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Abstract

Road infrastructure is the foundation of the predominant modes of transport, and its effec-
tive management is crucial to meet mobility needs. Although necessary for reconstruction,
maintenance, and expansion projects, roadworks produce negative impacts, resulting in
further risk for workers and drivers and failing to ensure sustainable development. The ob-
jective of this paper is twofold: Firstly, investigate the contributing factors to the occurrence
of crashes in roadworks. Secondly, develop a model to estimate crash numbers in these
areas. The results, which could support municipalities at the planning stage and implement
policies for safe and sustainable development, are achieved by examining 121 sites, where
549 crashes occurred, and 25 contributing factors. The variables are divided into three cat-
egories: technical characteristics of the site, infrastructural, and environmental. Besides
the conventional variables, a risk-increasing factor is calibrated. It assesses the impact of
roadworks according to the manoeuvres imposed and the number of lanes. Consistent
with previous findings, several variables related to the work zone layout, traffic conditions,
infrastructure, and surrounding environment are correlated with the crash number. After
performing a further statistical analysis, a multiple linear regression model, statistically
significant (0.000) and suitable for accurately estimating the possible number of crashes
(R2

adj = 0.41), is determined.

Keywords: roadworks; highways; crash analysis; risk evaluation; work zone

1. Introduction
1.1. Relevance of the Topic and Introduction

Road infrastructures are of essential importance for the guarantee of mobility, and the
effective management and development of such infrastructures enable the transportation
of both people and goods [1]. The necessity of moving has been further underlined by
the United Nations (UN) in the context of the Sustainable Development Goals (SDGs) [2]:
Specifically, within Goal 3—Ensure healthy lives and promote well-being for all at all ages,
and Goal 11—Make cities and human settlements inclusive, safe, resilient, and sustainable.
Nevertheless, a variety of factors contribute to the deterioration of road infrastructure,
thereby hindering the maintenance of a high performance over time and affecting the com-
fort, safety, and execution of movements: Firstly, the transport activity, which is projected to
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more than double from 2015 to 2050. In detail, passenger transport is expected to increase by
a factor of 2.3, and freight transport by 2.6 [3], aggravating loads on pavements. Secondly,
climate change has been shown to adversely affect pavements’ lifetime and performance,
worsening the rutting phenomena due to extreme temperatures [4]. The confluence of
these factors is resulting in a substantial increase in the number of work zones on roads.
This increase is driven by several factors, including but not limited to increasing traffic
volumes, the implementation of enhanced safety standards, and extreme temperatures,
which require reconstruction, maintenance, and expansion projects.

Although necessary, the presence of work zones negatively affects several aspects,
leading to congestion, increasing environmental pollution and emissions [5,6], and ele-
vating the risk, considering both workers and drivers [7]. Regarding the former aspect,
transport is one of the most impactful activities on the environment in terms of land use,
greenhouse gas (GHG) emissions, pollution, and toxic effects on the ecosystem [8]. Espe-
cially in areas adjacent to work zones, several stop-and-go phenomena occur for different
reasons, such as a reduced number of lanes or distraction by drivers. These continuous
accelerations and decelerations cause a significant increase in carbon emissions [9]. Road
crashes are considered a public health priority worldwide since, according to the World
Health Organization, road injuries represent one of the main causes of death, especially
among young people [10]. The areas adjacent to work zones represent critical locations of
the road network, where the crash risk and frequency are higher, raising the question of
safety for all road users [5]. The subject of crashes is of global relevance and represents
a major social disaster of particular interest. In detail, in 2022, among the 27 Member
States of the European Union, road crashes resulted in about 20,634 deceases and more
than 1.13 million injuries. Regarding the different road types, in the same year, 62% of
deaths occurred on rural roads and motorways, characterised by higher travel speeds
and the presence of heavy vehicles [11]. This is a subject of interest in Italy, characterised
by one of the highest motor vehicle ownership rates in Europe, with 693.2 cars per 1000
inhabitants [12].

