
Open Access. © 2021 Bara’ W. Al-Mistarehi et al., published by De Gruyter. This work is licensed under the Creative Commons
Attribution 4.0 License

Open Eng. 2021; 11:216–226

Research Article

Bara’ W. Al-Mistarehi*, Ahmad H. Alomari, and Mohamad S. Al Zoubi

Investigation of saturation flow rate using video
camera at signalized intersections in Jordan
https://doi.org/10.1515/eng-2021-0021
Received May 10, 2020; accepted Nov 01, 2020

Abstract: This study aimed to investigate a potential list of
variables that may have an impact on the saturation flow
rate (SFR) associated with different turning movements at
signalized intersections in Jordan. Direct visits to locations
were conducted, and a video camera was used. Highway
capacity manual standard procedure was followed to col-
lect the necessary traffic data. Multiple linear regression
was performed to classify the factors that impact the SFR
and to find the optimal model to foretell the SFR. Results
showed that turning radius, presence of camera enforce-
ment, and the speed limit are the significant factors that
influence SFR for shared left- and U-turning movements
(LUTM)withR2 = 76.9%. Furthermore, the presence of cam-
era enforcement, number of lanes, speed limit, city, traffic
volume, and area type are the factors that impact SFR for
throughmovements only (THMO) with R2 = 69.6%. Also, it
was found that the SFR for LUTM is 1611 vehicles per hour
per lane (VPHPL),which is less than the SFR for THMO that
equals to 1840 VPHPL. Calibration and validation of SFR
based on local conditions can improve the efficiency of in-
frastructure operation and planning activities because ve-
hicles’ characteristics and drivers’ behavior change over
time.
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1 Introduction
Intersection is one of the essential elements that should
be carefully analyzed in any roadway network. Some sev-
eral fundamental issues and measures must be taken into
consideration when studying an intersection such as de-
mand, capacity, saturation flow, control, delay, lost time,
headway, and gaps [1]. Intersections can be classified ac-
cording to the number of approaches entering the intersec-
tion area, or type of control used. There are several ways
to control traffic at an intersection, and one of the practi-
cal and common ways is the use of traffic signals. Traffic
signals can be applied to systemize the flow at intersec-
tions and remove many struggles because various traffic
streams can be assigned the use of the intersection at vari-
ous times. For this reason, it should be well-designed in a
way to give the intersectionmaximum efficiency andmake
the trafficmovement easy, rapid, andcomfortable, besides,
to reduce delay. As signalized intersections can be consid-
ered as an essential element in the road network, traffic
engineers need to consider a variety of elements such as
capacity and delay when planning, designing, operating,
and evaluating a system for signalization at an intersec-
tion.

Saturation flow rate (SFR) can be identified by the
maximum hourly rate of flow passing a traffic lane at an
intersection-approach, assuming the traffic signal is al-
ways green with no lost time [1]. SFR is considered as one
of the key parameters in defining the capacity, delay, and
level of service (LOS) of intersections controlled by traffic
signals [2]. The HCM introduced a model, base value with
adjustment factors, for estimating the SFR [1]. The base
SFR estimate based on field measurements in the United
States is equal to 1900 vehicles per hour per lane (VPHPL)
for regions of ≥ 250,000 population and 1750 VPHPL of
< 250,000 population [1].

Many studies assessed the SFR default parameters in
several countries around the world. In the United States,
it was shown that the presence of the U-turning move-
ment negatively affects the capacities of signalized inter-
sections and the value of left-turn SFR in Florida [3]. This
study estimated the SFR (1565 VPHPL) at three intersec-

https://doi.org/10.1515/eng-2021-0021


Investigation of saturation flow rate using video camera at signalized intersections in Jordan | 217

