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ABSTRACT

Appropriate roadway cross-section design is critical due to its impact on safety, capacity, and function of
the facility. While it is generally straightforward to assess this impact on capacity and function, it is not
always easy for safety evaluation. Literature shows contradictory observations concerning the complex
relationship between roadway cross-section elements and crashes, particularly in urban areas. Another
important issue is the presence of on-street parking and their safety implications in urban areas. In the current
study, safety performance functions were developed to investigate the impact of roadway cross-section
elements and on-street parking on crash occurrence using negative binomial distribution framework. A
database consisting of six-year crash records, traffic data, and road geometry of urban roads of Antwerp,
Belgium was created for modeling. This paper reports how cross-section elements, on-street parking, and
exposure contribute to crash occurrence in urban areas and discusses whether the results could be used to
improve safety performance of road segments. The results indicated that the effects of number of lanes,
segment length, and traffic volume on crash occurrence were significant while that for lane width was not.
Parking variable (parking arrangement) was significantly related to “injury”, and “injury & fatal” crashes.
Roads with higher number of lanes experience more crashes than roads with fewer lanes. Roads with parking
were more prone to injury & fatal crashes than no parking settings. To conclude, these findings showed that
road cross-section elements and parking settings play an important role in crash occurrence on road
segments in urban areas.

Key Words: Roadway Cross-Section, Urban Roads, Safety Performance Functions, Negative Binomial
Distribution, On-Street Parking
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INTRODUCTION

The selection of a proper cross-section is an important point in the geometric design process of
highways. Choices made about the number of lanes, lane width, roadway width, median width, and shoulder
width, considerably affect the capacity, safety, and function of the desired facility. Highway engineers are
expected to propose designs that not only satisfy the capacity and functional requirements but also ensure
safe mobility. From a designer perspective, evaluation of the capacity and function considerations with
regard to cross-section is relatively easy compared to its safety implications. A review of previous literature
revealed that although the roadway cross-sectional characteristics influence road safety, there is a lack of
clear understanding of the association between cross-sectional elements and crash frequency. Studies on
this subject have shown inconsistent and contradictory conclusions (1). It is also important to note that most
of these studies are conducted for rural highways and urban freeways. On the other hand, only a few studies
have considered the relationship between cross-sectional elements and road crashes in urban areas (2),
probably because of the associated complexities of the factors involved (3). The presence of on-street
parking and their safety implications in urban areas is another highly debated subject in transportation and
urban design studies (4). Thus, fresh investigations that consider the relationship between roadway cross-
section and on-street parking with crash frequency would provide new insight into understanding crash
occurrence on local roads in urban areas. This paper investigated the association between roadway cross-
section elements (e.g., lane width and the number of lanes) and crash frequency by developing safety
performance functions (SPFs). The impact of on-street parking was also studied since this influences the
selection of cross-section width, traffic flow, and consequently safety.

LITERATURE REVIEW

Transportation agencies confer prime importance to the design of roadway cross-sectional elements
because of their impact on key operational characteristics (i.e., safety, capacity, and function). The
provisions in the Highway Capacity Manual (HCM) (5), and the role assigned by the local road agencies
that these facilities are supposed to play in the road network, both make the assessment of the capacity and
the function relatively easy. On the other hand, evaluating the safety implications of cross-sectional elements
requires extra efforts. Many studies have attempted to determine this association in the past. A summary of
the related literature is provided below:

Relationship between Roadway Cross-Section and Crash Frequency

A decent volume of literature has informed about the significance of cross-sectional characteristics
in crash prediction (6, 7). Their findings revealed that lane width, shoulder width, median width, and
roadway width significantly affect the safety of highway facilities. In certain instances, researchers have
used other related variables, like shoulder type, pavement type, etc., when roadway cross-sectional elements
were either not available or were found insignificant. For example, Nowakowska (8) attempted to capture
the influence of cross-sectional elements along with shoulder type on crash occurrence. The author found
that shoulder type was a significant predictor of crashes but its presence in the model resulted in lane width
and shoulder width to be insignificant variables. Nowakowska (8) reported that paved shoulders decreased
the crash counts by 30% to 70% compared to unpaved shoulders. Another study on rural two-lane highways
found that roads with narrow or no shoulders were safer than the roads with wider shoulders (9). Studies in
the urban areas, on the other hand, have shown inconsistent results. For instance, wider facilities have been
reported to have higher crash frequencies than the narrower facilities (10, 11). Dumbaugh (12) found the
opposite results and concluded that an increase in lane width and a subsequent decrease in the shoulder
width in urban arterials were associated with fewer segment crashes. Gross et al. (13) used several
combinations of lane width and shoulder width to study their safety trade-off while keeping the total width
constant. They did not find any clear relationship between the lane width and crashes due to variation in the