The negative impact of work zones is a subject of increasing relevance to researchers,
institutions, and public administrations, and the attention to this topic is growing. Con-
sequently, research is investigating the issue across a range of road types, as they involve
different user categories, including pedestrians, cyclists, motorcyclists, car and truck drivers,
and others. On highways, the number of journeys on the network in 2023 for all types of
vehicles (heavy and light) increased compared to 2022, reaching the highest values ever
recorded along the entire Italian highway network [12]. In addition, comparing 2021 and
2022, accidents and victims on highways increased by 9.7% and 19.9%, respectively [13]. Al-
though the negative influence of work zones’ presence is evident in all road types, it is more
impactful on highways, where the capacity is drastically reduced and drivers are forced to
perform unusual manoeuvres while driving at high speed [14]. Researchers have noted a
correlation between the presence of roadworks and crashes, especially on highways, where
the likelihood of injury increases for both drivers and workers [15,16]. In addition, highway
maintenance works involve several unsafe aspects, such as high flows and speeds, stressed
pavements, and weather-related risks to personnel. These features require a high level
of attention from management departments—in particular, on safety evaluation during
maintenance works [17]. In light of the substantial demand for highways, it is a common
practice for the infrastructure to remain operational during the construction phase. This,
however, often results in disruptions to the driving environment due to the implementation
of various countermeasures, such as lane closures or road diversions [18]. Indeed, it is not
always feasible to stop traffic to perform roadwork, and the common practice consists of
closing only the lane in which the work is being carried out and guiding vehicles to the
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adjacent lane during maintenance periods. This period varies in duration—it may last
hours, weeks, or months, depending on the type of work and the boundary conditions [19].

For the aforementioned reasons, the objective of this paper is twofold: firstly, to
quantify the impact of work zones in terms of possible crashes, and secondly, to identify
the factors that most affect this phenomenon in order to minimise it. Indeed, although
many existing contributions in the literature have studied the impact of work zone areas on
the crash rate, these studies have several shortcomings, including the limited availability of
data and a lack of specific information on the roadwork plan adopted backed up by a large
and varied database.

1.2. Literature Review

Given the paramount importance of the subject matter and the necessity of imple-
menting work zones on infrastructural elements, numerous contributions have been made
over the years. These contributions have explored the subject, with a particular emphasis
on the safety of both drivers and workers. When analysing the latest knowledge regard-
ing the risk of users driving through roadworks, various contributions are available both
from institutions and the scientific community. Regarding the former, many European
projects investigated road safety in a work zone environment, evaluating its impact and
drivers’ perceptions. Three examples of significant projects are ARROWS (Advanced Re-
search on Road Work Zone Safety standards in Europe) [20], STARS (Scoring Traffic At
Roadworks) [21], and ASAP (Appropriate Speed Saves All People) [22]. The ARROWS
project aims to develop measures and principles related to roadwork safety to better
manage the planning, project, implementation, and operation of work zones (European
Commission—Advanced research on road work zone safety standards in Europe). The
STARS project develops a methodology to score roadwork plans on three interdependent
aspects, which are usually considered independently: road user safety, road worker safety,
and network performance [21]. Last, the ASAP project deals with speed management
in work zones to ensure that drivers can safely navigate the vehicle through the work
zone routing [22]. As for the scientific community, many contributions have focused their
attention on the impact of work zones. The researchers have shown that roadworks affect
traffic conditions, causing congestion and raising levels of environmental pollution and
emissions [5,6]. The environmental impact is not the only consequence of the presence of
the work zones on drivers. It has been determined that they also influence the large-scale
performance of the road network since the average travel time of vehicles increases by
20–50% and the capacity is reduced by 10–20% [16].

A further noteworthy consequence of the presence of work zones is associated with the
phenomenon of road traffic crashes. When conducting a study of crashes, it is imperative
to consider the crash rate as a fundamental element. A substantial body of research
has indicated that users traversing work zones are more likely to be involved in crashes
and that the severity of these collisions is increased. When considering the crash rate, a
significant number of studies examining crashes before and during construction periods
have pointed out that they are more likely to occur during roadworks’ execution [23,24]
and that the risk of crashes is higher in work zone areas [25]. Nevertheless, some findings
appear inconsistent with the outcome above since they show no statistically significant
variations [26], determine a lower crash rate during the roadwork period [27], or find a
higher probability of crashes along sections without a work zone when comparing sections
of the same infrastructure with and without a work zone [28]. A crucial point to consider
for a comprehensive safety analysis is that the crash rates before and during the installation
of a work zone appear to be higher than that recorded post-intervention [27], confirming
the importance of implementing roadworks. To mitigate both the frequency and severity of
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crashes near roadworks and to enhance their safety, the scientific community is addressing
this issue through various approaches. Among these, three main topics are roadworks’
features, driving behaviour, and determining the factors that most affect safety, linked to
the implementation of mathematical models.

