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ABSTRACT

Weaving is defined as the crossing of two streamsgetling in the same direction along a
significant section of the road without the assistof traffic control devices. Merging and
diverging vehicles need to make one or more lamagbs in a limited space and time,
determined by the weaving section length. Thisasitun creates intensive lane-change
maneuvers, combined with heavy traffic volumes aaaability in the speeds of the weaving
and non-weaving vehicles. This often results ietyand operational problems.

In the literature few studies developed crash ptexi models for weaving sections.
Therefore, the main objective of this study is mwestigate how different geometric and
traffic related variables affect the safety perfanoe of motorways’ weaving sections, and
develop a quantitative model for crash predictidgn.sample of 110 weaving sections
distributed all over the motorway network in ThetitNglands was included. A database
composed of the traffic and geometric charactesstif the weaving sections, and of their
crash records was prepared. A Negative Binomialesssjon model was developed and the
factors that mostly influence the crash frequertayeaving sections were identified.

The results show that crash frequencies of weasaugions are significantly affected
by the length of the weaving section, the averagrial daily traffic (AADT), the percentage
of weaving cars, the number of lanes on the maitom@y and the location of the weaving
section relative to the interchange (if inside otsae the interchange).

Keywords: Weaving sections; Crash prediction; Negative Bired regression; Safety
performance; Lane-changing

INTRODUCTION

Traffic safety is undoubtedly a major issue foristcand is increasingly attracting a lot of
attention(1). Most countries are trying to diminish traffic shees and especially the resulting
number of fatalitieg2). Weaving sections on motorways present higherhcpasbabilities
compared to a basic motorway section. More spadificin the Netherlands, the number of
crashes per vehicle kilometer at weaving sectienabiout twice as high as on the basic
motorway road section@). Weaving sections on motorways are considered tthéemost
complex part because of the extensive lane-changiageuvering creating higher levels of
turbulent traffic operations compared to a basidamweay section(4). The frequent lane-
changing maneuvers are due to crossing of entarmlgexiting traffic over a short distance,
while traveling in the same direction without thesigtance of traffic control devices. This has
negative implications on the level of safety anéragions of motorway€) and sometimes
even have operational impacts that can stretchrizkgee localized sectiofi, 6, 7).

Apart from the length of the weaving segment thatstrains the time and space in
which drivers must make the required lane-chantfes,lack of homogeneity in terms of
driving speeds between weaving and non-weavingcieshiare argued to be among the
primary causes of crashes on weaving sectibnsHomogeneity of driving speeds is one of
the important principles of Sustainable Saf@y When entering traffic merges with through
traffic on the motorway, traffic density increasesulting in higher complexity for the road
users. These changes and the increased complex#tgsrthe potential for conflicts and
crashes(9). According to Elvik(10) the term “complexity” refers to the amount of new
information a road user has to process per uniinté. As a result, complexity constitutes a
basic risk factor for road crashes and inju(i).
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The horizontal and vertical alignments of the ran(\phich are associated with the
interchange type) complicate the lane changing onaere that are executed by drivers on
weaving sections. The road curvature affects vekid¢tavel speeds and limits the view of the
weaving section ahead. Therefore, drivers do nbtipate approaching traffic from the on-
ramps on the right sid®).

Although crash prediction models (CPMs) are widgdgd for assessing the safety of
roads, there has been little effort for developiteglicated CPMs for weaving sectiof’s.
Relatively few studies have analyzed the relatignbletween the characteristics of weaving
sections and traffic safefft1). The main reason for this is the complexity oflecting traffic
and road related dat&/). The following paragraphs summarize the statdrefart with
respect to the safety of weaving sections.

Cirillo (12) studied the effects of the length of weaving s&j acceleration lanes
and deceleration lanes on crash rate using datectsd in 1961. The results showed that
longer weaving sections would effectively reducasbr rates if the Average Daily Traffic
(ADT) is greater than 10,000 vehicles per day, whsrthe increase of the weaving section
length of weaving sections with lower traffic volarmay not affect crash rates. In case more
than 6% of the traffic is merging, the increasetted length of the acceleration lanes can
decrease crash rates to a higher extent thanc¢hease of the length of the deceleration lanes.