w N

© 00 N O U1 b~

10

12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Khattak, De Backer, De Winne, Brijs, and Pirdavani

shoulder width but reported a small improvement in the safety benefits of increasing lane width over the
shoulder width. Consequently, they proposed to develop crash modification factors (CMFs) considering the
interaction between lane and shoulder width.

Lane Width

Lane width is one of the most widely used roadway characteristics in studying crashes on urban
roads but its safety effects are often inconsistent (3). In highway engineering, wider lanes are usually linked
with higher operating speeds and increased safety than the narrower lanes. The HCM acknowledges this by
documenting higher free-flow speeds for multi-lane highways with wider lanes (5). Safety literature,
however, lacks tangible evidence on the safety implications of wider lanes. Mohammed (14) attempted to
show how lane width could affect roadway safety. He argued that it makes sense to assume that wider lanes
provide an additional space and time threshold that helps the drivers take corrective actions and avoid
collisions compared with narrower lanes. However, an opposing argument suggests that drivers are capable
of adapting to the available space and positive safety effects of wider lanes may be counterbalanced by an
increase in operating speed (15). Though some studies have found positive safety effects of wider lanes (16,
17), classical studies have mentioned an optimal lane width (usually around 3.5m) for safe traffic operations
(18, 19). Beyond that lane width, the safety benefits of widening lanes decrease and even can increase crash
risk in some cases (20). Mehta and Lou (21) found similar results for rural two-lane and rural four-lane
divided roads.

Number of Lanes

The number of lanes is another important roadway cross-sectional variable that affects the crash
counts either positively or negatively. To say, an increase in the number of lanes could result in a reduced
traffic density, which could have a positive effect on safety. On the other hand, an increase in the number
of lanes could also reduce safety since overtaking and lane changing maneuvers increase significantly. In
many studies, it has been established that a higher number of lanes is associated with an increased crash rate
(for detailed discussion, please see (22)). While studying the relationship between roadway cross-section
and crash occurrence, Noland and Oh (23), and Milton and Mannering (24) reported an increase in crash
counts as the number of lanes increased. Similar results were found by Abdel-Aty and Radwan (25) for
urban road segments. Garber and Ehrhart (26) used a different perspective by considering flow per lane of
the roadway and found an increase in crash rates when flow per lane increased.

On-Street Parking

The safety implications of on-street parking was the subject of many studies carried out between
the 1940s and 1970s (4). Since then, a small number of studies have considered the issue of on-street parking
and its safety implications, which implies that, possibly, the effect of on-street parking on traffic safety has
already been well-researched and solid conclusions have been established. The general findings of these
studies indicated that on-street parking is crash-prone and decrease the safety of road users (27, 28). Other
studies have found an increase in traffic safety as a result of the removal of on-street parking. For example,
in a very old study, a reduction of about 37% of non-intersection crashes was reported for six segments
when on-street parking was removed from the arterials in the city of Hamilton, Ontario (29). Dumbaugh
and Gattis (30) and El-din (31) have mentioned that on-street parking allows for the row of stationary
vehicles to act as a buffer between moving vehicles and pedestrian and, thereby, increase safety by
segregating them from fast-moving vehicles. In terms of parking type, parallel parking is usually described
as safer than perpendicular and angled parking (27, 32). Perpendicular parking and angled parking, however,
are previously reported to result in less severe crashes because of more separation (i.e., increased buffer
zone) between vehicles and pedestrians (33). Interested readers are referred to Sisiopiku (32) for a detailed
review of the effects of on-street parking on safety.
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Safety Performance Functions