Firstly, the research on work zone configurations is being expanded, with a focus on
roadwork plans as well as the characteristics, functionality, and placement of individual
traffic signals. Considering the overall configuration, several contributions investigated
the impact of an innovative layout [29] or compared similar work zone plans, including
different merging strategies [30] and their impact on the workload [14]. In addition,
researchers determined that layout configurations involving a crossover are extremely
critical and have the worst effects in terms of safety [24]. The configuration and positioning
of signs can also influence the incidence of crashes. The fundamental aspects are providing
distance information and several warning signs. Researchers have demonstrated that
increasing distance information to support a driver’s visual perception can enhance their
level of vigilance. However, the number of signs is a critical issue since an excessive number
of signs can increase the workload of drivers and decrease driver alertness. Indeed, studies
found that the number of warning signs significantly influences the warning effect and
that the wrong amount of road signs can distract drivers and lead them to miss important
information [15]. According to the research, installing the optimal number of warning signs
will lead to about 6% lower accident costs and operating costs [31]. Specific areas of interest
for research involve the impact analysis of images and texts in signalling systems, and also
assessing the effect of new technologies to inform drivers, such as Variable Message Signs
(VMSs) [32–34].

The second topic pertains to driving behaviour in areas adjacent to work zones,
incorporating aspects such as driving style, user perception, vigilance, and workload. The
human factor constitutes a crucial element in the analysis of crashes, a consideration that
assumes even greater significance when the environment of the work zone is taken into
account. Previous studies have demonstrated that the geometry of the work zone impacts
driving behaviour [29]. Research efforts are focusing on this topic by conducting several
tests both in the real environment and through driving simulators. Workload data can
be collected using different methodologies, such as eye tracking, heartbeat, and neural
activity analysis, and measuring the mental workload while driving indicates the cognitive
demands placed on the driver [19]. Different road, traffic, and environmental conditions
in work zones provide different amounts of stimulation to the driver, which determines
the driving workload [5]. According to the literature, in work zones, the frequency of road
sign glances is higher than in the normal road section, confirming the importance of a clear
and visible site layout [35]. In addition, previous research also demonstrated an interaction
between longitudinal control and the standard deviation of horizontal gaze [36].

Lastly, several contributions to the research focused on identifying factors affecting
safety to predict the likelihood of crashes on highway infrastructure with statistical models.
Despite the great efforts at crash prediction, especially for freeway conditions, a limited
number of studies have conducted crash prediction for traffic in work zones [16]. The per-
formance of statistical models strongly relies on the quality and quantity of collected crash
data. Road accidents are rare and random events [37–42], and the presence of roadwork is
a determinant condition for this kind of study that is not included as frequently as other
traffic analysis conditions. Furthermore, given the complexity and diversity of possible
work zone plans, the acquisition of a sufficiently large, varied, complete, and detailed
database represents an obstacle to deepening research on this theme. The characteristics of
the required data have led to specific and sectoral studies, and this issue is often overcome
by collecting data through traffic simulations with dedicated software [14,43,44] or driv-
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ing simulators [29,32,36]. Many contributions investigated crash-related factors through
different approaches. When excluding causes linked to drivers’ behaviour and vehicle
characteristics, and objects of other specific analyses, the remaining causes can be divided
into three macro categories: work zone-related factors, infrastructure-related factors, and
environmental factors. Within the work zone-related factors, the literature includes the
duration and timing (day/night) [45], the plan, its features, and complexity [34,46–48], the
speed limit [43,49], the work zone length [48], the warning zone length [44], and others. The
road type [50], the road geometry [51], the traffic volume [45], and the percentage of heavy
vehicles [14,47,48] are some of the factors related to infrastructure. Finally, considering the
variables included in the environmental category, weather conditions and temporal and
lighting characteristics [14,34,46,51] have been demonstrated to influence crash occurrence
in work zones.