Glad et al(6) studied collisions’ types and severities occurmgweaving sections in
Olympia, Washington, using data collected from 19841996. The results showed that
congestion on weaving sections during peak houutdclead to rear-end collisions, while
during off peak hours, the increase in speedsetrific along weaving sections and ramps
increases the sideswipe and rear-end collisiond, leads to more severe collisions. The
safety impacts of restricting ramp to ramp traffiovements in the weaving section, adding a
lane to existing motorway, providing a collectostdbutor lane to remove weaving section,
and ramp metering were studied by using trafficusation models. The authors found that
the collector/distributor alternative was the hasmproving the operational level of weaving
sections.

Golob et al(11) analyzed the safety of 55 weaving sections ofouaritypes (A, B, C)

in Southern California. The results showed thateghg&as no difference among these three
different types in terms of the overall crash rateer one year. However, important

differences were found in terms of the types oflkes that occurred, their severity, location,
causal factors, and the most probable time periodrash occurrence. It was found that

crashes in Type A weaving sections are the leastreaeamong the three types of weaving
sections. In Type B on the other hand, becausegbh variability of speeds, crash severity
is higher compared to Type A or C.

Liu et al (13) investigated the safety impacts of lane arrangesnagtiveen motorway
entrance and exit ramps by selecting 66 motorwagvimg segments in the state of Florida.
Three different types of weaving sections, TypeBAand C, were studied to compare their
safety performance. Crash prediction models wereeldped, using Negative Binomial
regression, in order to determine the relationfl@pveen the number of crashes reported at
the selected motorway segments and various explignadriables. The explanatory variables
included the length of the weaving section, theamp ADT, the type of lane arrangement,
the main motorway ADT, the number of lanes, andpbsted speed limit. It was found that
the length of the weaving section, the on-ramp A&XTwell as the posted speed limit had
negative impact on the safety of weaving secti@s.the contrary, Type C presented the
lowest average crash frequency.
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Pulugurtha and Bhat{l) collected and analyzed crash data, weaving sexttion
characteristics, and traffic volumes of 25 weavsagtions in Las Vegas. Descriptive and
statistical analyses were conducted to study thatioaships between crashes and the
characteristics of the weaving sections (type affigoration, total number of required lane-
changes by weaving traffic, length of weaving sew), and traffic variables (entering traffic
volume, exiting traffic volume and non-weaving fi@volume). A Poisson distribution was
applied and the results showed that the numberashes tends to decrease with the increase
in weaving sections’ lengths. In addition, an i@ in entering traffic volume increases
crashes due to improper lane-changes and run-efféhdway crashes, whereas an increase
in exiting volume increases rear-end crashes, esdhe to following too closely, and crashes
due to inattentive driving.

Park et al(14) conducted a study to investigate the safety effetctsiportant design
elements for motorways. Negative binomial regressimodels were used to estimate the
effects of several independent variables on crashesfinal model indicated that crashes on
motorway segments were affected by the ADT, on-ralapsity, the number of lanes (for
urban motorways), and whether the motorway is iudran or rural area. Off-ramp density
was not a statistically significant influencing tac The effect of on-ramp density on
motorway crashes was significant for horizontalvegrsections but not for tangent sections,
which indicates that motorway designers should évdesigning on-ramps within the
horizontal curves. The statistical modelling reswere geared into the development of crash
modification factors for on-ramp density and hontad curves. These crash modification
factors can be used for safety prediction of mosysv

Le and Porte(15) used Negative Binomial regression modelling apgaa order to
explore the relationship between ramp spacing afetys Several other traffic and geometric
variables were also included to increase the eaptep power of the model. The results of
this study indicated that crash frequency increasechmp spacing decreased, and the safety
benefits of having an auxiliary lane decreasedaagorspacing increased.