Safety performance functions (SPFs) are regression models, developed to find a statistical
relationship between road crashes, traffic variables, and roadway characteristics. They are also known as
crash prediction models, accident prediction models, or collision prediction models. These are widely used
to measure the safety of roadway entities (i.e., segments and intersections). In particular, SPFs have found
applications in determining factors contributing to various crash types and severities, in the identification of
crash-prone areas (i.e., network screening), planning of hazardous sites through ranking, and in safety
considerations while designing roadway geometry. Road safety studies also use other techniques, such as
computational intelligence or artificial intelligence to find the relationship between crashes, traffic variables,
and roadway characteristics. However, SPFs are preferred because of the solid mathematical base associated
with these methods and because SPFs make the interpretation of results and causalities of the dependent
variables easy to determine (34). Further, SPFs take care of the regression-to-the-mean bias and are capable
of addressing the problem of unobserved heterogeneity in the crash data by using random-effects or by
appropriate modification of model specification. Finally, SPFs are good tools to account for the nonlinear
relationship between crash frequency and predictors (35).

In the beginning, researchers used simple linear regression to create crash prediction models,
assuming a normal distribution for road crash data while ignoring the problem of unequal variance (36).
Many studies, however, had proved the inadequacy of simple linear regression to model crash data (37).
Due to the limitations of linear regression to model discrete, non-negative, and asymmetrically distributed
random events (36, 38), researchers proposed generalized linear models (GLMs) for crash data analysis
(39). Several types of GLMs including Poisson regression (36, 40-42), Poisson-gamma or Negative
Binomial (NB) (41, 42), Quasi-Poisson (43), Gamma regression model (41), and other variations of the NB
regression model (44, 45) were used by researchers in road safety studies. The GLMs used for modeling
crash data have certain pros and cons depending on the characteristics of the available data. For example,
Poisson models are only suitable when the variance of the response variable is equal to its mean, which is
rarely the case with crash data. Further, using Poisson regression for crash data modeling directly tends to
underestimate the parameters standard error (SE), which can cause a biased selection of parameters in the
final model. To solve the problem of over-dispersion, researchers suggest the NB regression approach. It is
important to note that the relationship between the dependent and independent variables is not always linear
and hence typical NB models cannot be used. To deal with the non-linearity issues, most recent studies have
used generalized non-linear models (43, 46).

DATA PREPARATION AND DESCRIPTION

A dataset consisting of the information of urban roads of the city of Antwerp (Belgium) was
prepared. It comprised crash, traffic, and road geometry data for 6 years period (2010-2015). The total length
of the road network used in this study was 268.80 km and it was divided into 2467 homogeneous road
segments (Table 1). Crash data was acquired from the City Police of Antwerp. It contained information
about crash severity, time and date of the crash, geographical coordinates of the crash location, and
information about road conditions, drivers and vehicles involved. Crash data was divided into various
severity levels (i.e., All crashes, Injury crashes, Injury & Fatal crashes, Property Damage Only (PDO)
crashes). The road geometry data consists of road width, number of lanes, and type of pavement. It was
derived from an online official database of the Flemish government called Flanders Road Register (47).
Road segments were separated from intersections, as per the Highway Safety Manual (HSM) guidelines
(35), and homogeneous segments were defined using an open-source geographical information system
(GIS) application package QGIS, Version 3.6.2 (48) (QGIS Development Team, 2019). Since the original
data obtained from the Flanders Road Register did not contain a variable “lane width”, a roadway cross-
section variable “lane width” used in this study was defined as the width from curb to curb or an edge-line
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to edge-line of a roadway segment divided by the number of lanes in that segment as per the definition in
Hauer (49). Data about parking (i.e., presence, arrangement, and type) was manually obtained using Google
Maps (50). The presence of on-street parking takes a certain amount of roadway width that cannot be used
for traveling purposes. Segments with such parking settings were identified in the database and after detailed
scrutiny, it was decided to use the following study-specific definition of modified lane width using Google
Maps (50) and Google Earth Satellite Imagery (51);

e If there is parking on both sides, and the parking width equals to PW and roadway width equals
to RW, then lane width, LW, is defined as follows:
LW = RW — 2PW
o If there is parking on one side, and the parking width equals to PW and roadway width equals
to RW, then lane width is defined as follows:
LW = RW — PW
e Otherwise: LW = RW