Although the correlation between the occurrence of crashes in areas adjacent to work
zones and the above factors has been extensively assessed, the methods of detection
adopted should be further developed. Indeed, only a few studies focus on quantifying the
number of crashes resulting from these factors. In addition, considering that the available
contributions consider a limited number of causes, one of the main objectives of this study
is to simultaneously take into account a number of widely recognised variables, which, in
most existing research, tend to be investigated singularly.

A relevant model estimating the number of crashes depends on the road type, traffic
volume (Annual Average Daily Traffic—AADT), and length and duration of the road-
work [50]. The scientific community considers the above variables to be the most significant.
Nevertheless, this model does not include many of the technical characteristics of the work
zone and infrastructure and does not involve any features of the surrounding environment.
On the other hand, other models take account of the technical characteristics of the work
zone and do not include a wide variety of roadwork plans or other variables mentioned
above. Based on the methodology established by Meng et al., the present research aims
to expand the developed model by incorporating additional variables related to the work
zone, the infrastructure, and the external environment. Moreover, this study includes
detailed aspects related to the complexity of the work zone’s layout.

The primary objective of this paper is to ascertain the correlation between the number
of road traffic crashes that occur at roadworks and several of the most common variables
that have been documented in the extant literature, incorporating all three existing macro
areas. The second objective is to quantify this relationship by developing a statistically
significant indicator capable of estimating the number of possible crashes in a work zone,
given its characteristics.

To achieve this goal, the paper is structured as follows: Section 2—Materials and
Methods—describes the early data processing and the statistical analysis conducted,
Section 3—Results—illustrates the results obtained, Section 4—Discussion—evaluates
and discusses the outcomes, and Section 5—Conclusions—sums up the main findings
achieved by the current research.

2. Materials and Methods
2.1. Regression Process

Multiple linear regression (MLR) was selected as the statistical technique to reveal
the relations between the number of crashes in work zone areas and their characteristics
and external conditions. Previous studies have employed multiple linear (or linearised)
regression models to estimate the association between the number of crashes that occurred
in areas adjacent to the work zone and the variables identified as significant. In particular,
previous studies have applied Equation (1) [50], which expresses the relation between the
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logarithm of the number of crashes at a given roadwork and its characteristics. A model is
developed, characterised by the functional relationships shown below. In the formula, Y is
the dependent variable and specifically in the current study corresponds to the expected
number of crashes (Cn), Xi represents the independent variables identified as significant for
the occurrence of the phenomenon, the coefficient α0 is the constant, αi indicates the values
to be estimated that weight each regressor Xi, and ε is the random error term.

ln(Y) = α0 + ∑
i

αi·Xi + ε (1)

The variables considered for the building of the regression model are selected among
all those either found to correlate with the number of crashes or identified as significant
by previous studies in the literature. Before performing the regression, it was determined
whether each of the independent variables involved in the model was normally distributed.
For large samples, this check is conducted using the Kolmogorov–Smirnov test. Further-
more, to evaluate the trend toward normality, the skewness and kurtosis of the distributions
of the independent variables are assessed. In cases where certain variables deemed sig-
nificant for the model fail to meet the normality requirement, logarithmic and inverse
transformations are employed. After the application of the aforementioned transforma-
tions, if the variables are found to be normally distributed, their transformed version is
entered into the regression model. This condition is not verified for binomial variables,
which are never normally distributed, due to their inherent structure.

Since the frequency of work zone crashes depend on the selected variables, the function
form can be identified by using the least squares method based on the available database.
A trial-and-error process was used to construct the model to find the best combination of
variables and their functional forms (logarithmic, inverse, or linear) to represent the crash
phenomenon at roadworks.

2.2. Database Creation

The database describes various aspects of the work zones and is composed of data
on crashes that occurred from 2010 to 2023 on the Italian highway network. This study
provides a comprehensive overview of the events under investigation, incorporating crashes
of all severity levels in order to ensure a realistic and representative sample. The work
zones, characterised by specific features, were selected from the total available data. In
detail, the current analysis is based on the work zones where two or more crashes occurred.
Indeed, considering the long duration of some roadworks and the randomness of the
crash phenomenon, a certain number of crashes could have occurred even under standard
conditions, in the absence of the work zone. For that reason, this approach aims to ensure
that only work zones with the greatest impact in terms of crashes, and with a stronger
cause–effect relationship between the number of crashes and the presence of the site, are
considered. The upper limit of the dependent variable was 46, which is the highest number
of crashes that occurred at a work zone in the database. In addition, for similar reasons, the
selection of the sample was performed based on duration, length, and flow per lane.