tions in Tampa, Florida, based on the widely used head-
way method proposed by HCM, which can be estimated
in the field by recording the discharge headway following
the fourthdischarged vehicle [3]. Another study conducted
in North Carolina at 20 intersections in Raleigh, Char-
lotte, and Asheville, revealed that themean SFR, based on
the headway method proposed by HCM, was around 1750
VPHPL for 250,000 or more population and 1497 VPHPL
for populations less than 250,000, which are below the
default values suggested by HCM [4]. Furthermore, in an
SFR study performed by Arhin et al. [5, 6] for different
lane groups at 81 intersections in the urban area of District
of Columbia (DC), United States, results showed that the
mean SFR that can be used in the future analysis in the
DC area was for left only (1460 VPHPL), shared left and
through (1566 VPHPL), through only (1559 VPHPL), and
shared through and right (1461 VPHPL). This study con-
cluded that the SFR values for all turningmovements were
statistically alike.

In China, several studies investigated the factors af-
fecting SFR. It was observed that the lane width and turn-
ing radius [7], rainy weather [8], queue length [9], pave-
ment markings [10], and lane width plus the proportion
of heavy vehicles [11] were significant in the SFR estima-
tions. Shao et al. [7] estimated that the mean value of SFR
based on 18 cities field measurements in China equals
1800 VPHPL. Another study performed by Wang et al. [12]
estimated the SFR to be 2011 VPHPL in Qujing city, Yun-
nan Province, based on 80% quantiles, automatic video
detector data, and time series of actual headways. More-
over, Zhao et al. [13] analyzed the SFRat tandemcontrolled
intersections based on field data in Shenzhen. A Tandem
intersection (TI) is a type of intersection layout that in-
creases the capacity of approaches by utilizing the space
operated via traffic and reducing the conflicts between left-
and other turning movements. Results showed that tan-
dem control decreased the value of SFR because of the dis-
tribution of traffic, red-light violations, and incomplete dis-
charge [13].

In Japan, Chen et al. [2] studied the SFR for a shared
left-turn lane at six intersections using the HCM and Japan
Society of Traffic Engineering (JSTE) procedures. Logis-
tic regression results showed that both procedures over-
estimated the value of SFR for a shared left-turn lane [2].
In India, several studies investigated the factors affect-
ing SFR. It was found that the turning radius and gra-
dient [14, 15], the proportion of turning vehicles [14–16],
right-turningmovements [17, 18], road width and the num-
ber of lanes [17–19], and the percentage of heavy vehi-
cles [18] had a significant effect on the estimation of SFR.

In Europe, a study performed in Serbia by Stanic et
al. [20] to estimate the SFR for through movement, re-
sults showed that values of SFR were 1600 VPHPL for
through movement and opposing left lane served in the
same phase, and 2120 VPHPL for throughmovements only
with no opposing conflicts. It was also concluded that in-
tersectiongeometric conditions suchas gradients and lane
widths had a significant effect on SFR for through move-
ments. Another study was performed inMunich, Germany,
by Fourati and Friedrich [21] to measure the capacity of
the intersection approach based on crowd-sourced trajec-
tories. The measured capacity can be used to estimate the
SFR, cycle time, and approach green time.

In the middle east, several studies were performed
to estimate the SFR based on field measurements. It was
found the SFR equals to 2500 VPHPL in Saudi Arabia [22],
2323 VPHPL in Qatar [23], 2050 VPHPL in Jordan [24], 2100
VPHPL in Kuwait [24]. It can be seen that all studies per-
formed in the middle east resulted in higher values com-
pared to the proposed 1900 VPHPL value by HCM [1]. Ad-
ditionally, Hamad & Abu Hamda [23, 25] found that the U-
turn movement significantly reduced the SFR value. More-
over, Al-Omari and Musa [24] found that variables such as
speed limit, lane marking, and the location in the city had
a significant effect on SFR using one-way ANOVA. Further-
more, AlRukaibi et al. [26] studied the effect of SFR adjust-
ments on Kuwait’s environmental parameters. Analysis re-
sults based on SFR equals to1800 VPHPL showed a 34%
reduction in fuel consumption and vehicles’ emission.