It was decided to divide the parking settings into two discrete variables: (i) Parking Type and (ii)
Parking Arrangement. The parking type referred to the orientation in which the vehicle was parked relative
to the traveling lanes. Parking types used in this study included (a) Parallel (b) Mixed (c) Perpendicular (d)
Angled as shown in Figure 1. Parking arrangement was defined as the capability of the roadway to allow
for parking either on one or both sides. In the case of divided roads, it was possible to provide parking on
three or four sides (i.e., one or two-sided parking in each direction). Parking arrangements illustrated as (a)
One-sided (b) Two-sided (c) Three-sided (d) Four-sided are shown in Figure 2.

Figure 1 Parking type: (a) Parallel (b) Mixed (c) Perpendicular (d) Angled
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Figure 2 Parking arrangement: (a) One-sided (b) Two-sided (c) Three-sided (d) Four-sided

Traffic flow data were obtained from Lantis, a mobility management company in Antwerp. In the
current study, the actual traffic count data was used in combination with the results from the Lantis’s
microsimulation traffic model called Dynamisch Model Kernstad Antwerpen (DMKA). Mobiliteit en
Parkeren Antwerpen Ag, an office looking after parking and mobility services of Antwerp city also uses the
same model for optimizing its operations. The average traffic counts from the simulation results were
checked for residuals against the actual counts. The overall difference of the simulation counts from that of
the actual data was less than 5% for the study network. Finally, it was decided to use both actual counts and
simulation counts to obtain as much as possible traffic counts for the local streets and with the accuracy as

near as possible to the actual counts. Table 1 shows a summary of the data used in this study.

TABLE 1 Descriptive Statistics of a Dataset for the Urban Roads of Antwerp

Variables Minimum Maximum  Mean S.td'.
Deviation

Length(km) 0.04 1.557 0.109 0.104
Lane width(m) 2.50 5.00 3.51 0.50
No of Lanes 1 14 2.33 1.52
AADT (veh/day) 2 42783 4842 6543
Parking Type ? 0=738 sites, 1=1565 sites, 2=164 sites

Parking Arrangement ® 0= 740 sites, 1= 719 sites, 2= 949 sites, 3=59 sites

All crashes 0 243 7.52 10.28
Fatal plus Injury crashes 0 142 2.01 4.421
Injury crashes 0 142 1.99 4.402
PDO crashes 0 101 5.51 6.937

2 0= No parking, 1= Parallel parking, 2= Others (Perpendicular, angular and mixed parking)

®0= No parking, 1= One-sided parking, 2= Two-sided parking, 3= Others (Three-sided and Four-sided parking)
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METHOD

Functional Form

Generalized Linear Model (GLM) with the NB framework was used to estimate the crash frequency
as a function of various explanatory variables (i.e., road traffic, road geometry, and roadside environment
characteristics). A literature review showed that several studies in the past have used the following GLM
functional form (equation 1) that allows for the NB distribution framework;

Npredictedi = exp (.80 + ﬁl. L; + .82- ln(AADTi) + -t ﬂk- (in)) (1)

Where, Npredicted,i = Predicted crash frequency on segment “i”, Bo = intercept, L; = length of roadway
segment “i” (km), AADT; = Average annual daily traffic of segment “i” (veh/day), B« coefficient of variable
“k”, Xk = other predictors (e.g., geometric characteristic) of segment “i”’. Taking the natural logarithm of
AADT ensured the logical outcomes of the models, that is, to yield zero crashes when there is no traffic on
a specific road segment (52).

Multi-Collinearity

Multi-collinearity was checked for all potential predictors before developing the SPFs using the
variance inflation factor (VIF) test. The VIF is a value by which multi-collinearity among predictor variables
inflate the variance of the regression coefficients and is, therefore, used to quantify the severity of multi-
collinearity in regression analysis (54). In the literature, there is inconsistency in the thresholds of the VIF
test. Values less than 5 are considered acceptable (53), although some previous studies have also used a VIF
equal 10 as a cut off value (54, 55). The current work has used a VIF value of 5 as a more conservative
threshold. The variables with VIF measures above 5 were excluded from the analysis in a step-wise order.

