, the effective width can be estimated as follows:

Wg(): W+L +R (4)

where

W=width of traffic lane (m), and

L2l S8 L=20322% o L pF B/ R=-03222 o
2.2 R %;ﬁ“ﬁ% 2RI P L=-0552 8% o £ i—ﬁrﬁr% 2 FHA R R=
-0.5520 % o
3.2 F ERMAIERF 0 L=0.552% o ]G RMAFER » R=0.002 % o
Limited data collected by IOT shows that the saturation flows of the traffic lanes at
signalized rural intersections are about 70% of those at urban intersections. Traffic
densities on open rural highways are lower than at signalized intersections. And drivers
on open highways are expected to be less efficient in lane utilization than those at
signalized intersections. Therefore, it is assumed that the capacities of motorcycle lanes
on rural multilane highways are about 60% of the saturation flows estimated from the Eq.

3.
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Fig. 5 Simulated Speed-Flow Relationships on 4-m Wide
Exclusive Motorcycle Lane
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5.2 Speed-Flow Relationships in Wy, =3m Lanes
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Fig. 6 Simulated Speed-Flow Relationships on 3-m Wide
Exclusive Motorcycle Lane
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5-3 Speed-Flow Relationships in Wy, =2m Lanes
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Fig. 7 Simulated Speed-Flow Relationships on 2-m Wide
Exclusive Motorcycle Lane
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5-4 Speed-Flow Relationships in Wy, = 1.5m Lanes
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Fig. 8 Simulated Speed-Flow Relationships on 1.5-m Wide
Exclusive Motorcycle Lane
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5-4-2 Wy, =1.5 m, Free-Flow Speed V=50 km/h
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C. Rural Two-Lane Highways (Revised)

Fig. 10 shows the speed-flow relationships observed respectively on Tai 18 and County Route
151, both of which had speed limits of 50 km/h. It is difficult to estimate from such relationships
the most likely capacities of Taiwan’s rural two-lane highways.
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Fig. 10

TRB’s 2010 HCM [1] indicates that the capacity of the rural two-lane highways in the United
States is 1,700 cars/h in one direction and 3,200 cars/h for both directions combined.
Germany’s field data [2] show that the maxium directional flows on rural two-lane highways are
1,200~1,450 vehicles /h and the maximum flow for both directions combined is about 2,500
vehicles/h. Studies on rural two-lane highways in Finland [3] and Croatia [4] indicate a typical
capacity of 2,700 vehicles/h for both directions. Other reported bi-directional capacities range
from 2,070 to 3,550 vehicles/h.

The speed limits on the rural two-lane highways in Europe and the Americas are much higher
than those in Taiwan. Lower speed limits usually are associated with lower free-flow speeds and
capacities. Therefore, the HTSS model assumes that the directional capacity of Taiwan’s rural
two-lane highway is 1,400 small vehicles/h when the free-flow speed is 50 km/h. Furthermore,
this capacity would increase by 20 small vehicles per hour for every 10 km/h increase in free-
flow speed.

Fig. 11 shows that the directional split factors of Taiwan’s rural two lane highways are
somewhat associated with peak-hour volumes. For general applications, it is reasonable to use a
directional split factor of 0.52, which means the traffic volume in the heavier direction accounts
for 52% of the total volume in both directions. An alternative is to use the default factor shown
in Fig. 11. The default factor can be estimated as:

_0-106.86

D =0.514+0.02237¢ 23 (5)
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The following conditions are used to develop representative speed-flow relationships for rural
two-lane highways:

el

Analysis segments are level and have only small vehicles.

There are no no-passing zones.

The capacity refers to the maximum flow rate in the heavier direction.

The opposing flow (flow in the lighter direction) is determined from the default direction
split factor.

Fig. 12 shows the simulated speed-flow relationships under the aforementioned conditions.

These relationships can also be modeled in the form of Eq. 1. The related coefficients are
shown in the table below.
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Free-Flow Flow Q al a2 a3 a4 Capacity
Speed (km/h) (svphpl)
80 0~ 1,460 81.027 63.640 1,148.0 416.98 1,460 at
69 km/h
70 0~ 1,440 71.978 33.527 1,859.1 632.59 1,440 at
59 km/h
60 0~ 1,420 60.823 14.353 2,004.3 496.04 1,420 at
50 km/h
50 0~ 1,400 50.785 -26.838 2,303.2 498.50 1,400 at
40 km/h
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Capacities of and Speeds on Upgrades
By

Feng-Bor Lin
July 15,2019

A. Introduction

The capacity of an upgrade depends on the geometric design conditions (e.g., grade, length of grade, number
of lanes, and characteristics of vertical curves on either end of an upgrade) and vehicle mix. It is difficult to develop
analytical models for estimating the capacities of upgrades under a wide range of conditions. Similarly, the average
speeds on upgrades depend on not only the aforementioned factors but also traffic demand. In the new THCM,
simulated capacities of and average speeds on upgrades for specified conditions will be used to provide an insight
into the impact of geometric design and traffic conditions on capacity and average speed. These example capacities
and speeds are illustrated in the following sections. In principle, the HTSS model has to be used to assess the
operation of an upgrade.