Recently, Qi et al(7) used a Poisson distribution to develop a crashigired model
based on a data base of 16 weaving sections askl dasa over a five years period. Based on
the developed model the authors derived crash meatidn factors. It was found that longer
weaving sections had lower crash frequencies p80 10, and that the number of crashes
increases as the needed number of lane-changeiwdrgidg traffic increases. Furthermore,
while it was found that an increase in the mergiadfic volume decreases crash risk, the
increase in diverging traffic volume has an oppositect, i.e. increases crash risk.

The Highway Safety Manua|l6) presents different crash prediction models and
Accident Modification Factors (AMF), however, thesestill a lack of an available AMF for
the treatment of increasing the length of weavingas, although the trend regarding the
potential change in crashes or user behavior isvkn@MFs for other variables related to
weaving areas are also not available yet.

As can be seen from the literature review, rel&itew studies were conducted which
developed CPMs for weaving sections, and some exetiprevious studies are quite old by
now or have limited sample size. Therefore, thera need to develop newer models and use
valid and sufficient sample size for the developt@rsuch models.

The rest of the paper is organized as follows:rteet section presents the research
methodology, which includes sites selection, datéection and model formulation. This is
followed by the analysis results, and finally, thecussion and conclusions.
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RESEARCH METHODOLOGY

This section summarizes the procedure of the sidésction, data collection, and the crash
prediction model formulation.

Sites Selection

In traffic engineering, three types of weaving Bew® and their combinations are
distinguished based on the minimum number of ldreges required for completing the
weaving manoeuver@). Type A requires each and every weaving vehiclexiecute at least
one lane-change within the weaving area. Theretwaoee possible formations of type A
weaving sections as shown in Figure 1 (al) and. (a2poth formations, the lane-changes
occur across the dashed line that connects tharmatrgore with the exit gore. In type B, one
weaving movement can be accomplished without makimg lane-change, while the other
weaving movement requires, at most, one lane-chéegefor example Figure 1b). Finally, in
type C one weaving movement is carried out withany lane-change, while the other
requires, at least, two lane-changes as showneareample in Figure 1€17). It is also
possible that two types of weaving configuratioas ®e combined to create one that is a
combination of two types of weaving sections (sasfType A-B, presented in Figure 1d).

A = Lengh ———» & e C
B D B D
(al) Type A weaving section: Ramp weave; a®e A weaving section: Major weave;
A A

e B i R N o
8 = \iD B > 7777777 ~—— - ~ L —

j D
(b) Type B (c) Type C
— — —_—
o — 3
(d) Type AB(1)

FIGURE 1 Types of weaving section configurations.

In this case study, using geographical data by sRigterstaat (Dutch Ministry of
Infrastructure and the Environment), 121 weavingtieas with different geometric
configurations, numbers of auxiliary lanes and raamangements, were identified as shown
in the motorway network of The Netherlands in Fegut. The weaving sections were
distributed by type as follows: 110 Type A, 4 Typeand 7 Type AB. This study focuses on
type A weaving sections due to the lack of suffitiarge samples (>30 observations) for the
other types of configurations (types C and AB). Baenple size of type A can be explained
by the fact that in the Netherlands, this typéesinost common.

The weaving section in Figure 1(al) consists of kane on-ramp followed by a one
lane off-ramp with a continuous auxiliary lane ceating the two ramps. Out of the total 110
type A weaving sections, 94 were of this type, tmintamp-weave. The remaining 16
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1 weaving sections were of the major-weave type (showFigure 1(a2)). In a major-weave
2 type, at least three of the entry and exit legsehaultiple lanes.

3 , ;
4 FIGURE 2 Selected weaving sections.