As regards duration, roadworks present for more than three days were included in the
analysis, to ensure that the alternating day–night cycle occurred repeatedly and both light
and dark conditions were experienced by drivers. The upper limit of the duration interval is
174 days, corresponding to the longest duration. As for the length, to ensure that the work
zones were long enough to be correctly perceived by drivers, the roadworks selected are
characterised by a minimum length of 1.5 km. The maximum length is 9.0 km, corresponding
to the value of the longest length. Finally, regarding the flow per lane, only work zones
where the average daily flow per lane was between 5000 and 15,000 [veh/(day*lane)] were
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included in the analysis. This approach ensured that roadworks characterised by absent flows
or overcongested flows were not considered, thus avoiding false crash numbers that did
not reflect the real risk generated by the work zone. After performing the selection process,
the resulting database was composed of 121 sites, where a total of 549 crashes occurred. In
light of the filters adopted and the resulting dataset, it should be highlighted that the model
developed in this paper is valid and applicable only to work zones whose characteristics in
terms of length and duration fall within the explicit ranges outlined in the current section.

For each of the construction sites forming this database, several features were deter-
mined, which are illustrated in the following sections.

2.3. Work Zone Plan Analysis

In light of the wide range of potential work zone configurations, the analysis incorpo-
rates diverse layouts, ranging from simple to complex, with the objective of evaluating a
heterogeneous sample. In this study, six distinct plans for lane closure are investigated, with
the specific type of work performed in the closed areas excluded from the current analysis.
These six plans correspond to the roadworks identified in the database creation phase.
Generally, the plans may involve closing, flexing, and deviating lanes; a combination of
these configurations is allowed, too. Depending on the type of work and specific needs, the
plans could be used on highways with different numbers of lanes, affecting both the traffic
quality and the risk to users. Considering that the same lengths of work zones may have
different impacts depending on their layouts, a parameter was identified to take this into
account. Indeed, the closure or the deflection of a single lane affects the above-mentioned
aspects differently if it is performed on a two-lane or a four-lane highway. Therefore, a
parameter was calibrated to evaluate the impact of roadworks based both on the types
of manoeuvres imposed by the plan and the number of lanes on the motorway where
the plan is applied. The procedure for identifying a parameter, as the product of several
multiplicative factors, is based on a previous study [21]. As suggested in that project, the
ideal method for determining the multiplying factors is to perform a regression analysis.
However, due to a lack of data, this was not possible. Consequently, this was achieved
based on the literature and our judgement.

This parameter, identified by the letter M, represents a risk-increasing factor. The
value of M is equal to 1 when there are neither closures nor unusual manoeuvres due to the
work zone, and thus the risk level remains unvaried. Conversely, the value of M increases
as the number of closures, deflections, and deviations increases about the total number
of lanes, according to Equation (2), displayed below. In this equation, six coefficients can
increase the risk resulting from the presence of the work zone on the infrastructure. All
the coefficients involved are greater than or equal to one. The site layout can include
three different configurations and their combinations (closing lanes, flexing lanes, and
deviating lanes). These three options are expressed, respectively, by the coefficients L1,
L2, and L3, which determine the additional risk due to the configuration of the site layout.
Specifically, a higher multiplication factor is assigned when more lanes are closed (1.05 for
an emergency lane closure, 1.1 for a one-lane closure, 1.2 for a two-lane closure, and so
on), determining L1. A similar procedure was also applied to flexing and deviating lane
manoeuvres, determining L2 and L3, respectively. Considering that the number of lanes
on Italian motorways currently varies between 2 and 4, L1 and L3 are between 1 and 1.3,
and L2 is between 1 and 1.4. This risk is evaluated by the lane modification mechanisms
and the number of lanes affected by such changes. Moreover, a coefficient is employed to
consider the number of closed lanes not as an absolute value, but about the total number
of lanes initially available (PCL), which is between 1 and 1.3. Finally, two risk factors were
considered: one related to moving sites (1 for stationary sites, 1.1 for slow-moving sites, and
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1.2 for moving sites), and one related to moving sites with link roads (1 for sites without a
link road and 1.2 for sites with a link road).

