friried applied
e sciences

Article

Assessing the Impact of Increasing Tractor-Trailer Speed Limit
on the Safety and Mobility of Three-Lane Highways in Egypt

Usama Elrawy Shahdah !, Sangbin Na ? and Jong Wan Hu 2*

check for
updates

Citation: Shahdah, U.E.; Na, S.; Hu,
J.W. Assessing the Impact of
Increasing Tractor-Trailer Speed
Limit on the Safety and Mobility of
Three-Lane Highways in Egypt. Appl.
Sci. 2022, 12,12702. https://doi.org/
10.3390/app122412702

Academic Editor: Luis Picado Santos

Received: 7 November 2022
Accepted: 6 December 2022
Published: 11 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Public Works Engineering Department, Faculty of Engineering, Mansoura University, Mansoura 35516, Egypt
Department of Civil and Environmental Engineering, Incheon National University,

Incheon 22012, Republic of Korea

Correspondence: jongp24@inu.ac.kr

Abstract: Currently, the speed limit for tractor-trailers (TTs) on Egyptian highways is 30 km/h
lower than the speed limit for passenger cars (PCs). The main purpose of this article is therefore
to evaluate the effects of an increase in TT speed limit on both the traffic safety and mobility of
Egyptian three-lane highways, with speed limits of 90 and 100 km/h for PCs. A SUMO simulation
model was used in this analysis. Average vehicle delay was used as a measure of mobility, while
the simulated conflict ratio based on time to collision (TTC) and deceleration rate required to avoid
crash (DRAC) surrogate safety measures were used as performance indicators of safety. All simulated
vehicles were equipped with surrogate safety measurement (SSM) devices to extract traffic conflicts,
with TTC < 2.50 representing less sever conflicts; TTC < 1.50 s and DRAC > 3.35 m/ 2 representing
potential conflicts; and TTC < 0.50 s and DRAC > 6.0 m/s? representing severe conflicts. The
results show that increasing the speed limit for TTs would significantly reduce the average delay by
approximately 27-76% for traffic volumes 500-2000 vehicle/hr/lane, with TTs comprising 2.5-15% of
total traffic volume. Furthermore, in most cases, when comparing the situation after the speed limit
increase for TTs with the base case (i.e., TTs with a speed limit of 60 km/h and 70 km/h for highways,
and a speed limit of 90 km/h and 100 km/h for PCs), the results show no statistically significant
change in the conflict ratio more than 1.0, suggesting that there is no safety change. Furthermore, due
to the increase in speed limit for TTs, in some cases and for different thresholds, there is a statistically

significant reduction in the conflict ratio, indicating improvements in terms of safety.

Keywords: differential speed limits; uniform speed limits; highway safety; trucks; SUMO;
micro-simulation; Egypt

1. Introduction

Tractor-trailers (TTs) are types of trucks (i.e., large trucks) that are mainly used for
transporting different kind of goods and materials from one place to another. TTs can
be classified into single-trailer trucks and multi-trailer trucks, with total length ranges
between 21 m (69 ft) and 29 m (95 ft) [1]. Large trucks are essential to Egypt’s economy, as
the majority of goods are transported by them.

For highways, there are two distinguished speed limit rules: the first is the uniform
speed limit (USL), in which all vehicles operate with the same speed limit; and the second is
the differential speed limit (DSL), where large vehicles and other types of vehicles operate
with different speed limits. All Egyptian highways use the DSL rule, where large truck
speed is restricted to be 30 km/h less than the highway speed limit for passenger cars
(PCs). For highways with a speed limit of 90 km/h for PCs, the speed limit of large trucks
is 60 km/h, while for highways with a speed limit of 100 km/h for PCs, the speed limit for
large trucks is 70 km/h.

Internationally, in Canada, the provinces of Ontario and Quebec are the only provinces
to apply DSL to restrict the large truck speed limit [2] using mandated speed devices to limit
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large trucks’ speed to 105 km/h for highways with a speed limit of 100 km /h [2,3]. As of
June 2016, seven of the fifty-two states in the United States of America (USA) operate a DSL
for PCs and heavy vehicles on selected highways [4], while in June 2014 there were eight
states [5]. The main idea of using the DSL strategy is to reduce the severity of collisions
involving heavy vehicles [6,7].

Large trucks require a much greater stopping distance than light vehicles. When a
large truck is involved in a collision, the outcome tends to be notable for its severity when
compared to average motor vehicle collisions [3]. On average, approximately one in five
Ontario traffic fatalities result from a collision involving a large truck [3]. Although, large
truck drivers are far less likely to be guilty of a fatal accident than other drivers involved in
the same accident [3]. Heavy vehicle collisions on high-speed highways are largely due to
human errors such as speeding, drunk driving and fatigued driving. Speed is considered
an important contributing factor to heavy vehicle collisions on high-speed highways [8].

The DSL has two effects: the positive effect which results from the improvement in
vehicle dynamics (brakes and maneuvers) for trucks at lower speeds; and the negative
effect of the increase in speed fluctuations and the number of interactions between vehicles.
These two effects act in opposite directions, and ultimately lead to an observable effect on
safety data on motorways [9]. Based on the opinions of speed deviations from truck drivers,
DSL increases interactions between vehicles and increases the probability of accidents [9].

Garber et al. (2003 and 2006) [10,11] compared USL safety effects for all vehicles and
DSLs for cars and heavy trucks for rural highways for the period 1991 to 2000 from nine
states in the United States, and came to the conclusion that the speed limit directive does
not have a uniform influence on safety [10,11]. In addition, the results of [4] support the
transition from DSL to USL on two-lane rural highways in Montana.

1.1. Surrogate Safety Measures

Surrogate safety measures derived from microscopic traffic simulations have recently
been used to evaluate the safety of transportation systems (e.g., [6,12-18], etc.). One of
the major advantages of using simulation modeling is that it allows potential treatments
to be tested before application [19]. Commonly used micro-simulation software include
VISSIM [20], PARAMICS [21], AIMSUN [22], SUMO [23,24], INTEGRATION [25], COR-
SIM [26], MITSIMLab [27], etc. The SUMO model supports all the modeling functions
needed to implement adequate surrogate safety measures. Therefore, in this study, both
safety and mobility were used to adapt different speed limit strategies on Egyptian high-
ways, and were evaluated using the SUMO microscopic traffic simulation model. SUMO
has the ability to use different types of car-following (CF) models, such as the Krauss
model (the default SUMO CF model) [28], the Intelligent Driver Model (IDM) [29], the
Wiedemann74 model (2-parameter model), the Wiedemann99 model (10-parameter model),
the Adaptive Cruise Control (ACC) model [30], etc. It is worth noting that the Wiedemann
models are the default models used by the VISSIM software.

The use of micro-simulations in road safety studies requires the use of surrogate safety
indicators that are a function of the speed and distance of “vehicle pairs”, such as time
to collision (TTC) [31,32], deceleration rate to avoid the collision (DRAC) [33], time to
accident (TTA) [32], encroachment time (ET) [34], crash potential index (CPI) [18,19], etc.
SUMO allows extracting simulated conflicts as a direct result of the simulations. The raw
trajectories of vehicle pairs can also be processed using the well-known surrogate safety
assessment model (SSAM) [35].