Data Collection

The weaving sections (110 type A) were categoripetivo groups based on their proximity
to interchanges; either outside interchanges (58vimg sections) or inside interchanges (52
weaving sections). From the perspective of drivérsse two types are significantly different.
Weaving sections that are outside interchangepateof a through carriageway, while those
inside interchanges are preceded by connectingoascdf the interchange as illustrated in
Figure 3. This categorization is supported by Torbi al. (18) who compared the Safety
Performance Functions (SPFs) of both segment tymes found that weaving sections
“within” interchanges have more crashes than thHoséside” interchanges. The authdds)
reasoned that this increase is due to the weaumllane-changing associated with the
15 interchange ramps.

el el
ARwNPRPOOVO~NO® O
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17 FIGURE 3 Weaving sections located either inside thiaterchange (red lines inside the
18 dashed green rectangle) or outside the interchandeed lines inside the orange
19 rectangle)
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Road design characteristics

Data on the road design characteristics of thecwsleweaving sections were collected by
using Google Earth, Google street view and Geoggeaptformation System (GIS). The
resulting database includes: the number of lan#seirmain motorway, the number of lanes in
the on/off ramps, the total number of lanes inweaving area, the length of each weaving
section and if the weaving section is symmetriagymmetric. Symmetrical weaving sections
need to meet two requirements: (i) the total nunabelriving lanes of the carriageways to be
merged equals the total number of lanes of theaggways to be split; (ii) the convergence
and divergence point are positioned along the saraked line. The weaving section is
asymmetrical if the aforementioned requirementaatanet(19).

The length of each weaving section was obtaine@I8y i.e. ArcGIS from ESR(20).
The weaving length is measured from the merge gma to the diverge gore area as shown
in Figure 1(al), following the definition of thenlgth in the HCM 201@4).

Traffic flow data

Beside the road geometric design characteristats, @n traffic flows on the weaving sections
is also a significant factor that should be consdein the development of CPMs. The
Average Annual Daily Traffic (AADT) was determiném loop detector data. Since there
were no empirical data on the share of weavingolesi traffic modelling calculations were
made by 4Cast company using a strategic trafficehndmed Nederlands Regionaal Model
(NRM 2014)(21). This model is designed to produce regional trarispnd traffic forecasts
and can provide traffic flow data at a link lev&he modelling methodology used for this
study was based on link analysis. More specificdtly the purpose of this study it was not
sufficient only to know how much traffic is assight each link, but also from which other
links the traffic was coming and towards which Bnthe traffic was travelling. Therefore,
selected links were used to acquire this infornmatay the weaving sections. The selection of
the relevant links was made by Rijkswaterstaat. [dhd of a specific weaving movement can
then be determined by studying the model outputs TH explained in Figure 4. In this
example 78 vehicles per hour will weave from themmaotorway to the off-ramp during a
peak hour. The remaining traffic (312 vehicles peur) continues to drive on the main
motorway. To complete this weaving section an aoluitl selected link analysis was carried
out for the on-ramp, which is not shown in Figurd-dr more details on the validation of the
NRM model seg22).

-selected link

i 390.40veh/h (100%) 312,32 (80%) veh/h

78.08 (20%) veh/h

FIGURE 4 Example of a selected link analysis.

In this way, the weaving and non-weaving percergagere determined for each
weaving section for both morning and evening pealkr$ and separately for cars and freight
traffic. Figure 5 illustrates an example from orfetlee included weaving sections in the
sample:



e
RPOWOWONOUT MW N

12

13
14
15
16
17
18
19
20
21

22
23

lliadi et al. 8

/

cars AM freight AM cars PM freight PM
14% 47.3% 3.2% 11%
35.5% 35.6% 46.9% 72.4%
41.6% 11.9% 31.8% 7.6%
9% 5.3% 18% 9.1%

FIGURE 5 Percentage of weaving and non-weaving cdfgeight during peak hours in
the weaving section Rijnsweerd.

A

To estimate the AADT on the on-ramps and off-rampsyas assumed that the calculated
percentages of weaving and non-weaving cars anghfreluring peak hours, presented in
Figure 5, remain the same during the day. Thuanbltiplying the average percentages (of
AM and PM peak hours) in Figure 5 with the AADT tive weaving section obtained from
the loop detectors, the AADT on the on-ramps anBirashps were estimated. This
assumption should be investigated and verifiedifaré studies when empirical data becomes
available.