In summary, the literature presented a broad variation
of SFR values for different locations, site conditions, and
turning movements. SFR in Jordan must be revised due to
the different driver behavior in this developing country to
interpret the local conditions. Therefore, it is proposed to
consider the effects of several factors’ variation on SFR es-
timation. This research aimed to investigate a potential list
of variables that may influence SFR associated with differ-
ent turning movements at signalized intersections in Jor-
dan. Variables include pavementmarking, area type, num-
ber of lanes, lane width, approach width, turning radius,
speed limit, being in a central business district (CBD), as
well as a unique factor that was never studied before as
an influential factor, which is the presence of camera en-
forcement under Jordanian conditions. This research was
also designed to develop prediction models that can help
local researchers, engineers, and authorities estimate and
predict a proper value of SFR at signalized intersections.
Also, this research comes to play a role in finding more fit-
ting estimates of SFR by investigating the potential list of
variables that may show the impact of turning movement
factors in the overall performance. Video camera applica-
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tion was applied to record traffic data, obtain the needed
characteristics, and observe the prevailing SFR.

2 Methodology
In Jordan, a middle eastern country, the total population
reached 10,101,694 citizens in 2019 [30], with total reg-
istered vehicles of 1,677,061 [34]. Based on the popula-
tion and registered vehicles, the three principal cities with
high populations and large registered vehicles compared
to other cities in Jordan are Amman, Irbid, and Zarqa. Am-
man population reached 4,430,700 people, while Irbid city
1,957,000 people, and Zarqa 1,509,000 people by the end
of 2017 [30]. Nineteen urban signalized intersections were
selected in the principal cities in Jordan; Amman, Irbid,
and Zarqa. Nine intersections were with camera enforce-
ment, and another ten intersections were without camera
enforcement. Three- and four-legs signalized intersections
were considered with a typical lane width of 12 ft (3.65 m)
and level gradient. Also, no parking permitted adjacent to
a travel lane within 250 ft (75 m) of the stop line. Addi-
tionally, no bus stop allowed in the exit point of the ap-
proach roads. Finally, pedestrians and bicycle activities

were ignored. Table 1 shows the signalized intersection ap-
proaches which were monitored in this study.

Data collection was conducted for four months,
started in March 2019, and lasted till June 2019 in the after-
noon hours onweekdays, with goodweather and dry pave-
ment conditionsundermixed traffic conditions.Mixed traf-
fic conditions are represented by the presence of different
vehicle types and multiple lanes at the studied locations.
Diverse vehicle types result in different maneuvering ca-
pabilities, with a vehicle-type dependent longitudinal and
lateralmovement driving behaviors. Additionally, the exis-
tence of multiple lanes enables drivers to look for possible
lateral movements while moving. Thus, a comprehensive
understanding of this mixed driving behavior while moni-
toring the traffic system may adjust the perception of SFR
associated with different turningmovements at signalized
intersections.

Direct visits to locations were conducted to collect ap-
proximately two hours, 03:00-05:00 PM, of video record-
ings using Samsung Galaxy A7 rear camera (48 MP Quad
1080p@ 30 fps FHD) at enough height upstream of the in-
tersection for 62 intersection approaches. Figure 1 shows a
sample of intersection (I-3) studied in the city of Irbid.

Several characteristics were obtained through field
measurements and observations, including turning radius
(m), presence of camera enforcement (Yes/No), number of

Table 1: Intersections Location, Number of Legs, and Camera Enforcement Condition