Validation of SPFs

The study data was divided into model training and validation sets. Randomly selected 20% of the
data was used for validation purposes while the remaining 80% was used for developing and training the
SPF models. The goodness of fit (GOF) measures including mean prediction bias (MPB), mean absolute
deviation (MAD) and mean squared prediction error (MSPE) were calculated using the validation dataset
(56). The smaller the absolute values of GOF measures were, the better the prediction performance was.
The model performance was further investigated by using the percentage CURE deviation analysis (57). A
factor similar to the calibration factor which we called a model validation factor (MVF) was also calculated
using the validation dataset (57). The MVF is equal to the ratio of the total predicted crashes to the total
observed crashes, thus, a value close to 1 indicates better prediction performance.

RESULTS

We developed models for “All crashes”, “PDO crashes”, “Injury crashes”, and “Injury & Fatal
crashes”. The GLM using the NB framework was used for model construction. Roadway cross-section
variables (i.e., lane width and number of lanes) and on-street parking variables (i.e., parking type and
parking arrangement) were considered for modeling. The parameter estimates for the variables were
statistically significant at 95% confidence level.

Model Results

The results (Table 2) showed that crash frequency was positively associated with the traffic variable
and segment length for all crash severity levels. This means that with an increase in AADT on road
segments, the expected crash frequency will also increase. Similarly, longer segments will results in higher
expected crash frequency than the shorter segments. It is important to note that the increase in expected
crash frequency was, however, not uniform across the severity levels. An increase in the traffic volume will
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1  TABLE 2 Safety Performance Functions for Urban Roads of Antwerp by Crash Severity Level

Parking type and parking arrangement in combination with In (AADT), number of lanes and lane width

All crashes PDO Injury Injury & Fatal
Coef. SE  p-value Coef. SE  p-value  Coef. SE  p-value Coef. SE p-value
Parameters
Intercept -0.847 0.231 0.000 -0.666 0.234 0.004 -3.954 0.354 0.000 -3.900 0.353 0.000
Length 2314  0.261 0.000 2434 0.275 0.000 2.080 0.347 0.000 2.506 0.304 0.000
In(AADT) 0.270  0.018 0.000 0.203 0.019 0.000 0.551 0.029  0.000 0.547  0.030 0.000
No of Lanes 0.051 0.017 0.002 0.061 0.018 0.001 0.037 0.023 0.108 0.052  0.023 0.025
Lane width -0.043  0.047 0.358 -0.054 0.048 0.261 -0.107 0.070  0.125 -0.157  0.069 0.023
Parking Type
Base: No Parking  Others ? 0.169 0.688 0.806 1.123 0.614 0.067 -1.293 1.069 0.227 -1.454  0.830 0.080
Parallel 0.314 0.681 0.645 1.110 0.607 0.068 -1.185 1.059 0.263 -1.236  0.817 0.131
Parking
Arrangement
Base: No Parking  Others ® 0.812  0.697 0.244 -0.034 0.624 0.956 1.673 1.074 0.012 1.884 0.839 0.025
iasrﬁ(relg 0.390 0.682 0.567 -0.318 0.608  0.600 1.372 1.060 0.020 1.460 0.818 0.074
;asrllgi(; 0.115 0.684 0.866 -0.660 0.609 0.278 1.297 1.061 0.022 1.406 0.820 0.087
Dispersion 0.646  0.029 0.670 0.032 0.769 0.055 0.755  0.055
Log-likelihood -4946.370 -4528.728 -2821.160 -2766.602
AIC 9914.740 9079.457 5664.320 5555.203

= Perpendicular, angled and mixed parking
P = 3-sided and 4-sided parking
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cause a greater increase in expected “Injury crashes” and “Injury & Fatal crashes” compared to “All crashes”
and “PDO crashes”.

The variable “lane width” was not significant in the developed models except for “Injury & Fatal
crashes” where a negative association was found, i.e., an increase in lane width will reduce the frequency
of “Injury & Fatal crashes”. The variable “number of lanes” was positively associated with crash frequency
in all models, which confirmed the findings of Noland and Oh (23), and Abdel-Aty and Radwan (25). The
increase in frequency for “PDO crashes” was higher than other crash severities. Further, the parameter for
the number of lanes, estimated for “All crashes”, can be seen nearly similar to that of “Injury & Fatal
crashes” in the developed models.