Crash data

A database of police-reported crashes and thedl leflvseverity for a 3 year period, (2007-
2009), was available from the Dutch national roaask registration (BRON). The crash
database contained information on the crash typleocsnthe geographic coordinates of the
crash location (longitude and latitude) which eedld spatial distribution analysis. Based on
the crash spatial location information and the leragormation in the BRON database,
crashes that occurred in weaving sections weretifdghand selected. Information on the
collisions’ types and severities were also avadaflhe crash data considered all types of
crashes and all levels of severities. Figure 6 shawexample of a map of crashes that were
recorded in 2007-2009.

\

/ .i‘ir’:’.‘;.““;‘. ©0000 o0 o
\ / o ~

\/ b (P
|

FIGURE 6 Crash map (Red lines: weaving segments, i points: number of crashes).
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The aforementioned variables were all used in orderbuild a well-structured
database in Geographic Information System (GIShlef4 summarizes the geometric and
traffic variables that were included in the study.

TABLE 1 Summary of the Considered Explanatory Geomgic and Traffic Variables

Explanatory Variables

Geometric Traffic

Configuration Type of weavin

g 2 . .
sections (Type A) AADT “ on the weaving section

Number of required lane-changes

b
weaving traffic (merging, diverging) AADT on the on-ramp

Length of the weaving section (meters) AADT on dlfferamp

Number of lanes in the main motorway AADT on thamraotorway

Average percentages of weaving cars

Number of lanes in the on/off ramps during peak houfs

Total number of lanes in the weavindverage percentages of weaving freight
section during peak hours

Location of a weaving section
* Inside the interchange
» Qutside the interchange

Average percentages of non-weaving cars
during peak hours

Average percentages of non-weaving

Interchange type freight during peak hours

Percentage of heavy vehicles (freight)

Symmetry condition during peak hours

Percentage of weaving vehicles (average

Existence of auxiliary lane of AM and PM)

Model Formulation

The fluctuation of the crash counts occurring anad section during given time intervals can
be described by assuming that the crash numberren@om variable with the Poisson
probability law(23). Therefore, the Poisson regression methodologyimaally attempted.
However, in this study, the Poisson distributiorswejected because the mean and variance
of the dependent variable were different, indicanwer dispersion in the data (more variation
in the data than predicted). Therefore, a Negdiv@mial (NB) model, which accounts for
the over-dispersion, was chosen to investigatanipact of different contributing geometric
and traffic factors to the safety of motorways’ wieg sections. The NB model is widely
applied for the development of CPNIS3, 14, 15, 24).

NB model allows for the variance of crash countbeé greater than the mean which
appears to be the case often when analyzing ciatsh The model is derived by introducing

2 Average Annual Daily Traffic (veh/day)
% Average of AM and PM
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an additional gamma-distributed error teraxp(e;), to the mean function of the Poison
regression. This error term has a mean equal tmlvariancex (25, 26, 27) as illustrated in
Eqg. 1:

A; = exp(BX; + &) (1)

This as a result leads to the following conditiogmabability function:

P(n;le) = exp[-4; eXp(er!][/li exp(&;)] )

Where,Ai is the expected mean number of crashes on weaettpn ini the number of
crashes on weaving section i, in this case oveyeaB period, and; is the error term.

The logarithm of the outcoma(4;), and in this casi(crashes), is predicted with a linear
combination of the predictor&q. 3).

In(crashes) = B, + B1X1 + B2X2 + --- + BiXi 3)

where, X1, X2.. Xi are the explanatory variables that affect the remdé expected
crashes anf1, 52 .... Bi are the corresponding coefficiernEs). 3 is equivalent to:

crashes = eBotXBixi — pBo x X Bixi 4)(

A backward stepwise elimination procedure was astbpio identify significant
variables that contribute to crashes. Followings throcedure, all candidate variables are
included in the model at the beginning. Then, @native testing procedure resumes with
deleting variables and testing whether the deletroproves the model. This process is
repeated until no further improvement is possibleus, different combinations of variables
were tested in order to determine the best model.