In this study, TTC is used to reflect the potential of the accident and is calculated
simply [36,37]. TTC can be expressed as the time difference between two vehicles before
they crash if they follow their respective trajectories at their current speeds [31]. Two-
vehicle collision severity can be considered based on the lowest TTC value. Van der
Horst (1990) [38] reported that potential collisions are a concern when the TTC value
is less than 1.50 s for specific vehicles” interactions. Archer (2005) [37] also suggested
TTC < 1.50 s as a critical value for road safety in urban areas. In addition, AASHTO (2011
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and 2018) [39,40] recommended the TTC value of 2.5 s for brake reaction time, which is
used in the development of highways’ stopping sight distances.

In addition to TTC, deceleration rate to avoid collision (DRAC) is used as another
measure of safety performance. DRAC is defined as the rate at which a vehicle must
decelerate to avoid collision with another vehicle [36,37]. DRAC for rear-end (RE) conflicts
can be expressed as [19]:

(Vn(t) - Vn—l (t))z

DRAC(t) = 1

D=5 - % () - L 1) “
where:
t = time interval;
V = vehicle speed;
n = following vehicle;
n — 1 =leading vehicle;
X = position of the vehicle;
L = vehicle length.

For potential angle crashes, estimates of DRAC are obtained as [19]:
DRAC(t) = V(1) )
2D, (t)

where D, () is the distance between the projected collision point and vehicle “n” in the
main traffic stream.

AASHTO (2011, 2018) [39,40] stated that most motorists decelerate at a rate greater
than 4.5 m/s? when having to stop in front of unexpected object on the roadway. About
90% of all drivers decelerate at rates greater than 3.4 m/s?, as this deceleration is within
the driver’s ability to stay within their lane and maintain control of the steering wheel
while driving and braking on wet roads. Therefore, 3.4 m/s?, which can be considered as a
comfortable deceleration for most drivers, is recommended as the deceleration threshold to
determine the stopping sight distance. Archer [37] proposes a threshold value of 3.35 m/s?
for critical situation. Guido et al. [41] also chose a threshold value of 3.35 m/s? in their
work on road safety. Hyden (1996) ([42] as cited in [19]) suggested that a DRAC greater
than 6.0 m/s? is an indication that emergency response is required.

1.2. Research Objectives

To the authors” knowledge, no studies have been found in the literature that have
examined the effect of increasing the speed limit of trailers on the safety or mobility
performance of Egyptian motorways. The primary objective of this study is therefore
to evaluate the effects of speed limit increase for trailers on the safety and mobility of
three-lane highways with speed limits of 90 and 100 km /h.

The average delay (second/vehicle) was used as the measurement of mobility ef-
ficiency, and simulated conflicts were used as the safety measure to evaluate the traffic
safety of increasing TT speed limit. The SUMO model was used to generate conflicts
with TTC < 2.50 s for minor conflicts (low severity), TTC < 1.50 s for moderate conflicts,
and TTC < 0.50 s for severe conflicts. In addition to TTC, the surrogate safety indicator
DRAC is also used to assess whether the two measures produce the same results or not. A
traffic conflict with DRAC < 3.35 m/s? is used to indicate a low-severity conflict, and a
DRAC > 6.0 m/s? is used to indicate a serious conflict.

2. Study Framework

SUMO [23] was used to model and obtain the vehicle trajectories. The Wiedemann-99
car-following model, which is the most widely used model in the literature within the
VISSIM simulation model (e.g., [6,18,43—47], etc.), was used in this analysis. This research
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work adapted the calibrated parameters of Wiedemann-99 from [6,48], as shown in Table 1,
but since drivers in Egypt usually have small gaps, the CCO was set to 1.50 m for PCs, and
was set to 2.50 m (default sumo parameter) for TT vehicles. It should be noted that the
number of simulated conflicts that occurred is not the focus of this study, as this study
focuses on the relative number of simulated conflicts before and after the TT speed limit
increase (i.e., the conflict rate).

Table 1. Wiedemann-99 parameters.

SUMO VISSIM
Parameter  Unit Description Default Default
Values Values

Ccco m Standstill gap 2.50 1.50 2.44

Calibrated
Values [6]

Headway time: time gap
that the following driver
keeps for a
safety-in-moving state

cC1 s 1.30 0.90 1.09

‘Following’ variation:

range of gap between

the two vehicles in the
“following” regime

cC2 m 8.00 4.00 4.00

Threshold for entering

CC3 s " o oo
following” regime

—12.00 —8.00 —6.09

Negative ‘following’

CcC4 m/s threshold

—-0.25 —0.35 —-0.35

Positive ‘following’

CCc m/s threshold

0.35 0.35 1.88

Speed dependency of

—4
CCo 107" rad/s oscillation

6.00 11.44 11.44

Oscillation acceleration:
actual acceleration
CcC7 m/s? during oscillation in the 0.25 0.25 0.25
unconscious following
regime

Standstill acceleration:
desired acceleration
CCs8 m/s? when the vehicle starts 2.00 3.50 3.50
from the standing
condition

5 Desired acceleration at

CC9 m/s 80 km/h

1.50 1.50 1.50

After running the simulation for a certain period, the delay can be obtained from the
road network with traffic and geometric characteristics, and the trajectories of all vehicles
can be obtained in each simulation step. Then, the individual vehicle trajectories are
transformed into pairs of vehicles for a given interaction type (i.e., leading and trailing
vehicles for rear-end interaction) to obtain the number of simulated conflicts.

SUMO can directly output simulated traffic conflicts by equipping all vehicles with a
surrogate safety measure (SSM) device. SUMO can also generate floating car data (FCD)
containing the name, location, angle and type of each vehicle, which can be processed with
the Python tool “traceExporter” (provided by SUMO) to track vehicle trajectories in the “trj”
file format for direct use with SSAM software [35] to extract vehicle conflicts.

In this analysis, vehicle positions with velocity, acceleration and deceleration profiles
were obtained every 1 second and a step length of 0.50 s was used. Standard vehicle
lengths were used for both PC and TT vehicles. Additionally, the “IcSpeedGainLookahead”
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(i.e., look-ahead time in seconds for anticipating slow down) was set to 5.0 s, and the
“IcStrategic” (i.e., the eagerness for performing strategic lane changing) was set to 10 for
both PC and TT vehicles.

A general framework for estimating highway delays and conflicts is shown in Figure 1.
The procedure begins by using SUMO to simulate the movements of all vehicles (PCs and
TTs) on the highway network for a specified period. Input data are highway geometry,
number of lanes, lane configuration, number of on/off ramps, etc. The traffic volumes
simulated are 500, 750, 1000, 1500, and 2000 vehicle/h/lane. Four different levels are
considered for the TT volume (i.e., 2.50%, 5.0%, 7.50%, 10.0% and 15%). The traffic volume
is distributed as follows:

Seventy percent of total traffic volume from mainline to mainline;
- Twenty percent of total traffic volume from mainline to off-ramp;
- Ten percent of total traffic volume from on-ramp to mainline.

|

Highway Geometry: Traffic Characteristics:
- Number of lanes - Number of passenger cars (PCs)
- Lane configuration - % tractor-trailers (TTs)
- Number of on-ramps - Speed limit for PCs
- Number of off-ramps - Speed limit for TTs
vy v Drivers’ behaviors parameters:
Traffic Micro-Simulation Model - gar followtmg
(e.g.. SUMO) - Gap acceptance
- Lane change
v
v Pair-Vehicles’ Trajectories Vehicles’ High-Risk
Simulated Average (i.e., trj files) Interactions teraction
Delay
v N
Extractions of vehicles i Low-Risk
. : Interactions
Interactions i
(i.e., SSM and SSAM model)
o Undisturbed
Passages
Conflict Thresholds:
-TTC<2.50s - DRACZ3.35m/s? P ( Surrogate Safety Measure
-TTC<1.50s - DRAC>6.00nv/s? 1" L (e.g.. TTC, DRAC)
-TTC<0.50s
v

[ Simulated Traffic Conflicts ]

Figure 1. Study framework.