M = PCL·A·D·
3

∏
i=1

Li (2)

The evaluation of the parameter M applied to the six plans reveals values ranging from
1.32 to 2.07. These values denote additional risk factors in comparison to the scenario where
M is 1, for a section without work zone areas under analogous conditions. Considering a
section of length L of the same infrastructure, it is assumed that the additional risk created
by the roadwork is expressed as a linear combination of L and M. The risk of the site
depends on L and M and consequently it can be reduced by either shortening the site or
simplifying the manoeuvres (i.e., lowering M). As it is often not possible to change the
number of lanes affected by the work zone for technical reasons, expressed through L1, L2,
and L3, other factors are considered instead. In fact, for roadworks that are fixed and do
not extend onto the opposite carriageway, the values of A and D are lower. Specifically, A is
1.2 for mobile sites, 1.1 for slow-moving sites, and 1 for fixed sites, while D is 1.2 with a link
road and 1 without. This results in lower values of M and, consequently, G for situations
closer to standard traffic conditions.

The six plans involved in the current analysis are presented in Table 1 below. The
table gives a detailed graphical representation of the layout for each working area, a brief
description, the number of work zones included in the database under examination, and
the M-values for two-, three- and four-lane highways. The empty M fields in the table
correspond to cases where it is not possible to determine M, such as a three-lane bend on a
two-lane highway. The order in which the plans appear in the table is random; they are not
listed in order of increasing complexity.

Table 1. Illustration of the six site layouts involved in the analysis and the corresponding M-values.
The labels 1, 2, and 3 lanes, adjacent to the single hatches, represent the number of lanes affected by
the manoeuvre and which remain open to traffic.

Plan ID Image Description Roadwork
Number

M

2 Lanes 3 Lanes 4 Lanes

1 One-lane
deviation 57 1.58 1.87 2.03

2
Link road with

one lane
deviated

33 1.44 1.74 2.07

3
Link road with

two lanes
deviated

2 / 1.56 1.89

4 Three lanes
flexed 4 / 1.37 1.57

5 Reduction up to
a single lane 17 1.32 1.56 1.69

6 Reduction up to
two lanes 8 / 1.21 1.44
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2.4. Identification of Variables and Correlation

Following a comprehensive review of the extant literature on factors contributing
to crashes in work zone areas, and an analysis of the data available in the database, the
variables illustrated in Table 2 were selected for further investigation. Among the various
causes contributing to the occurrence of crashes at work zones (WZ in table), the selected
ones can be divided into three macro categories, related to the technical characteristics of
the work zone, the infrastructure, or the external environment.

The first category includes variables such as Occupancy of the carriageway (O), Du-
ration (D), Length (L), and Risk-increasing factor (M). When considering the complexity
of the site, the Carriageway occupancy variable specifies whether the site only involves
one direction of travel or whether it also occupies the adjacent carriageway, impacting the
flow in the opposite direction. Duration and Length reflect the occupation of the work zone
in space and time, respectively. The Risk-increasing factor, described extensively in the
previous section, identifies additional risk factors due to the complexity of the roadwork
plan and the characteristics of the infrastructure on which it is applied. In addition, a third
variable is introduced to represent the additional risk due to the complexity of the work
zone along all its length. This variable is determined as the linear combination of M and L
and is named Global complexity (G).

The variables related to the Infrastructure’s features are Annual average traffic volume
(AADT) per lane (F), Heavy vehicle AADT per lane (HV), Number of lanes (N), Two-lane
highway (NL2), Three-lane highway (NL2), Four-lane highway (NL3), Geometry-related
variables (straight (St), curved (C), or mixed (X) work zone), and Junction-related variables
(work zone involving entry junctions (I), exit junctions (Q), both (E), or any junctions (Z)). In
detail, AADT per lane and Heavy vehicle AADT per lane, respectively, represent the total
and heavy vehicle flow on an average day within a single lane. The heavy vehicle category
includes vehicles over 1.3 m in height and vehicles with 3 or more axles. The total AADT
per lane also comprehends all vehicles less than 1.3 m in height and two-wheeled vehicles.
The variable Number of lanes expresses the number of lanes in the infrastructure affected
by the site. The Geometry variable identifies the geometric elements along which the site
is located, that is, in curves, straight lines, or both. The variable Junctions determines
whether there are any junctions along the extension of the site, specifying their type (entry
or exit junctions).