No. Intersection ID Coordinates Location No. of
Legs

Camera
Enforcement

1 Wadi Saqra A-1 31.966677∘, 35.887003∘ Amman 4 Yes
2 Tabarbour A-2 31.989637∘, 35.943891∘ Amman 4 Yes
3 Jabri A-3 31.987501∘, 35.876464∘ Amman 2 No
4 University Mosque A-4 32.018638∘, 35.864926∘ Amman 3 Yes
5 AL Manhal A-5 32.029537∘, 35.871473∘ Amman 4 No
6 Al Hezam Road A-6 31.988126∘, 36.020161∘ Amman 3 No
7 Al Hezam with Fidaa A-7 31.960597∘, 35.986930∘ Amman 3 No
8 Al-Mesfat Z-1 32.088578∘, 36.108312∘ Zarqa 4 No
9 Safeway Z-2 32.085812∘, 36.085417∘ Zarqa 4 Yes
10 Jabal Az Zaytoon Z-3 32.038450∘, 36.092777∘ Zarqa 3 Yes
11 Al Masana’ Z-4 32.024404∘, 36.085115∘ Zarqa 4 Yes
12 Rahma Z-5 32.047302∘, 36.084180∘ Zarqa 5 No
13 Civil Defence Z-6 32.029315∘, 36.043048∘ Zarqa 3 No
14 Amman complex I-1 32.532103∘, 35.866170∘ Irbid 4 No
15 McDonalds I-2 32.542542∘, 35.858866∘ Irbid 4 Yes
16 Barada I-3 32.543491∘, 35.880731∘ Irbid 4 Yes
17 Al-Naseem I-4 32.531606∘, 35.852460∘ Irbid 4 Yes
18 Sharq Halls I-5 32.550026∘, 35.862292∘ Irbid 3 No
19 Petra St & Sarih St I-6 32.523881∘, 35.901079∘ Irbid 4 No
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Figure 1: Aerial View for Intersection (I-3) in Irbid City.

lanes, lane width (m), being in a central business district
(CBD), presence of pavement marking (Marked, and Un-
marked), speed limit (40, 50, 60, 70, and 80 km/hr), city
(Amman, Zarqa, and Irbid), level of traffic volume (High,
Medium, and Low), and area type (Urban, and Suburban).

The HCM standard procedure was followed for field
data collection and in computations of SFR at signalized
intersections, as shown in Equations 1 to 3 [1]. The estima-
tion of average headway evaluated based on video record-
ings. This research focused only on the shared left- and
U-turning movements (LUTM), and on the through move-
ments only (THMO). The shared through with left- and
right-turning movements were not considered. Also, the
cycles with heavy vehicles or pedestrians or any unusual
conditions were excluded.

Sbase,local = 1900
∑︀m

i=1 Sprevailing∑︀m
i=1 Sadjusted

(1)

Sprevailing =
3600

average headway (2)

Sadjusted = So fw fHV fg fp fbb fa fLU fLT fRT fLpb fRpb (3)

Where:
Sprevailing: Prevailing saturation flow rate in that cycle.
Sadjusted: Saturation flow rate for subject lane group.

So: Base saturation flow rate per lane group.
N: Number of lanes in lane group.
fw: Adjustment factor for lane width.
fHV : Adjustment factor for heavy vehicles in traffic stream.
fg: Adjustment factor for approach grade.
fp: Adjustment factor for existence of a parking lane and
activity adjacent to lane group.
fbb: Adjustment factor for blocking effect of local buses
that stop within intersection.
fa: Adjustment factor for area type.
fLU : Adjustment factor for lane utilization.
fLT : Adjustment factor for left turns in lane group.
fRT : Adjustment factor for right turns in lane group.
fLpb: Pedestrian-bicycle adjustment factor for left-turn
movements.
fRpb: Pedestrian-bicycle adjustment factor for right-turn
movement.

The turning radius of the vehicle was measured by
taking a longitudinal line from the upstream-lane median
(center) to the downstream-lane median in the other ap-
proach, and this was performed using AutoCAD based on
both field measurements and drivers behavior in video
recordings. There are some benefits for using a large ra-
dius, such as allowing a large space for heavy vehicle ma-
neuverings and enabling higher speeds for the turning ve-
hicles, which can lead to lower speed differences in the
following vehicles and are therefore less severe for colli-
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sion conflicts [27]. However, there are advantages of using
smaller radius such as the relatively shorter crossing time
of vehicles, shorter crossing time of pedestrians, and the
smaller need for large pavement areas [27].

Traffic volumewas classified into three categories: low
(queue length less than eight vehicles), medium (queue
length is more than eight vehicles but the green time is
enough to cross all queued vehicles), and high (queue
length ismore than eight vehicles and the green time is not
enough to cross all the queued vehicles). The direct mea-
surement procedure was followed, and observations from
video camera recordings obtained all movements.