Parking type and parking arrangement, both, were not significant for “All crashes” and “PDO
crashes”. Parking arrangement was, however, significant for “Injury crashes”, and “Injury & Fatal crash”.
The presence of on-street parking revealed an increase in “Injury crashes”, and “Injury & Fatal crashes”.
Two-sided parking showed slightly more “Injury crashes” than one-sided that, in turn, showed more “Injury
crashes” than no parking settings. Crash frequency was highest when there was parking on either one or
both sides of traveling lanes on divided roadways (i.e., three- or four-sided parking arrangement, as shown
in Figure 2c and Figure 2d) relative to undivided roadways (i.e., one- or two-sided parking arrangement,
as shown in Figure 2a and Figure 2b). The increased number of crashes with injuries and fatalities as a
result of increased complexity in parking arrangement could be due to more potential conflicts and difficult
traffic movements in case of two-, three- or four-sided parking. From a policy recommendation point of
view, no parking on the streets or one-sided parking could improve traffic flow and also results in less severe
crashes, where possible.

Performance Evaluation of the Developed SPFs

Table 3 shows the performance evaluation and validation of the developed SPFs. The MPB, MAD,
and MSPE values for “Injury” and “Injury & Fatal” crashes’ SPFs were close to zero, showing better
goodness of fit than “All crashes” and “PDO crashes” models. When % CURE deviation was calculated,
the percentage of the CURE points outside the two standard deviation limits was higher for “PDO crashes”.
Upon the inspection of the data, it was revealed that reported values of PDO crashes for a few segments
were relatively huge and the corresponding predictive values were smaller, which caused an increase in the
cumulative residuals, and consequently, some of the points were seen out of the threshold limits. Removing
the outliers could have potentially resolved this issue. The validation factor showed around plus-minus 5%
over- or under-estimation in the crash prediction. The SPF for “All crashes” showed under-estimation while
the remaining SPFs showed slight overestimation.

TABLE 3 Performance Evaluation and Validation of the Developed SPFs

GOF measures All PDO Injury Injury & Fatal

MPB -0.076 0.052 0.014 0.024

MAD 0.795 0.633 0.290 0.290

MSPE 1.584 1.140 0.512 0.379

% CURE Deviation 1% 10% 3% 0%

Validation Ratio 0.942 1.060 1.044 1.075
DISCUSSION

The results of our study indicated an increase in crash frequency with an increase in the traffic
volume and length of a road segment. As the number of vehicles grows on a particular facility, it increases
the risk of conflicts, which in few instances are resulted in actual collisions. Similarly, drivers tend to speed
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on longer homogeneous segments because of a uniform design and similar traffic conditions, which could
potentially increase the risk of involvement in a collision, given the acknowledged association between high
speed and crashes.

The “lane width” was not found to be a significant predictor of crash frequency in our models except
for “Injury & Fatal” crashes. Similar findings have been reported by a few studies (8, 58, 59). The significant
part of the above result, however, deserves some explanation. An increase in the lane width is found to be
negatively associated with the frequency of “Injury & Fatal” crashes. This might be because wider lanes
provide drivers an additional space and time thresholds to take corrective measures and avoid crashes. Even
if the outcome of the events on a roadway with wider lanes is a crash, an extra width might still help in
converting a potential injury crash to a non-injury crash. The relationship of “lane width” with crash
frequency was also negative for other severity levels, although insignificant (Table 2).

The number of lanes was associated positively with crash frequency for all severity levels, which
confirmed the findings of Noland and Oh (23), and Abdel-Aty and Radwan (25). More lanes provide more
space for the drivers, resulting in more lane changing, weaving and overtaking maneuvers, potential higher
speed, and increased perception of safety. Hence, one would indeed expect more crashes on roads with more
lanes. Moreover, with an increase in the number of lanes, pedestrian and cyclist crossing distances also
increase. This increases the risk of involvement in a crash, particularly on roads with higher traffic volume
and no control.