Last, the External Environment category involves Yearly seasons (Y), which denote the
seasons over which the work zone runs, and Unusual locations (U), which are used to
express whether the development of the site experiences specific conditions such as bridges,
tunnels, or if it is along the shore. Finally, the table below also presents the characteristics
of the main variable of the current study, namely, the number of crashes.

Table 2. Definitions of the variables.

Category Variable Type Acronym Unit or Description
of Values

Crash Crash number Continuous Cn /

Work zone

Carriageway
occupancy Binary O

0 for WZs involving
one carriageway;

1 for WZs involving
two carriageways

Duration Continuous D days

Length Continuous L km



Sustainability 2025, 17, 6112 10 of 20

Table 2. Cont.

Category Variable Type Acronym Unit or Description
of Values

Work zone

Risk-increasing
factor Continuous M /

Global complexity Continuous G km

Infrastructure

AADT per lane Continuous F Vehicles per lane
per day

Heavy vehicle
AADT per lane Continuous HV Heavy vehicles per

lane per day

Number of lanes Categorical N 2, 3, or 4 lanes

Two-lane highway Binary NL2 0 if false, 1 if true

Three-lane
highway Binary NL3 0 if false, 1 if true

Four-lane highway Binary NL4 0 if false, 1 if true

Geometry

Expressed as the composition of two
binary variables:

The WZ is along straight lanes St 0 if false, 1 if true
The WZ is along curves C 0 if false, 1 if true

Mix condition: both curved
and straight X 0 if false, 1 if true

Junctions

Expressed as the composition of
four binary variables:

The WZ meets only entry junctions I 0 if false, 1 if true
The WZ meets only exit junctions Q 0 if false, 1 if true

The WZ meets entry and
exit junctions E 0 if false, 1 if true

The WZ meets no junctions Z 0 if false, 1 if true

External
environment

Yearly seasons

Expressed as the composition of
four binary variables:

More than one can be
true if the WZ is

performed for more
than one season

Summer SU 0 if false, 1 if true
Autumn AU 0 if false, 1 if true
Winter WI 0 if false, 1 if true
Spring SP 0 if false, 1 if true

Unusual locations

Expressed as the composition of
three binary variables:

Both can be true if the
WZ meets both the
bridge and tunnel

during its path
The WZ is along a bridge B 0 if false, 1 if true
The WZ is along a tunnel T 0 if false, 1 if true
The WZ is along a shore Sh 0 if false, 1 if true

After identifying the variables, the correlation between them and the number of
crashes per work zone is investigated. In detail, the values of these variables and the
correspondent number of actual crashes are determined for each site in the database. This
preliminary step of the analysis was performed through Pearson correlation and allowed
us to outline the most influential variables to be involved in the next phase, characterised
by building the regression model.
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3. Results
3.1. Correlation

In order to ascertain which of the variables demonstrated a significant impact on the
occurrence of crashes in proximity to work zones, and to elucidate the interrelationships
among these variables, the Pearson correlation coefficient was analysed. The first step
was to determine whether the risk-increasing factor was related to the number of crashes
at a site, to assess the effectiveness of this parameter in representing the phenomenon.
To extensively test the reliability of the M parameter, the correlation between it and the
number of crashes (the logarithm of this value) was first assessed on a larger dataset than
that obtained after the database creation process. The dataset considered for this first
correlation consisted of 229 work zones where 827 crashes occurred. It should be noted
that the 121 sites selected for the in-depth analysis presented below are a subset of the
original 229 sites, obtained after the filtering process described in Section 2.2 Database
Creation. The results show that the Pearson coefficient is 0.187 for the correlation with the
logarithm of the number of crashes. In addition, this correlation has a strong significance
(sig. < 0.01). Furthermore, when applying this procedure only to the sites included in the
database under analysis, a Pearson correlation coefficient of 0.220 is obtained. This value
appears to be significant (sig. < 0.05). In line with expectations, the correlation is positive
for both datasets. In fact, due to the way it was constructed, M represents a risk-increasing
factor, and it is therefore coherent that the correlation with the number of crashes is positive.
Therefore, based on our first analysis, the parameter M seems to effectively reflect the
additional level of risk posed by different plans applied to various infrastructures.