The combinations of traffic volumes for both PCs and TTs are presented in Table 2.
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Table 2. Different combinations of traffic volumes, %TTs and speed limit.

Tractor-Trailer (TT)
Strate Total Volume Volume (% from Speed Limit
8y (Vehicle/h/Lane) Total Volume) p
500 PCs: 90 km/h
750 _ .
USL 2.50,5.0,7.50, 10.0 TTs: 90 km/h
1000 and 15.0 PCs: 100 km/h
1500 - TTs: 100 km/h
2000
PCs: 90 km/h
500 - TTs: 60 km/h
- TTs: 70 km/h
750 ) ; . - TTs: 80 km/h
DSL 50,5.0,7.50,10.0 PCs: 100 km/h
- TTs: 70 km/h
1500 - TTs: 80 km/h
2000 - TTs: 90 km/h

Figure 2 shows the geometry of the tested highway network, which is similar to the
network used by [6,48], with the following assumptions:

On-Ralﬁp Segment Striaght Segment ) Off-Ramp Segment /
7 /
200 m 800 m 200 m 1200 m 600 m ! 400 m 200 m
— —> — —
— e— — 3
—_— —_— —_— T —
— — N
7 \}A

Figure 2. Hypothetical highway section.

One on-ramp entrance with one lane;

One auxiliary merge lane after the on-ramp, 800 m in length;
One off-ramp exit with two lanes;

One auxiliary diverge lane before the off-ramp, 400 m in length;
A lane width of 3.65 m;

Three distinguished segments, namely, on-ramp, straight, and off-ramp, each 1200 m
in length.

In this study, one hour and forty minutes (i.e., 100 min or 6000 s) of traffic were
simulated. For each scenario, 10 simulation runs, with each run using different random
seeds, were applied with a warm-up period of 20 min. The last 20 min were also excluded,
and only the middle 60 min were used. The simulation was performed for different speed
limits for TT vehicles. Then, the output of the SSM file generated by SUMO was used
to obtain the average number of total conflicts using three TTC thresholds: TTC <2.50 s,
TTC <1.50s and TTC < 0.50 s; and two DRAC thresholds: DRAC > 3.35 m/s?, and
DRAC > 6.0 m/s?, using the 10 simulation runs.

Traffic Conflict Ratio

To evaluate the effectiveness of increasing the TT speed limit with different traffic
demand, the simulated conflicts before and after increasing the TT speed limit are estimated,
and the conflict ratio (p) is obtained as follows [15,16]:

_ G
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with a variance of:
Var(p) = (Ca/Cp)? % [(Var(cu)/cuz) + (vﬂ(cb)/cbzﬂ )

where:

p = conflict ratio;

C, = average number of conflicts after increasing the speed limit (i.e., after);

Cp = average number of conflicts before increasing the speed limit (i.e., before);
Var(C,) = variance of the conflicts in the after;

Var(Cp) = variance of the conflicts in the before.

The “p” value can be viewed as a modification factor based on conflicts [12]. A value of
“p” greater than “1.0” means that increasing the TT speed limit would increase the number
of simulated conflicts and thus the number of accidents, while a value of “p” less than “1.0”
means that increasing the TT speed limit will reduce the number of simulated conflicts and

“u 1

therefore reduce the number of accidents. A value of “p” equal to “1.0” would suggest
that there is no safety change due to the increase in TT speed limit. The “p” statistical
significance can be obtained in the same way as collision modification factors (CMFs). For
CMFs, the speed limit increase would be statistically significant if the given confidence
interval does not contain “1.0” [49]. In this study, the increase in the TT speed limit can
be concluded to be statistically significant if the given confidence interval of “p” does not
contain “1.0”, because a value of “1.0” would imply the absence of a treatment effect [49,50].

The 5% significance level can be estimated as follows:
Closy, = p+1.96 x SE )

where:

Clgse, = the confidence interval at the 5% significance level;
SE = the standard error from the 10 simulations.

3. Study Results
3.1. Delay Results
3.1.1. Delay Results for Highway Speed Limit of 90 km/h

Table 3 shows the simulated average network delay (in seconds per vehicle) along
with standard deviations (between parentheses) for all vehicles from the 10 simulations.
For the base scenario (i.e., TT speed limit of 60 km/h), the simulation results show that by
increasing the traffic volume, the average network delay increases. The highest network
delay happens at 2000 vehicle/h/lane with 15% TTs. These results are intuitive and are
expected, which means that the simulation results are fine.

As shown from Table 3, increasing the TT speed limit to 70, 80, and 90 km/h would result
in a reduction in the average network delay for all traffic volumes (500 to 2000 vehicle /h/lane)
and for all percentages of TTs, compared with the base condition (i.e., TT speed limit
of 60 km/h). All the reduction cases were found to be statistically significant at the 5%
significance level. The relative reduction, from 60 to 70 km/h, was between 27.25% and
62.04%, with respect to the base case (60 km/h). Increasing the TT speed limit from 60 to
80 km/h, the relative delay reduction was between 38.07% and around 71.75%, and from
60 to 80 km/h, the relative delay reduction was between 38.35% and 76.32%. The delay
reduction increases with increasing traffic volume and the increase in TT percentage, and
the highest reductions occur at 2000 vehicle/h/lane with 15% TTs. It is worth noting that
increasing the speed limit for TTs from 70 to 80 km/h would result in delay reduction
between 14.88% and 31.67%, while increasing the speed limit for TTs from 80 to 90 km/h
would result in the lowest delay reductions, which would be between 0.44% and 16.18%.
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Table 3. Delay (in sec/vehicle) results for speed limit of 90 km/h.