3 Results and discussion
Approximately 40 hours of video camera recordings were
done to get a total of 119 movements for 19 intersections
with 62 approaches, as previously shown in Table 1. Video
recording distribution was as follow: 22 approaches from
seven intersections in Amman, 18 approaches from six in-
tersections in Zarqa, and 22 approaches for six intersec-
tions in Irbid. Table 2 and Figure 2 show the summary re-
sults for base SFR estimations for THMO and LUTM using
HCM standard procedure for the three principal cities in
Jordan: Amman, Irbid, and Zarqa.

The values of base SFR for THMO (1840 VPHPL) were
less than LUTM (1611 VPHPL). However, the value of base
SFR for all movements (1720 VPHPL) prevails between
THMO and LUTM. This refers to the fact that drivers need
more time to complete the turning operation for U- and
left-turns because of the reduced speeds and the accumu-
lation of vehicles that impede the flow of vehicles in the
queue within these lanes, which increases the delay and
headway. The mean value of base SFR for all movements
is equal to 1720 VPHPL, which is below the HCM default

value of 1900 VPHPL. These results differ with Al-Omari
andMusa [24], who estimated the base SFR in Jordan to be
2050 VPHPL.

The normal probability plots and histograms, shown
in Figure 2, confirm no extreme values and the residuals
appear to follow a normal distribution (data points clus-
tered around the fitted “blue” line). The Anderson-Darling
test for normality is one of the normality tests consid-
ered to identify all departures from normality [28]. The
Anderson-Darling statistic was used in this study to de-
termine whether data meet the assumption of normality.
The hypotheses for the Anderson-Darling test are H0, the
data follow the normal distribution, and H1, the data do
not follow the normal distribution. Anderson-Darling nor-
mality test results (Table 2) showed that the p-value for
THMO, LUTM, andAllmovementswas equal to 0.327, 0.758,
and 0.822, respectively. All p-values were more than 0.05,
which means that the data fit the normal distribution with
95% confidence, and no significant departure from nor-
mality was found.

This research used regression analysis to observe the
effect of the studied variables on SFR. The developedmod-
els can predict the effect of each variable on the value of
SFR. Minitab statistical software [28] was used to conduct
this multiple regression analysis. Multiple linear regres-
sion model has the following general form:

y = βo + β1x1 + β2x2 + β3x3 + . . . + βkxk + ϵ (4)

Where k is the number of independent variables. The pa-
rameters βj, j = 0, 1, 2, . . . , k, are called the regression co-
efficients [29]. Two regression models were developed: the
first one was for THMO-SFR and the second for LUTM-SFR.
The investigated factors are:

– Turning radius: continuous variable (measured in
meters).

– The presence of camera enforcement: categorical
variable (0: No, 1: Yes).

Table 2: Summary of Base SFR Results

Location THMO Mean Base SFR
(VPHPL)

LUTM Mean Base SFR
(VPHPL)

All Movements Mean Base
SFR (VPHPL)

Amman 1889 1684 1781
Zarqa 1797 1523 1652
Irbid 1832 1619 1719

Jordan N 56 63 119
Mean 1840 1611 1720

Standard
Deviation

211.5 215.1 241.5

P-Value 0.327 0.758 0.822
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(A) THMO

(B) LUTM

(C) All Movements

Figure 2: Statistical Base SFR Summary for (A) THMO, (B) LUTM, (C) All Movements.

– Number of lanes: categorical variable (from 1 to 6
lanes).

– Lane width: continuous variable (measured in me-
ters).

– Being in a central business district (CBD): categorical
variable (0: No, 1: Yes).

– Presence of pavement marking: categorical variable
(0: unmarked, 1: marked).

– Speed limit: categorical variable (40, 50, 60, 70, and
80 km/hr),

– City: categorical variable (Amman, Zarqa, and Ir-
bid),
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– Level of traffic volume: categorical variable (high,
medium, and low).