The simulation results presented in the sections below are based on a 2-km long upgrade that is connected
directly to a level segment at either end (no vertical curves between the upgrade and the level segments). Capacity
refers to the maximum departure flow rate at the end of the grade. Average speed represents the space-mean speed
over the entire length of the grade (i.e., length of grade divided by average travel time).

B. Capacity and Average Speed on Freeway Upgrades
B-1 Capacity

Geometric Design: 6-lane freeway (3 lanes in each direction)
Traffic Conditions: 105-km/h free-flow speed;
1,900 small veh/h/lane capacity on level segment; and
1.5% buses.
Weight-to-Horsepower Ratio: 55.6 kg/kW for small vehicles;
69.8 kg/kW for buses; and
123 kg/kW for tractor-trailers.

Fig. 1 shows the simulated capacities for serval combinations of grade and proportion of tractor-trailers.
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Fig. 1 Simulated Directional Capacities of upgrades on 6-Lane Freeways
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B-2 Average Speed (over 2 km)

Geometric Design: 6-lane freeway (3 lanes in each direction)
Traffic Conditions: 105-km/h free-flow speed;
1,900 small veh/h/lane capacity on level segment;
1.5% buses; and
4.0% tractor-trailers.
Weight-to-Horsepower Ratio:  55.6 kg/kW for small vehicles;
69.8 kg/kW for buses; and
123 kg/kW for tractor-trailers.
Fig. 2 shows the simulated average speeds for serval combinations of grade and flow rate.



— g

Ty 154 Ty

3% *

95

a0

85

80 GrradboY

7a

7o

Average Speed (km/h)

65

60

»

54
400 1000 1500 2000 2800 3000 3a00 4000 4500 a000
Flow (veh/h/direction)

Fig. 2 Simulated Average Speeds on Freeway Upgrades as a Function
of Grade and Flow R ate(1.5% buses; 4% tractortrailers;
grade length 2km; 105 kmiéh free-flow speed)

C. Capacity and Average Speed on Rural Multilane Upgrades
C-1 Capacity

Geometric Design: 4-lane freeway (2 lanes in each direction)
Traffic Conditions: 80-km/h free-flow speed;
1,710 small veh/h/lane capacity on level segment; and
1.5% buses.
Weight-to-Horsepower Ratio: 81.6 kg/kW for small vehicles;
93.26 kg/kW for buses; and
124 kg/kW for tractor-trailers.

Fig. 3 shows the simulated capacities for serval combinations of grade and proportion of tractor-trailers.



3500
3400 i
| . Grada 1%
I —
3300 u
= L
2 3200 L
o | 'y o
2 3100 ey S
5 I ‘.h__—___‘“————___
£ 3000 5 k
= L
L 2500
= i T %
£ 2800
T e |
i 2700 | \" gl
o | -‘-““"v T9%
———
O g0 S
= _\_\_\_‘_‘—\—\_
I
2500
2400
0 1 2 3 4 5 B

% of Tractor-Trailers

Fig. 3 Simulated Directional Capacities of Upgrades on
d-lane Rural Multilane Highways (1.5% Buses)

C-2 Average Speed (over 2 km)

Geometric Design: 4-lane freeway (2 lanes in each direction)
Traffic Conditions: 80-km/h free-flow speed;
1,710 small veh/h/lane capacity on level segment;
1.5% buses; and
3.0% tractor-trailers.
Weight-to-Horsepower Ratio: 81.6 kg/kW for small vehicles;
93.2 kg/kW for buses; and
124 kg/kW for tractor-trailers.

Fig. 4 shows the simulated average speeds for serval combinations of grade and flow rate.
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D. Capacity and Average Speed on Rural Two-Lane Highway Upgrades
D-1 Capacity

Geometric Design: 2-lane highway (2 lanes in each direction)
Traffic Conditions: 60-km/h free-flow speed;
1,420 small veh/h/lane capacity on level segment;
1.5% buses; and no no-passing zones;
Weight-to-Horsepower Ratio: 50 kg/kW for small vehicles;
83.3 kg/kW for buses; and
105.3 kg/kW for tractor-trailers.

Fig. 5 shows the simulated capacities for serval combinations of grade and proportion of tractor-trailers.
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D-2 Average Speed (over 2 km)

Geometric Design: 2-lane highway (2 lanes in each direction)
Traffic Conditions: 60-km/h free-flow speed;
1,420 small veh/h/lane capacity on level segment;
1.5% buses;
4.0% tractor-trailers; and
no no-passing zones.

Weight-to-Horsepower Ratio: 50 kg/kW for small vehicles;
83.3 kg/kW for buses; and
105.3 kg/kW for tractor-trailers.

Fig. 6 shows the simulated average speeds for serval combinations of grade and flow rate.
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