Volume %TTs Tractor-Trailer Speed
(vphpl) 60 km/h 70 km/h 80 km/h 90 km/h
500 2.61(0.21) 2P 1.90 (0.08) 9  1.62 (0.06) P4 1.61 (0.09) <©
1000 55 6.78 (0.52) P 491(0.15)9¢ 436 (0.11) P4 431 (0.22) °°
1500 o 13.44 (0.80) 2P< 9.76 (0.39) #de 884 (0.22)PAf 858 (0.20) <o f
2000 29.56 (2.52) @P<  20.56 (0.54) @9 19.10 (0.70) >4 18.83 (0.57) ©©
500 3.48 (0.26) P 2.10 (0.13) »9¢  1.66 (0.08) P4 1.59 (0.09) ¢
1000 5 8.43 (0.44) 2Pc 5.44 (0.12) 3¢ 4,60 (0.10) P9F  4.42(0.16) “oF
1500 ’ 16.32 (0.70) *P<  10.52 (0.29) @9¢  9.21 (0.20)P4F  8.83(0.23) °of
2000 36.41 (1.59)aPc 2333 (0.59) *de  20.62 (0.42) PAE 19,69 (0.52) <ot
500 4.06 (0.25) P< 2.37(0.07) >4  1.69 (0.09) b4 1.63 (0.08) ©©
1000 75 9.48 (0.31) @b< 578 (0.18) >de 462 (0.07)PAf 436 (0.10) “of
1500 20.01 (1.63) @b< 11.88 (0.29) @%¢ 952 (0.24) P4f 891 (0.19) °&f
2000 43.42 (2.57)abc 2654 (0.83) »de  22.32(0.74) PAF 2097 (0.51) <ef
500 456 (0.28) 2bc 252 (0.08) >4 1.72(0.13) b4 1.68 (0.07) ©©
1000 10 10.78 (0.74) aP< 6.25(0.18) @42 472 (0.09) PAF  443(0.13) <ef
1500 21.82 (1.83) abe 12.58 (0.45) ¢4 9,69 (0.22) bAf 8.9 (0.28) “of
2000 54.61 (3.08) 2bc  30.16 (1.17) ¥9¢ 2419 (0.53) PAF  22.29 (0.90) <o
500 5.41 (0.29) 2#P<c 2.83(0.13)>4e  1.74(0.07) P4f 158 (0.06) “of
1000 15 12.97 (0.88) 2P< 6.91 (0.30) *9& 496 (0.20) PIF 448 (0.19) °of
1500 27.30 (1.86) @P¢  14.41 (0.46) 29 10.28 (0.38) P4 9.15 (0.16) “of
2000 113.17 (10.45) @< 4297 (2.08) 2#de  31.97 (2.42) P4 26.79 (0.92) <ot

2 The difference between the TT speed in the 60 and 70 km /h scenarios is significant at the 5% significance level.
b The difference between the TT speed in the 60 and 80 km/h scenarios is significant at the 5% significance level.
¢ The difference between the TT speed in the 60 and 90 km /h scenarios is significant at the 5% significance level.
d The difference between the TT speed in the 70 and 80 km/h scenarios is significant at the 5% significance level.
¢ The difference between the TT speed in the 70 and 90 km /h scenarios is significant at the 5% significance level.
f The difference between the TT speed in the 80 and 90 km /h scenarios is significant at the 5% significance level.
The standard deviations are in parentheses.

3.1.2. Simulated Average Delay Results for Highway Speed Limit of 100 km/h

For the speed limit of 90 km/h, Table 4 shows the simulated average network delay
for all vehicles from the 10 runs. For the base scenario (i.e., TT speed limit of 70 km/h), the
simulation results show that by increasing the traffic volume, the average network delay
increases. The maximum network delay happens at 2000 vehicle/h/lane at TTs of 15%.
These results are intuitive and are expected, which means that the simulation results are
fine.

As shown from Table 4, increasing the TT speed limit to 80, 90, and 100 km/h would result
in a reduction in the average network delay for all traffic volumes (500 to 2000 vehicle /h/lane)
and for all percentages of TTs, compared with the base condition (i.e., TT speed limit of
70 km/h). For the 90 km/h speed limit, all the reduction cases were found to be statistically
significant at the 5% significance level. The relative reduction, from 70 to 80 km/h, was
between 23.10% and 41.94%, with respect to the base case (70 km/h). When increasing
the TT speed limit from 70 to 90 km/h, the relative delay reduction was between 27.15%
and around 60.33%, and from 70 to 100 km/h, the relative delay reduction was between
29.28% and 58.83%. The delay reduction increases with increasing traffic volume and with
increasing TT percentage, and the highest reductions occur at 500 vehicle/h/lane with
15% TTs. It is worth noting that increasing the speed limit for TTs from 80 to 90 km/h
would result in delay reduction between 5.27% and 31.68%, while increasing the speed
limit for TTs from 80 to 90 km /h would result in the lowest delay reductions, which would
be between 0.23% and 7.82%.
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Table 4. Delay results for speed limit of 100 km/h.

Volume %TTs Tractor-Trailer Speed km/h
(vphpl) 70 km/h 80 km/h 90 km/h 100 km/h
500 1.99 (0.07) 2be 1.53 (0.09) 2¢ 1.45 (0.11) P 1.41 (0.07) ©©
1000 55 5.12 (0.13) ¥P< 432(0.12) e 4,03 (0.14) P4 4.01 (0.10) ©®
1500 o 9.82 (0.15) &P 8.48 (0.27)#de  7.87(0.20) P4 7.82 (0.19) ¢
2000 19.98 (0.49) #P< 1751 (0.52) @9¢  16.33 (0.51) P4 16.06 (0.29) °©
500 2.51 (0.15) *P< 1.77 (0.07) 29 1.41 (0.09) P4 1.41 (0.09) ¢
1000 5 6.07 (0.14) ¥P< 476 (0.17) »9e 424 (0.15) P9F 4,08 (0.15) °of
1500 ’ 11.36 (0.30) 2P< 9.28 (0.26) 3¢ 8.11(0.22) P4t 7.73(0.27) oot
2000 23.22 (0.43) @b« 19.55 (0.75) &3¢ 17.05 (0.39) >4 17.01 (0.69) “©
500 2.95 (0.16) 2P< 1.82 (0.08) @de 136 (0.11) P4 1.41 (0.07) ©©
1000 75 6.67 (0.28) 2P 5.02 (0.12) @4e  4.19(0.18) P4 4.04 (0.18) <®
1500 12.93 (0.50) *P-< 9.93(0.25) >4 8.06 (0.26) P4 7.91 (0.17) ¢
2000 27.86 (1.03)2Pc 2213 (0.97)>9e 1854 (0.57) P4 17.54 (0.44) cof
500 3.18 (0.18) @b< 1.95 (0.08) #de 140 (0.08) P4 1.44 (0.07) ©©
1000 10 7.31(0.20) @b 527 (0.17)ade 421 (0.12) b4 412 (0.16) <®
1500 14.29 (0.66) *P< 10.68 (0.39) 2de 827 (0.19)bdf  7.88(0.21) °of
2000 32.39 (0.80) @P< 2497 (0.63) @3¢ 19.78 (0.61) P4F  18.93 (0.50) “f
500 3.60 (0.15) 2P< 2.09 (0.10)*4e 143 (0.11) b4 1.48 (0.06) “©
1000 15 8.52 (0.28) P 5.81(0.19) >de 435 (0.15)P4F 419 (0.16) “oF
1500 16.45 (0.55) *P<  11.75(0.30) @de 8,67 (0.18) BAf 808 (0.17) o&f
2000 4558 (2.50) 2b< 3133 (1.41) @9 2328 (0.56) DI 21.46 (0.66) <o

2 The difference between the TT speed in the 70 and 80 km /h scenarios is significant at the 5% significance level.
b The difference between the TT speed in the 70 and 90 km /h scenarios is significant at the 5% significance level.
¢ The difference between the TT speed in the 70 and 100 km /h scenarios is significant at the 5% significance level.
d The difference between the TT speed in the 80 and 90 km /h scenarios is significant at the 5% significance level.
¢ The difference between the TT speed in the 80 and 100 km /h scenarios is significant at the 5% significance level.
f The difference between the TT speed in the 90 and 100 km/h scenarios is significant at the 5% significance level.
The standard deviations are in parentheses.