– Area type: categorical variable (urban, and subur-
ban).

Table 3 showed that the significant variables, with
a p-value less than 0.05, for THMO-SFR (R2 = 71.3) were
the presence of camera enforcement, number of lanes,
speed limit, the city, traffic volume, and area type. Also,
it showed that the significant variables for LUTM-SFR (R2

= 82.1) were turning radius, presence of camera enforce-
ment, speed limit, the city, and traffic volume.

Table 4 and Figure 3 show the models review, regres-
sion equation, and residual plots for both THMO-SFR and
LUTM-SFR with the least significant variables excluded.

The coefficient of determination (R2) shows the
amount of variability clarified by the model (goodness of
fit) for each one and is stated in the output tables shown

in Table 4. The R2 estimateswere 69.6% for THMO-SFR and
76.9% for LUTM-SFR, which indicates that both two mod-
els fit the datawell. All terms for bothmodels had ap-value
less than 0.05, which confirms that each variable is signifi-
cant andmust be included in themodel. Thenormal proba-
bility plots and histograms show that there are no extreme
values, and the residuals seem to follow a normal distri-
bution. The generalized regression models developed for
THMO-SFR and LUTM-SFR are listed below:

THMO-SFR (VPHPL) = 619 (5)
+ 124 Camera Enforcement
+ 148 Number of Lanes
+ 6.82 Speed Limit (km/hour)
+ 109 City − 89.8 Traffic Volume
+ 127 Area Type

Table 3:Minitab Output Regression Analysis for All Variables

PREDICTOR LUTM-SFR THMO-SFR
Coef SE Coef T P Coef SE Coef T P

Constant 1124.8 211.0 5.33 0.000 615.3 275.7 2.23 0.031
Turning radius 16.567 1.616 10.25 0.000 −−−.− −−−.− −.−−− −.−−−
Camera Enforcement 104.76 44.30 2.36 0.023 146.05 50.29 2.90 0.006
Number of Lanes −0.03 13.95 −0.00 0.899 146.73 28.33 5.18 0.000
Lane Width −11.38 57.07 −0.20 0.843 −7.08 79.97 −0.09 0.930
CBD −45.25 40.87 −1.11 0.275 48.04 53.76 0.89 0.377
Pavement Marking 53.28 37.68 1.41 0.165 −60.56 45.98 −1.32 0.195
Speed Limit 4.042 1.391 2.91 0.006 7.462 2.105 3.55 0.001
City −70.29 23.83 −2.95 0.005 97.47 36.36 2.68 0.010
Traffic Volume −40.00 17.91 −2.23 0.031 −89.77 29.27 −3.07 0.004
Area Type 48.13 35.62 1.35 0.184 136.75 50.65 2.70 0.010

Table 4:Minitab Output Regression Analysis for the Significant Predictors

PREDICTOR LUTM-SFR THMO-SFR
Predictor Coef SE Coef T P Coef SE Coef T P
Constant 975.71 93.42 10.44 0.000 618.5 156.6 3.95 0.000
Turning radius 16.746 1.538 10.89 0.000 −−−−−− −−−−− −−−− −−−−−
Camera Enforcement 105.22 43.20 2.44 0.019 123.89 48.05 2.58 0.013
Number of Lanes −−−−−− −−−−− −−−− −−−−− 148.34 28.15 5.27 0.000
Lane Width −−−−−− −−−−− −−−− −−−−− −−−−−− −−−−− −−−− −−−−−
CBD −−−−−− −−−−− −−−− −−−−− −−−−−− −−−−− −−−− −−−−−
Pavement Marking −−−−−− −−−−− −−−− −−−−− −−−−−− −−−−− −−−− −−−−−
Speed Limit 5.429 1.249 4.35 0.000 6.816 1.988 3.43 0.001
City −70.71 15.95 −4.43 0.000 109.12 27.99 3.90 0.000
Traffic Volume −−−−−− −−−−− −−−− 0.064 −89.77 28.67 −3.13 0.003
Area Type −−−−−− −−−−− −−−− −−−−− 127.03 41.96 3.03 0.004
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(A) THMO

(B) LUTM

Figure 3:Minitab Output Residual Plots.