In order to decide which subset of independentatdes should be included in the
model, the AIC (Akaike’s Information Criterion) wased(28, 29). AIC identifies the best
approximating model among a class of competing nsoddth different number of
parameters. AIC is defined as follows:

AIC = -2XML+2Xk (5)

whereML is the maximum likelihood and k is the number afiables in the model.
AIC can be used to compare the goodness of fitugetlse dimensionality or number of free
parameters of different models. The model yieldlmgsmallest value of AIC is considered as
the best modgP5, 28).

The R statistical software, and the ‘foreign’, ‘ggR’, ‘MASS’ packages, were used
to estimate this mod€B0).
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ANALYSIS RESULTS
Preliminary Analysis Results

Before developing and estimating a CPM, a desorptf the database and a preliminary
descriptive statistics are summarized in Table 2:

TABLE 2 Descriptive Statistics for Initially Considered Independent Variables

Characteristics of the Interchange

L ocation Ou_tside th_e interchange 58
Inside the interchange 52
Cloverleaf 54

Interchange Type Clover-turbine 26
Trumpet 13
other 17
Symmetrical 107

Symmetry Asymmetrical 3

Geometric and Traffic Characteristics

Variables Min. Max. Mean/Mode  Freq.

Number of lanes in the main motorway 1 4 2 110

Number of lanes at the on-ramp 1 2 1 110

Number of lanes at the off-ramp 1 2 1 110

Total number of lanes in the weaving 2 6 3 110

section

Length of weaving section (meters) 101 1498 417.5 10 1

Average percentage of weaving cars 11% 100% 56% 110

during peak houf's (%)

Average percentage of weaving freight 2% 31% 12% 110

during peak hours, (%)

Average percentage of weaving vehicles 13% 100% 57% 110

during peak hours, (%)

Average percentages of heavy vehicles 2% 31% 17% 110

(freight) during peak hours, (%)
AADT® on the weaving section (veh/day) 373 100,230 29,91 110

AADT on-the on-ramp, (veh/day) 0 52,335 10,006 110
AADT on-the off-ramp, (veh/day) 91 54,580 10,248 011
AADT on the main motorway, (veh/day) 236 75,455 919, 110

P OO©OW~NO

[

As can be seen from Table 2 almost half of the wepsections were located outside
the interchange while the rest were located inglie interchange. Almost half of the
interchanges were of the Cloverleaf type (49%), esainthe clover-turbine type (24%), few
of the Trumpet type (12%), and the rest (25%) beomixed complex types of interchanges.
Almost all of the weaving sections were symmetri€ther details on the geometrical and
traffic related variables of the selected weaviegtions are described in Table 2.

* Average of AM and PM
> AADT — Average Annual Daily Traffic (veh/day)
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Estimation Results

The best estimated three crash prediction modelp@asented in Table 3. The results show
that all the remaining variables in the modelsdrplausible sign (with a positive sign for an
increase in the crash frequency and negative signafdecrease). These variables are
significant at the 95% confidence level (p-valQ®5), except for the location variable which
is significant at the 90% confidence level (p-vald).

According to the results in Table 3, the model wtitle smallest AIC is Model C.
However, for Model C, the values of the AADT on tta@nps were not measured from loop
detectors but they were derived by the NRM (NedeidaRegionaal Model) model mentioned
earlier. These modelled values create uncertainigesthey depend on the accuracy of the
models and the assumptions made regarding the shareaving and non-weaving cars and
freight, and therefore, may abstain from realityor® a theoretical perspective, Model B
seems more suitable as the variables are derivedsing the least modelled values, i.e.,
AADT is measured by loop detectors and only theestd weaving cars during rush hours
was estimated using NRM.