The insignificance of parking type and parking arrangement variables for “All crashes” and “PDO
crashes” in the models was rather unexpected, especially since it was previously established in the literature
indicating that parking often affects the safety of road network. Although insignificant, very interesting
differences were noticed regarding the impact of parking type on different crash severities. For instance, the
models for “All crashes” and “PDO crashes” showed a positive association between crash frequencies and
parking type, meaning that these crashes increased when some type of parking was present compared to no
parking. There was, however, no substantial difference in the increase among various parking types (i.e.,
approximately similar coefficient estimates for parallel parking and others) for “PDO crashes”. For “Injury
crashes” and “Injury & Fatal crashes”, a negative association between crash frequency and parking type was
observed. The negative sign and the magnitude of “parking type” parameters reveals important insights
regarding severe injury crashes. The negative parameters obtained shows that perpendicular and angled
parking result in a more reduction of “Injury crashes” and “Injury & Fatal crashes” than parallel parking.
This could be explained by the fact that when drivers encounter complex parking designs, e.g.,
perpendicular, angle, or mixed, they drive slower and more cautiously, which in return decreases the crash
severity. Also, perpendicular and angle parking provide more separation (buffer zone) between vehicles and
vulnerable road users compared to parallel parking or no parking (33), which could be another reason for
less severe crashes in case of perpendicular, angle, or mixed parking settings. These results can interest
policymakers given that higher injury severity crashes often lead to greater social costs (3) and minimizing
those crashes will not only have economic advantages to the society but also help us improve the
sustainability of the transportation system. To sum up, the following recommendations can be made based
on the findings of this study:

¢ Increasing lane width could potentially reduce the frequency of high severity crashes including
fatal crashes in the urban areas.

¢ Minimizing the number of lanes could results in a reduction of all crashes, irrespective of the
severity.

e On-street parking should be carefully provided on urban roads. Perpendicular and angled
parking types could relatively reduce injury and fatal crashes compared to parallel parking.
Parking on one side of a roadway segment is safer compared to two sides. Parking on both sides
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of each direction of divided roadways is the most dangerous one and should be avoided, if
possible.

CONCLUSIONS

Cross-section design is an important practice for highway engineers since it can impact capacity,
function, and safety of a roadway facility. While there are tools available to easily evaluate the impact of
cross-section elements on roadway capacity and function, assessment of their safety implications is not
always straightforward. Researchers have developed several models to evaluate the safety effects of
roadway width, shoulder width, median width, etc., but the results are often inconsistent and in some cases,
contradictory. Also, it is important to note that there is a lack of research on urban roads compared to rural
roads. Thus, the relationship between roadway cross-section and crash frequency was investigated to
provide new insights into the understanding of the identified problem.

In this study, we developed several SPFs to understand the impact of roadway cross-section
elements and on-street parking on crash occurrences in urban areas. Models were created for four crash
severity levels (i.e., All crashes, Injury crashes, Injury & Fatal crashes, and Property Damage Only crashes).
Results indicated that segment length, traffic flow, and the number of lanes were positively associated with
the crash occurrence. The variable “lane width” was, however, not significant except for the “Injury and
Fatal crashes” where it has a negative association with the crash occurrence. Both of the parking-related
variables were not significant when they were included in the models for “All crashes” and “PDO crashes”.
For “Injury crashes” and “Injury & Fatal crashes”, parking arrangement was, however, significant. All
parking arrangements were associated with higher “Injury crashes” and “Injury & Fatal crashes” frequencies
compared to no parking. This was particularly an important finding with significant policy implications
concerning severe injury crashes.

This study has also some limitations. First of all, a linear relationship between the crash frequency
and lane width was assumed in this work. Consideration of generalized non-linear models used in relatively
recent studies (43, 46) might provide more realistic insights about the influence of lane width on crash
occurrence. This study has only used lane width, the number of lanes and parking-related variables to
analyze crash data. Allowing for other variables, like median width and type, presence/absence of tramlines,
etc. in the analysis could provide a relatively more complete set of predictors, although their association is
yet to be verified. Also, since most of Antwerp urban roads have adjacent bicycle lanes, including this
variable could provide a detailed understanding of crash causation. Future work is scheduled to include
those variables and use generalized non-linear models for the prediction of crash frequency.
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