LUTM-SFR (VPHPL) = 976 (6)
+ 16.7 Turning radius (Meters)
+ 105 Camera Enforcement
+ 5.43 Speed Limit (km/hour)
− 70.7 City

The performance of eachmodel is indicated by the val-
ues of the respective independent variables. In the THMO-
SFR developed model, the significant variables include
camera enforcement, number of lanes, speed limit, city,
traffic volume, and area type. As Well, the significant vari-
ables for the LUTM-SFR developed model include turning
radius, camera enforcement, and speed limit. According
to Table 2, the values of THMO-SFR were 1889, 1832, and
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1797 VPHPL for Amman, Irbid, and Zarqa. Also, the values
of LUTM-SFRwere 1684, 1619, and 1523 VPHPL for Amman,
Irbid, and Zarqa. Based on the regression models, the city
variable found to be significant in both models with a p-
value equal to 0.000 for THMO and LUTM. This result is
consistent with other research outcomes [24].

The value of SFR at intersections in urban areas and
CBDs is typically less than suburban areas due to the lower
volumes and traffic densities [31]. Almost 32% of the stud-
ied approaches were in suburban areas. The other 68%
studied approaches placed in urban areas. It was found
that area typewas significant in the THMO-SFRmodelwith
p-values (0.004), and not significant in LUTM-SFR model
with p-values (0.184). Similarly, traffic volume was signif-
icant in the THMO-SFR model with p-values (0.003), and
not significant in LUTM-SFR model with p-values (0.064).
This result is consistent with other research outcomes [9].
Nevertheless, the CBD variable was not significant in both
models with p-values equal to 0.377 and 0.275 for THMO
and LUTM, respectively.

Pavement markings usually employed on paved roads
to provide guidance and information to drivers and pedes-
trians. Only 16% of the studied approaches were marked.
The other 84% locations did not have any pavement mark-
ings. It was not significant in both models, p-value = 0.195
and 0.165 for THMO and LUTM, respectively, since aggres-
sive drivers’ do not adhere even when lanes marked exist.
In contrast, previous studies concluded that lane marking
was significant in the SFR estimations [10, 24].

The typical lane width suggested by FHWA is 3.6 me-
ters [32]. It was observed that only 29% of the studied ap-
proaches had a lane width equal to 3.6 meters. The other
71% approaches lane width distributed between 2.5 me-
ters and 3.3 meters. It was not significant in both mod-
els with p-values equal to 0.930 and 0.843 for THMO and
LUTM, respectively. On the contrary, previous studies con-
cluded that lane width was significant in the SFR estima-
tions [7, 11, 17–20]. On the other hand, the number of
lanes variable was significant in THMO-SFR, but not sig-
nificant in LUTM-SFR model. The increase in the number
of lanes will give the through-lanes approach more capac-
ity to process more vehicles so that the value of SFR will
increase. These results are consistent with other research
outcomes [17–20].

The speed limit on the studied approaches in this pa-
per ranged from40km/hour to 80km/hour. Almost 45%of
approaches had speed limit of 50 km/hour. The other 55%
distributed uniformly between 40, 60, 70, and 80 km/hour.
According to a previous study, an increase in the speed
limit leads to an increase in the SFR [33]. Speed limit found
to be significant in both models with p-values equal to

0.001 and 0.000 for THMO and LUTM, respectively. These
results are consistent with other research outcomes [24].
Moreover, the speed of turning vehicles usually dropswith
a decrease in the turning radius, which results in a reduc-
tion in the SFR. It is logical not to include the turning ra-
dius in the THMO-SFR model since there is not turning for
throughmovement.However, itwas found that the turning
radius significantly affects the value of SFR with a p-value
equal to 0.000 for the LUTM-SFR model. These results are
consistent with other research outcomes [7, 14, 15].