3.2. Simulated Traffic Conflict Results

3.2.1. Speed Limit of 90 km/h for PCs

For the base case of TTs with a 60 km/h speed limit, the results show that for all
TTC and DRAC thresholds, the total number of traffic conflicts increases with increasing
traffic volume for different TT percentages. The maximum number of conflicts occurred at
2000 vehicle/h/lane and 15% TTs.

The mean and standard errors of the conflict ratios (“p”) for total conflicts at TTC < 2.50 s,
TTC < 1.50' s, TTC < 0.50 s, DRAC > 3.35 m/s?, and DRAC > 6.0 m/s? for different TT
speed limit scenarios versus the base scenario (60 km/h) are shown in Tables 5-7.

Table 5. Conflict ratio between TT speed of 60 km /h before and TT speed of 70 km/h after for PC

speed limit of 90 km/h.

(‘:;1}1:;;; %TTs DRAC >335 DRAC>60 TTC<0.50 TIC<150 TTC < 2.50
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  0.050 (0.050)  0.429 (0.389)
1000 0.012 (0.005) 1000 (0.000) _ 1.000 (0.000) _ 0.143 (0.178) _ 0.700 (0.264)
1500 25  0.235(0.146)  0.050 (0.050)  2.000 (2.517) 0.913 (0.485)  0.318 (0.060)
2000 1.067 (0.374)  2.500 (2.934)  0.625 (0.422) _ 0.830 (0.155) _ 0.406 (0.051)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  10.00 (10.49)  0.625 (0.341)
1000 0.375 (0.323) _ 0.050 (0.050) _ 1.000 (0.000) _ 0.286 (0.334) _ 0.109 (0.048)
1500 5 0.176 (0.101) 0500 (0.601)  1.000 (1.414)  1.000 (0.325)  0.358 (0.073)
2000 7.000 (0.322) _ 3.000 (2.404)  2.800 (1.830) _ 0.834 (0.079) _ 0.282 (0.017)
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Table 5. Cont.

X‘;}‘:ﬁ;’ %TTs DRAC >335 DRAC>60 TTC<050 TIC<150 TTC < 2.50
500 T.000 (1.414) _ 1.000 (0.000) _ 1.000 (0.000) _ 1.000 (1.414) _ 0.417 (0.224)
1000 0.500 (0.391) __ 1.000 (0.000) _ 1.000 (0.000) _ 0.750 (0.676) _ 0.213 (0.083)
1500 75  0.200(0.152)  0.050 (0.050)  2.000 (2.828)  0.759 (0.264)  0.229 (0.023)
2000 0.857 (0.453) 1500 (1.462) _ 2.000 (1.750) _ 0.588 (0.125) _ 0.291 (0.032)
500 0.025 (0.018) _ 1.000 (0.000) _ 1.000 (0.000)  0.100 (0.100)  0.429 (0.457)
1000 0.125 (0.131) _ 1.000 (0.000) _ 1.000 (0.000)  0.012 (0.006)  0.252 (0.075)
1500 10 ~ 0.500(0.289)  0.050 (0.050)  0.667 (0.818)  0.641 (0.201)  0.341 (0.058)
2000 0.833 (0.414)  1.000 (0.875)  0.800 (0.764)  0.233 (0.041)  0.192 (0.015)
500 1.000 (1.414)  1.000 (0.000)  1.000 (0.000) _ 1.000 (0.316)  1.000 (0.720)
1000 17.000 (1.414) _ 1.000 (0.000) _ 1.000 (0.000) _ 0.238 (0.178) _ 0.235 (0.057)
1500 15  1.667 (1.129)  3.000 (3.367)  4.000 (4.807) 0.276 (0.115)  0.234 (0.035)
2000 0.089 (0.029) 0333 (0.267) _ 0.278 (0.187) _ 0.032 (0.007) _ 0.128 (0.016)

The standard deviations are in parentheses.

Table 6. Conflict ratio between TT speed of 60 km/h before and TT speed of 80 km/h after for PC

speed limit of 90 km/h.

X‘;}‘:;;f %TTs DRAC >335 DRAC>6.0 TTC<050 TIC<150 TTC < 2.50
500 0.050 (0.050)  1.000 (0.000) _ 1.000 (0.000) _ 0.500 (0.707) _ 0.286 (0.250)
1000 0.012 (0.005) 1000 (0.000) _ 1.000 (0.000) _ 0.714 (0.687) _ 0.400 (0.149)
1500 25  0.118(0.085)  0.050 (0.050) 0500 (0.707)  0.739 (0.417)  0.207 (0.054)
2000 0200 (0.112) 0500 (0.707) _ 1.500 (0.905) _ 1.038 (0.214) _ 0.293 (0.038)
500 0.050 (0.050) _ 1.000 (0.000)  1.000 (0.000)  1.000 (0.316)  0.375 (0.291)
1000 0.006 (0.003) __ 0.050 (0.050) _ 1.000 (0.000) _ 0.286 (0.257) _ 0.163 (0.057)
1500 5 0.003 (0.001)  0.025(0.017) _ 0.050 (0.050)  0.810 (0.327)  0.194 (0.044)
2000 1.067 (0.310)  2.500 (1.863) _ 3.200 (1.988)  0.738 (0.137) _ 0.217 (0.020)
500 0.050 (0.050) _ 1.000 (0.000) _ 1.000 (0.000) _ 0.100 (0.100) _ 0.008 (0.004)
1000 0.012 (0.005) 1000 (0.000) _ 1.000 (0.000) _ 0.750 (0.676) _ 0.170 (0.059)
1500 75  0.005(0.002)  0.050 (0.050)  2.000 (2.828)  0.690 (0.273)  0.156 (0.023)
2000 0.714 (0.314) _ 3.000 (2.285) _ 1.667 (1.309) _ 0516 (0.125) _ 0.211 (0.021)
500 0.025(0.017) _ 1.000 (0.000) _ 1.000 (0.000)  1.000 (1.414) _ 0.429 (0.270)
1000 0.006 (0.002) _ 1.000 (0.000) _ 1.000 (0.000) _ 0.250 (0.274) _ 0.055 (0.032)
1500 10  0.333(0.240)  1.000 (1.414)  1.000 (1.006)  0.744 (0.190)  0.220 (0.030)
2000 1.083 (0.454)  1.000 (0.720) _ 1.800 (1.504) _ 0.205 (0.055) _ 0.112 (0.011)
500 0.050 (0.050) _ 1.000 (0.000)  1.000 (0.000)  1.000 (0.316) _ 0.033 (0.017)
1000 1.000 (1.414)  1.000 (0.000) _ 1.000 (0.000)  0.143 (0.111) _ 0.033 (0.018)
1500 15  0.667 (0.559)  2.000 (2.404)  2.000 (2.828)  0.500 (0.162)  0.139 (0.019)
2000 0.065 (0.030)  0.333 (0.365)  0.556 (0.409)  0.024 (0.008) _ 0.083 (0.015)

The standard deviations are in parentheses.

Table 7. Conflict ratio between TT speed of 60 km/h before and TT speed of 90 km/h after for PC

speed limit of 90 km/h.