Model B has 5 independent variables plus a constamt (intercept). The independent
variables include the AADT of the weaving sectitim length which equals the distance
between the entrance gore and exit gore, the pagef cars that are weaving, the number
of lanes on the main (through) motorway, and tleation of the weaving section related to
the interchange (inside or outside). The equatamtlie crash prediction model, based on
Eq.3, is given as following:

In(crashes) = —10.02 + 0.46 X In(Length) + 0.88 X In(AADT of weaving section) +
0.35 X (No. of lanes on the main motorway) + 1.05 X (Percentage of weaving cars) —
1.67 X (Location related to the interchange) (6)

It can be seen from Table 3 that the dispersioarpater value is over 1 confirming
the existence of over-dispersion, and the necessityse the NB model. To measure the
overall goodness of fit statistics, the devianceiw@ (LL(B) — LL(0)) which follows a chi-
square ) distribution was used to test the overall goodnefsfit (25). They® test of the
deviance value (145.4 with 5 degrees of freedormyjpstis the rejection of the null hypothesis
that the obtained model has explanatory power efgutiiat of the model with the constant
term only. Therefore, the model shows an overadldgstatistical fit.

According to Model B, the coefficients for the natulogarithm of the exposure
variables (the sections’ length and AADT) were foun be significant and positive. This
indicates that the number of crashes tends to dggeehion longer weaving sections and with
higher traffic flows. Both coefficients are lowdnan 1 (0.46 and 0.88) meaning that the
number of crashes increases less than proportwatiathe traffic flow and length. However,
if the crash frequency is transformed to crashesupé length(31), the exponent of the
length variable becomes 0.46 - 1= -0.54, implyingt the number of crashes per unit length
is decreasing as the length of the weaving sedaticneases. This is reasonable since on longer
sections, weaving vehicles have more space anditiroemplete the necessary lane-changes.



15

16
17
18

lliadi et al. 13

TABLE 3 Results of Crash Prediction Models’ Estimaion

Model A Model B Model C
(selected)
B P-value B P-value| B | P-value
Intercept -9.55 <0.0001-10.02 | <0.0001] -8.75<0.0001
Length of weaving section (m.) 0.48 0.036 0.46 8.04| 0.53 | 0.018
Location (Outside=1; Inside=0) -1.75 0.0918 -1.67 .106 -2.35/ 0.018

No. of lanes on the main motorway 0.36 0.0294 0.350.033 0.38| 0.016

Average (of AM and PM peak
hours) number of cars on the 0.84 | <0.0001 - - - -
weaving section (cars/h)

Average (of AM and PM peak
hours) percentage of weaving cars| 1.05 | 0.026 1.05 0.025 - -
(%)

AADT on the weaving section i i 0.88 <0.0001] - i

(veh/day)

In(AADT on the on-ramp, veh/day)| - - - - 0.52 <00ao
In(AADT on the off-ramp, veh/day)| - - - - 0.38 @D
Std. Error 0.476 0.484 0.51
AIC 516.4 515.62 504.89

2 x log likelihood -502.39 -501.62 -490.89

a (dispersion parameter) 1.966 1.993 2.083

Both the percentage of weaving cars during rustrshas well as the number of lanes
in the main motorway are significant and positive, have negative impact on the safety of
weaving sections. During the weaving movementstiiiic flow becomes more turbulent
thus drivers are required to change speeds mogeidrdly leading to increased crash risk
(32). Similarly, the increase of the number of lanestlo& main motorway suggests more
lane-changes for vehicles directing to the off-ramipch can lead to increased turbulence and
crash risk(7). Therefore, reducing the number of lane-changgsired to exit the motorway
will decrease the crash probability on the motorwaaving sections.

The coefficient for the location of weaving secBois negative. This means that
weaving sections located outside the interchanges h lower crash likelihood compared to
those located inside the interchange. However viduigble, as indicated earlier, is significant
at the 90% confidence level.