Drivers’ behavior is usually more controlled with the
presence of camera enforcement. This makes the num-
ber of vehicles crossing the intersection relatively smaller,
with fewer red-light running violations, which cause a re-
duction in the value of SFR.Almost 42%of approacheshad
camera enforcement at the time of the study. It was dis-
covered that the presence of camera enforcement is signifi-
cant in bothmodels with p-values equal to 0.013 and 0.019
for THMO and LUTM, respectively. This research is the first
study that examined the relationship between camera en-
forcement and SFR.

4 Conclusions
This study investigated several variables that may affect
the SFR associated with two turningmovements scenarios
at signalized intersections in Jordan. This research focused
only on LUTM and THMOmovements. The shared through
with left- and right-turning movements were not consid-
ered. Nineteen signalized intersections were selected in
the principal cities in Jordan: Amman, Irbid, and Zarqa.
HCM standard procedure was followed. Direct visits to lo-
cations were conducted, and a video camerawas used. Ap-
proximately 40 hours of video camera recordings were ac-
complished to get a total of 119 turning movements for 19
intersections with 62 approaches. A vast quantity of field
measurements and observations were obtained to collect
several characteristics including turning radius (m), pres-
ence of camera enforcement (Yes/No), number of lanes,
lane width (m), being in a central business district (CBD),
presence of pavement marking (Marked, and Unmarked),
speed limit (40, 50, 60, 70, and 80 km/hr), city (Amman,
Zarqa, and Irbid), level of traffic volume (High, Medium,
and Low), and area type (Urban, and Suburban).

It was found that the values of base SFR for THMO
(1840 VPHPL) were less than LUTM (1611 VPHPL). How-
ever, the value of base SFR for allmovements (1720VPHPL)
lies between THMO and LUTM. This refers to the fact that
drivers need more time to complete the turning operation
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for U- and left-turns because of the reduced speeds and
the accumulation of vehicles that impede the flow of vehi-
cles in the queue within these lanes, which increases the
delay and headway. Anderson-Darling normality test re-
sults showed that p-values for THMO, LUTM, andAllmove-
ments were equal to 0.327, 0.758, and 0.822, respectively.
All p-values were more than 0.05, which means that the
data does fit the normal distribution with 95% confidence,
and no significant departure from normality was found.
Minitab statistical software [28] was utilized to perform
multiple regression analysis. Two regression models were
developed: the first onewas for THMO-SFR and the second
for LUTM-SFR. TheR2 estimateswere 69.6% for THMO-SFR
and 76.9% for LUTM-SFR, which indicates that both two
models fit the data well. All terms for both models had a
p-value less than 0.05, which confirms that each variable
is significant and must be included in the model. The nor-
mal probability plots and histograms show that there are
no excessive values and the residuals seem to follow a nor-
mal distribution. In the THMO-SFR developed model, the
significant variables include camera enforcement, number
of lanes, speed limit, city, traffic volume, and area type. As
well, the significant variables for the LUTM-SFR developed
model include turning radius, camera enforcement, and
speed limit. This research is the first study that examined
the relationship between camera enforcement and SFR.

This research was designed to develop a prediction
model that can help local researchers, engineers, and au-
thorities in estimatingandpredicting aproper valueof SFR
at signalized intersections. Validation of SFR based on lo-
cal conditions can improve the efficiency of infrastructure
operation and planning activities because vehicles’ char-
acteristics and drivers’ behavior change over time. Also,
this research comes to play a role in finding more fitting
estimates of SFR by investigating the potential list of vari-
ables that may show the impact of turning movement fac-
tors in the overall performance. Future work for this re-
search includes the investigation of SFR for the right turn-
ingmovement. Furthermore, an examination of additional
variables such as turning angle, vehicle classification, ve-
hicle size, pedestrians and bicycle activities, and weather
condition would also be beneficial to the overall estima-
tion of SFR at signalized intersections. Further studies
should cover these issues. Besides, this study was con-
ducted in Jordan; validation of themodels in other regions
can improve the efficiency of city planning and design ac-
tivities.
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