X‘;};‘;;;" %TTs DRAC >335 DRAC>60 TTC<0.50 TIC<150 TTC < 2.50
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000) _ 0.050 (0.050)  0.014 (0.008)
1000 0.012 (0.005) _ 1.000 (0.000) _ 1.000 (0.000) _ 0.014 (0.011) _ 0.003 (0.001)
1500 2.5 ~ 0.003(0.001)  0.050 (0.050)  0.050 (0.050)  0.609 (0.315)  0.033 (0.014)
2000 0.800 (0.284)  2.500 (2.739)  1.250 (0.757) _ 0.972 (0.151) _ 0.003 (0.001)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  1.000 (0.316)  1.375 (0.715)
1000 0.006 (0.003) _ 0.050 (0.050) _ 1.000 (0.000)  0.571 (0.468) _ 0.076 (0.025)
1500 5 0.118 (0.084) 0500 (0.601)  3.000 (3.367)  1.429 (0.493)  0.040 (0.013)
2000 0.800 (0.362)  4.000 (3.127) _ 2.000 (1.520) _ 0.710 (0.091) _ 0.003 (0.001)
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Table 7. Cont.

Volume

(php) °TTs DRAC>335 DRAC>60 TIC<050 TTC<15 TTC<250
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  1.000 (1.414)  5.083 (1.659)
1000 0.012 (0.005)  1.000 (0.000)  1.000 (0.000)  0.500 (0.433)  0.543 (0.121)
1500 75  0.200(0.152)  1.000 (1.414)  3.000 (3.682)  0.759 (0.288)  0.170 (0.029)
2000 1.214 (0.460)  4.500 (3.468)  2.500 (1.964)  0.527 (0.123) _ 0.018 (0.003)
500 0.025(0.017)  1.000 (0.000)  1.000 (0.000)  0.100 (0.100)  13.28 (5.444)
1000 0.006 (0.002)  1.000 (0.000)  1.000 (0.000)  0.250 (0.274)  0.598 (0.114)
1500 10 ~ 0.833(0.359)  1.000 (1.414)  1.000 (1.006)  1.103 (0.275)  0.812 (0.074)
2000 0.750 (0.381)  0.667 (0.559)  2.600 (1.922)  0.302 (0.068)  0.057 (0.005)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  1.000 (0.316) 397176%(;
1000 .. 0.050(0.050)  1.000 (0.000)  1.000 (0.000)  0.005 (0.001)  4.013 (0.399)
1500  *7 7 1.000(0.720)  0.050 (0.050)  3.000 (3.682)  0.362 (0.131)  1.398 (0.144)
2000 0.145 (0.045)  0.333 (0.267)  0.889 (0.562)  0.009 (0.001)  0.037 (0.004)

The standard deviations are in parentheses.

Increasing TT Speed Limit from 60 to 70 km/h (Table 5)
- TTs=2.5%:

For DRAC > 3.35 m/s?, the results in Table 5 show that increasing the TT speed limit
reduced the conflict ratio (i.e., increased safety) by 0.05 to 0.24 for a traffic volume of 500 to
1500 vehicles/h/lane. This implies that the total conflicts in the after period (i.e., increasing
the speed limit of TTs to 70 km/h) reduced from 0.76 to 0.95 times the total conflicts for
the base case of 60 km/h TTs. For 2000 vehicles/h/lane, the results show an increase in
the conflict ratio of 1.067, implying a safety problem, but this increase is not statistically
significant different from “1.0” at the 5% level.

For DRAC > 6.0 m/s?, the results show that there is no difference in conflict ra-
tio (p = 1) for traffic volumes of 500 and 1000 vehicles/h/lane; at a traffic volume of
1500 vehicles/h/lane, there is a statistically significant reduction in the conflict ratio of
0.05 (i.e., increase in safety thereafter); and there is an increase in the conflict ratio at
2000 vehicles/h/lane, but this increase is not statistically different from one at the 5% level.

For TTC < 0.50 s, the results show that there is no difference in conflict ratio (p = 1) for
traffic volumes of 500 and 1000 vehicles/h/lane (same as for DRAC > 6.0 m/s?); at a traffic
volume of 1500 vehicles/h/lane, there is a statistically significant increase in the conflict
ratio; and there is a reduction in the conflict ratio at 2000 vehicles/h/lane, but neither the
increase or reduction at the 1500 and 2000 volumes are statistically different from one at the
5% level.

For TTC <1.50s and TTC < 2.50 s, the results show that there is reduction in conflict ra-
tio for all traffic volumes (i.e., increased safety). These reductions are statistically significant
only at 500 and 1000 vehicle/h/lane for TTC < 1.50 s, and 1500 and 2000 vehicle/h/lane
for TTC <2.50s.

- TTs = 5.0-15.0%:

For TT percentages of 5.0 to 15.0%, the results are similar to 2.5%, with no statistically
significant increase in the conflict ratio, and all cases showing increases in the conflict ratio
in the after period. While for some cases there are statistically significant reductions in the
conflict ratio, most of the reduction cases are not statistically different from the one at the
5% level, which suggests there is no change in safety.

Increasing TT Speed Limit from 60 to 80 km/h (Table 6)
- TTs =2.5%:

For a DRAC > 3.35 m/s?, the results in Table 6 show that increasing the TT speed limit
reduced the conflict ratio (i.e., increased safety) by 0.05 to 0.20 for all traffic volumes. This
implies that the total simulated conflicts in the after period (i.e., increasing the speed limit
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of TTs to 80 km/h) reduced the total simulated conflicts by 0.80 to 0.95 times compared to
the base case of 60 km/h TTs.

For DRAC > 6.0 m/s?, the results show that there is no difference in conflict ratio
(o = 1) for 500 and 1000 vehicles/h/lane; at 1500 vehicles/h/lane, there is a statistically
significant reduction in the conflict ratio of 0.05 (i.e., increase in safety thereafter); and
there is reduction in the conflict ratio at 2000 vehicles/h/lane, but this reduction is not
statistically different from the one at the 5% level.

For TTC < 0.50 s and TTC < 1.50 s, the results show that there is no statistically
significant difference in conflict ratio for all traffic volumes, while for TTC < 2.50 s, the
results show that there is significant reduction in conflict ratio for all traffic volumes (i.e.,
increased safety).

- TTs = 5.0-15.0%:

For TT percentages of 5.0 to 15.0%, the results are similar to 2.5%, with no statistically
significant increase in the conflict ratio, and all cases showing an increase in the conflict
ratio in the after period. While for some cases there were statistically significant reductions
in the conflict ratio, most of the reduction cases were not statistically different from the one
at the 5% level, suggesting there was no change in safety.

Increasing TT Speed Limit from 60 to 90 km /h (Table 7)

The results of increasing the TT speed limit from 60 to 90 km/h are similar to the
previous case (increase to 70 and 80 km/h). For all of the cases that showed an increase
in the conflict ratio (one case for DRAC > 3.35 m/s?; three cases for DRAC > 6.0 m/s?;
four cases for TTC < 0.5 s; one case for TTC < 1.50 s; and four cases for TTC < 2.50 s), no
statistically significant differences were found compared to the 5% level. For other cases,
there were significant reductions in the conflict ratio, but most cases showed either no
change in the conflict ratio (o = 1), or no statistically significant difference compared to the
5% level for the other cases, showing a reduction in the conflict ratio.