DISCUSSION & CONCLUSIONS

In this study the safety performance of freeway wirga sections was investigated and a
guantitative model for predicting the safety imgaot different geometric and traffic related
factors was developed and estimated. NB regresssmpplied for the model development.
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The estimation analysis results show that crasfuéecy of weaving sections is
significantly affected by the length of the weavisgction. Weaving sections with longer
lengths will have a lower crash frequency per ohiength. This result is in accordance with
the findings by Qi, et al7), Cirillo (12), and Pulugurtha and Bh4dtt). Furthermore, it was
found that the number of crashes tends to incredtbethe increase in traffic volume in the
weaving section. Increase in the traffic volume nsehigher exposure and thus higher crash
likelihood (1, 33).

Higher percentage of weaving cars, correspondsigbeh crash risk. During the
weaving movements the traffic flow becomes mordoulent thus drivers are required to
change speeds more frequently leading to increasesth risk(8, 32). Higher number of lanes
on the through/main motorway also increases thehcrigk on weaving sections. More lanes
on the main motorway imply more lane changes reguio exit the motorway, which lead to
increasing the crash probability. Similar resulesrevfound by Qi et al7). Finally, weaving
sections that are located inside interchanges pirdsgher risk compared to those located
outside interchanges. Torbic et &18) reached in their study similar results. A possible
reason for this finding could be that speed diffiees between weaving streams are higher at
weaving sections inside interchanges because tadighe is frequent at one of the on-ramps
preceding such weaving sections. Another reasold dmuthat the length of weaving sections
located inside the interchange are shorter thasethacated outside the interchange, and thus
have higher levels of turbulence due to the limgpédce for weaving movements.

In model C, it was found that an increase in theeramg and exiting traffic to the
motorway increases the number of crashes on theimgeaection. In the study by Qi et &I)
only the diverging traffic volume was found to ieaese the crash risk, whereas the increase in
the merging traffic volume decreases the crash fitlese differences in the results require
further investigation.

In light of these results, this paper contributedbetter understanding of the factors
that affect the safety performance of weaving sesti The developed models can be used for
guantitative assessment of the safety of diffevesdiving sections, with different geometric
and traffic characteristics. This can assist ptiaciers in comparing different design
alternatives in terms of predicted numbers of agash

However, this study has a number of limitationg tieguire further research. The first
limitation is that only Type A weaving sections wdncluded in the study. Future studies
should investigate other types of weaving sect{sosh as types B, C). The second limitation
is the fact that the percentage of weaving andweaving vehicles were derived from NRM
(Nederlands Regionaal Model) and not from empiridata. This data seems to have a
sufficient quality, as most of the traffic paramestelerived from NRM were statistically
significant (which would hardly be possible withrandom’ variable). Still, the accuracy of
the results is dependent on the goodness of the NiRlel. Hence, data collected by means
of video cameras, field observations or measuresreoi loop detectors can provide even
more certainty on the validity of the data. A thinthitation is the lack of speed data of the
weaving and non-weaving vehicles, as well as, trezbntal and vertical curvature elements,
which are important factors in crash occurrence.

Future studies should attempt to consider thoskdiions in the development of crash
prediction models. Furthermore, a number of vaealishare of freight, weaving freight,
interchange types, symmetry) that were assumedaue hn impact on the safety of weaving
sections were examined during the procedure ofdhaulation of the model but were not
found to have a significant impact on crashes. feutesearch is needed to further investigate
the impact of those factors on crashes. Other titires for model improvement could be the
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development of crash prediction models that accémmthe type and severity of the crash,
and locations of crashes (i.e. left or right lared the types of vehicles involved. Another
important direction for the improvement of thosedals is the consideration of the human
behavior and drivers’ characteristics as influegdactors on the safety of weaving sections.
The use of advanced driving simulators to testefifect of the human behavior can be useful
in this regard7). A multi-disciplinary approach combining insighasross disciplines in the
field of both road and human behavior should beptat(22).
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