3.2.2. Speed Limit of 100 km/h for PCs

Tables 8-10 show the simulated conflict ratio results for increasing the TT speed limit
from 70 km/h to 80 km/h, 90 km/h, and 100 km/h, respectively.

Table 8. Conflict ratio between TT speed of 70 km/h before and TT speed of 80 km/h after for PC
speed limit of 100 km/h.

X‘;j}‘:;‘;f %TTs DRAC >335 DRAC>60 TTC<050 TIC<150 TTC < 2.50
500 1.000 (0.000) _ 1.000 (0.000)  1.000 (0.000) _ 1.000 (0.000)  10.00 (10.00)
1000 0.017 (0.008)  1.000 (0.000)  0.100 (0.100)  0.250 (0.286)  0.357 (0.141)
1500 25  0.429(0.254)  40.00 (26.67)  20.00 (20.00)  1.240 (0.415)  0.545 (0.094)
2000 1.556 (0.758)  2.000 (1.732)  1.750 (0.892)  1.283 (0.223)  0.831 (0.088)
500 0.017 (0.012) _ 1.000 (0.000)  1.000 (0.000) _ 1.000 (0.000)  0.333 (0.409)
1000 0.005 (0.002)  1.000 (0.000)  1.000 (0.000)  3.500 (2.774)  0.485 (0.154)
1500 5 0538 (0.329)  1.000 (1.414)  1.500 (1.841)  0.813 (0.261)  0.575 (0.112)
2000 0.765 (0.254) 0500 (0.401)  1.200 (1.070)  0.769 (0.150)  0.674 (0.066)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000) _ 1.000 (0.000) _ 0.100 (0.100)
1000 0.143 (0.152)  1.000 (0.000)  1.000 (0.000)  0.033 (0.024)  0.229 (0.104)
1500 75  0.176 (0.09)  1.000 (1.414)  2.000 (2.404)  1.000 (0.401)  0.557 (0.083)
2000 0448 (0.134)  0.400 (0.321)  0.105 (0.109)  0.983 (0.155)  0.680 (0.083)
500 0.025(0.017) _ 1.000 (0.000)  1.000 (0.000)  10.00 (10.00)  0.429 (0.400)
1000 0.167 (0.200)  1.000 (0.000)  1.000 (0.000)  1.500 (1.462)  0.444 (0.162)
1500 10  0.214(0.116)  1.000 (1.414)  0.025(0.017) 0.342 (0.124)  0.521 (0.094)
2000 1.067 (0.364)  1.000 (0.943)  2.000 (2.404)  1.000 (0.192)  0.581 (0.057)




Appl. Sci. 2022, 12, 12702

13 of 17

Table 8. Cont.

X‘;ﬁ;‘;’ %TTs DRAC >335 DRAC>60 TITC<050 TIC<150 TTC < 2.50
500 0.050 (0.050) _ 1.000 (0.000) _ 1.000 (0.000) _ 1.000 (0.000) _ 0.333 (0.374)
1000 0.167 (0.178)  20.00 (20.00)  10.00 (10.00)  1.333 (0.690)  0.583 (0.190)
1500 15  1.000 (1.414)  1.000 (0.000) _ 10.00 (10.00)  0.692 (0.295)  0.615 (0.117)
2000 3250 (1.386)  1.000 (0.943)  1.250 (0.889)  0.442 (0.087)  0.385 (0.045)

The standard deviations are in parentheses.

Table 9. Conflict ratio between TT speed of 70 km/h before and TT speed of 90 km/h after for PC

speed limit of 100 km/h.

X,‘;}‘:;‘;)e %TTs DRAC >335 DRAC>60 TTC<050 TIC<150 TTC < 2.50
500 1.000 (0.000)  1.000 (0.316)  1.000 (0.000)  1.000 (0.000)  1.000 (0.000)
1000 0.017 (0.008)  1.000 (0.316) _ 0.100 (0.100)  0.250 (0.286)  0.179 (0.088)
1500 25  0.143(0.149)  1.000 (0.000)  30.00 (21.34)  0.800 (0.278)  0.412 (0.074)
2000 0.333(0.206) 0500 (0.601)  0.500 (0.391)  1.141 (0.220) _ 0.653 (0.063)
500 0.017 (0.013) _ 1.000 (0.000) _ 1.000 (0.000)  10.00 (10.00) _ 0.667 (0.650)
1000 0.091 (0.097)  1.000 (0.000)  1.000 (0.000)  1.000 (0.943)  0.424 (0.161)
1500 5 0.231 (0.186)  3.000 (3.682)  1.000 (1.414)  0.500 (0.148)  0.438 (0.053)
2000 0.353 (0.169)  0.667 (0.443)  1.200 (0.888)  0.846 (0.184)  0.523 (0.045)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  10.00 (10.00)  2.000 (2.404)
1000 0.007 (0.003)  1.000 (0.000) _ 1.000 (0.000)  1.333 (1.094)  0.429 (0.138)
1500 75  0.059 (0.060)  0.050 (0.050)  1.000 (1.414)  1.143 (0.495)  0.379 (0.057)
2000 0.552 (0.207)  0.800 (0.569)  0.895 (0.460)  0.809 (0.144)  0.483 (0.062)
500 0.025 (0.017) _ 1.000 (0.000)  1.000 (0.000) _ 1.000 (0.000)  0.143 (0.167)
1000 0.008 (0.006)  1.000 (0.000)  1.000 (0.000)  0.500 (0.601)  0.178 (0.072)
1500 10  0.071(0.073) _ 0.050 (0.050)  0.500 (0.601)  0.421 (0.160)  0.265 (0.082)
2000 1.133 (0.529)  2.000 (2.028)  6.500 (6.996)  1.200 (0.211)  0.454 (0.045)
500 0.050 (0.050) _ 1.000 (0.000) _ 1.000 (0.000)  10.00 (10.00) _ 0.333 (0.374)
1000 0.008 (0.003)  1.000 (0.000)  10.00 (10.00)  1.000 (0.521)  0.444 (0.189)
1500 15  2.000 (2.404)  1.000 (0.000)  30.00 (21.34)  1.154 (0.368)  0.546 (0.105)
2000 3500 (1.495)  1.500 (1.258) 1.750 (1.105)  0.584 (0.122)  0.253 (0.033)

The standard deviations are in parentheses.

Table 10. Conflict ratio between TT speed of 70 km/h before and TT speed of 100 km /h after for PC

speed limit of 100 km/h.

X,‘;’I}‘I‘;‘;)e %TTs DRAC >335 DRAC>60 TTC<0.50 TIC<150 TTC < 2.50
500 1.000 (0.000)  1.000 (0.000) _ 1.000 (0.000) _ 1.000 (0.000)  1.000 (0.316)
1000 0.017 (0.008)  1.000 (0.000) _ 0.100 (0.100)  1.250 (0.889)  0.357 (0.141)
1500 25  0.143(0.149)  20.00 (20.00)  20.000(20.00)  0.880 (0.357)  0.352 (0.076)
2000 1111 (0.510)  0.500 (0.601)  1.000 (0.759)  0.989 (0.196)  0.723 (0.087)
500 0.017 (0.012) _ 1.000 (0.000)  1.000 (0.000)  1.000 (0.000)  0.333 (0.409)
1000 0.005 (0.002)  1.000 (0.000)  1.000 (0.000)  0.500 (0.601)  0.273 (0.100)
1500 5 0.154 (0.118) _ 0.050 (0.050) _ 2.000 (2.285)  0.563 (0.260) _ 0.346 (0.079)
2000 0.353 (0.190)  0.500 (0.314)  2.800 (2.015)  1.096 (0.197)  0.573 (0.074)
500 0.050 (0.050)  1.000 (0.000)  1.000 (0.000)  10.00 (10.00)  1.000 (1.414)
1000 0.007 (0.003)  1.000 (0.000)  1.000 (0.000)  0.033 (0.024)  0.143 (0.070)
1500 75 0353 (0.261)  1.000 (1.414)  1.500 (1.841)  1.190 (0.491)  0.471 (0.105)
2000 0.724 (0.244)  1.600 (0.969)  0.421 (0.256)  1.009 (0.140)  0.470 (0.063)
500 0.025(0.017) _ 1.000 (0.000) _ 1.000 (0.000)  1.000 (0.000) _ 0.143 (0.167)
1000 0.008 (0.006)  1.000 (0.000)  1.000 (0.000)  1.000 (0.943)  0.222 (0.077)
1500 10  0.286(0.129)  2.000 (2.404)  0.750 (0.731) _ 0.553 (0.208)  0.395 (0.075)
2000 0.600 (0.200)  2.000 (1.563)  2.000 (2.404)  0.768 (0.160)  0.373 (0.037)
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Table 10. Cont.

XI‘;}‘:;‘;;’ %TTs DRAC >335 DRAC>60 TITC<050 TIC<150 TTC < 2.50
500 1.000 (1.414)  1.000 (0.000) _ 1.000 (0.000) _ 10.00(10.00)  0.667 (0.559)
1000 0.333 (0.254)  1.000 (0.000)  20.00 (20.00)  1.000 (0.676)  0.583 (0.242)
1500 15  2.000 (2.404)  40.00 (26.67)  20.00 (20.00)  0.846 (0.338)  0.328 (0.064)
2000 2375(1.019) 3500 (2.672) 2.125(1.261)  0.551 (0.101) _ 0.233 (0.025)

The standard deviations are in parentheses.

The results for the PC speed limit of 100 km/h are similar to the results obtained at
the PC speed limit of 90 km/h. Of all the cases that show an increase in conflict ratio, there
is no statistically significant difference compared to the 5% level. For other cases, there is
a significant reduction in the conflict ratio, but most cases show either no change in the
conflict ratio (p = 1) or no statistically significant difference compared to the 5% level.

4. Conclusions

This study describes a simulation study to evaluate the effects of increasing the speed
limit of tractor-trailers (TTs) on the safety and mobility of Egyptian three-lane highways. In
this study, only highways with speed limits of passenger cars of 90 and 100 km/h were
considered. For the 90 km/h speed limit for PCs, the TT speed limits considered were 60,
70, and 80 km/h for the differential speed limit (DSL) strategy, along with the TT speed
limit of 90 km/h for the uniform speed limit (USL) strategy. For the 100 km/h speed limit
for PCs, the TT speed limits considered were 70, 80, and 90 km/h, for the DSL strategy, and
100 km/h for the USL strategy.

The average network delay (second/vehicle) was used as the measure of mobility
performance, and the conflict ratio based on both the deceleration rate to avoid crash
(DRAC) and the time to collision (TTC) surrogate safety measures were used as indicators
of safety performance. The SUMO model was used to model the increase in the TT speed
limits and their effects for different traffic volumes along with different percentages of TTs.
The SUMO surrogate safety measure (SSM) file, as a direct output of the SUMO model,
was used to obtain simulated conflicts with TTC < 2.50 s, representing less severe conflicts;
TTC <1.50 s, representing medium-severity conflicts; and TTC < 0.50 s, representing
severe conflicts. Additionally, DRAC > 3.35 m/s?, representing less severe to medium-
severity conflicts, and DRAC > 6.0 m/ s2, representing severe conflicts, were used as well.
Based on the simulation results, we can conclude the following results:

For the speed limit of 90 km/h for PCs, increasing TT speed limit to 70, 80, and
90 km/h would result in statistically significant reduction in the average network delay for
all traffic volumes (500 to 2000 vphpl) and for all percentages of TTs (2.5-15% of total traffic
volume), compared with the base condition (i.e., TT speed limit of 60 km/h); the relative
delay reduction, from 60 to 70 km/h, was between 27.25% and 62.04%. When increasing
TT speed limit from 60 to 80 km/h, the relative delay reduction was between 38.07% and
71.75%; and from 60 to 80 km/h, the relative delay reduction was between 38.35% and
76.32%. Additionally, increasing the speed limit for TTs from 70 to 80 km/h would result in
delay reduction between 14.88% and 31.67%, while increasing the speed limit for TTs from
80 to 90 km/h would result in delay reductions between 0.44% and 16.18%.

For the speed limit of 100 km/h for PCs, increasing TT speed limit to 80, 90, and
100 km/h would result in a statistically significant reduction in the average network delay
for all traffic volumes (500 to 2000 vphpl) and for all percentages of TTs (2.5-15% of total
traffic volume) compared with the base condition (i.e., TT speed limit of 70 km/h). The
relative reduction, from 70 to 80 km/h, was between 23.10% and 41.94%. When increasing
the TT speed limit from 70 to 90 km/h, the relative delay reduction was between 27.15%
and 60.33%, and from 70 to 100 km/h, the relative delay reduction was between 29.28%
and 58.83%. In addition, increasing the speed limit for TTs from 80 to 90 km/h would
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result in delay reduction between 5.27% and 31.68%, while increasing the speed limit for
TTs from 80 to 90 km/h would result in delay reductions between 0.23% and 7.82%.

In terms of safety, in general increasing the TT speed limit would result in statistically
significant safety enhancement in some cases (i.e., conflict ratio less than 1.0), and no
statistically significant change in the safety situation (i.e., conflict ratio not different than
1.0) for all other cases (i.e., increase or reduction in the conflict ratio between after and
before).

For all cases showing an increase in conflict ratio, there was no statistically significant
difference between the conflict ratio and 1.0 at the 5% level for all cases, which means there
was no change in the safety situation between before and after.

For all other cases, either there was no change in the conflict ratio (o = 1), or no
statistically significant difference compared to the one at the 5% level for the other cases
showing a reduction in conflict ratio.

Based on the results of this study, there is no evidence that decreasing the speed limit
of TTs by 30 km/h, 20 km/h, or 10 km/h less than the speed limit of PCs would result in
any enhancement in the safety situation, as there was no statistically significant change in
the conflict ratio to support such results; hence, it is recommended to increase the speed
limit for TTs on Egyptian highways and use the USL strategy. This would significantly
reduce the delay already encountered with the current DSL policy of reducing the speed
limit by 30 km /h less than PCs.

It should be noted that the study results assume that all drivers obey their speed limits
100% of the time (i.e., no speeding), which may not be the case in real life. Therefore, the
actual safety situation may differ from that obtained in this simulation study if the speed
limit is exceeded.

To confirm the results of this study, it is strongly recommended to use observed crashes,
which were not available to the author, along with simulated surrogate safety measures.
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