The results of the correlation analysis for the three macro categories are, respectively,
provided in Table 3, Table 4, and Table 5. Starting from the variables belonging to the cate-
gory Work zone’s characteristics (Table 3), they appear to be moderately correlated with the
logarithm of the number of crashes. In particular, the Length, Duration, and Carriageways’
occupancy were positively correlated with the occurrence of crashes at roadworks. As
outlined in previous sections, a variable resulting from the linear combination of the length
and the risk-increasing factor, defined as Global complexity, was also considered, since the
additional risk due to the complexity of the plan was assumed to be distributed throughout
the entire length of the site. The correlation between the variable G and the occurrence of
crashes in work zones, although still moderate, is more pronounced than the correlation
between L and crashes.

Table 3. Results of the correlation between the logarithm of the number of crashes and variables
belonging to the Work Zone category.

ln(Cn) O D L M G

ln (Cn) 1 0.209 * 0.360 ** 0.182 * 0.220 * 0.213 *
O - 1 0.147 0.266 ** 0.762 ** 0.407 **
D - - 1 −0.155 −0.211 * −0.170
L - - - 1 0.301 ** 0.973 **
M - - - - 1 0.494 **
G - - - - - 1

** Sig. < 0.01. * Sig. < 0.05.

Considering the variables belonging to the category Infrastructure’s characteristics,
Table 4 shows the Person correlation coefficients between all the variables included in the
group and the number of crashes. This analysis establishes a slight positive correlation
between the number of crashes and both the AADT per lane (F) and the Heavy vehicles
AADT per lane (HV). These variables are interrelated, given that HV constitutes a subset of
F. Although the correlation is moderate in both cases, it is higher for the HV variable. When
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examining the variables related to the existing lanes in the infrastructure under standard
conditions, the variable generally representing the number of lanes (N) does not appear to
be correlated. On the other hand, there is a significant correlation between the number of
crashes and the presence of four lanes under standard conditions. Contrary to expectations,
the number of crashes does not appear to be correlated with either the variables linked
to geometry or the variables linked to the presence of junctions within the construction
worksite, which in general generate a disturbing condition. Finally, the variables belonging
to the same field of study, i.e., flow (F and HV), lanes (N, NL2, NL3, and NL4), geometry
(St, C, and X) and junctions (I, Q, E, and Z), were strongly correlated. Other correlations
shown between different variables were purely accidental, such as the correlation between
the number of lanes and the fact that the work zone extension involves both curved and
straight segments of road.

Table 4. Results of the correlation between the logarithm of the number of crashes and variables
belonging to the Infrastructure category.

ln(Cn) F HV N NL2 NL3 NL4 St C X I Q E Z

ln(Cn) 1 0.191 * 0.224 * 0.050 0.062 −0.194 * 0.284 ** 0.123 −0.127 −0.018 −0.047 0.025 −0.030 0.039
F - 1 0.935 ** 0.246 ** −0.078 −0.148 0.508 ** 0.443 ** −0.089 −0.304 ** −0.142 0.075 0.032 0.002

HV - - 1 0.275 ** −0.077 −0.187 * 0.591 ** 0.544 ** −0.074 −0.396 −0.045 0.041 −0.010 0.011
N - - - 1 −0.940 ** 0.704 ** 0.617 ** 0.551 ** 0.013 −0.460 ** −0.155 −0.091 0.049 0.071

NL2 - - - - 1 −0.903 ** −0.313 ** −0.407 ** −0.040 0.359 ** 0.164 0.088 −0.117 −0.011
NL3 - - - - - 1 −0.124 0.155 0.067 −0.171 −0.149 −0.068 0.184 * −0.068
NL4 - - - - - - 1 0.598 ** −0.055 −0.453 ** −0.051 −0.051 −0.135 0.174

St - - - - - - - 1 −0.092 −0.757 ** −0.086 −0.086 −0.051 0.129
C - - - - - - - - 1 −0.581 ** −0.066 −0.066 −0.100 0.156
X - - - - - - - - - 1 0.114 0.114 0.107 −0.207
I - - - - - - - - - - 1 −0.061 −0.161 −0.295 **
Q - - - - - - - - - - - 1 −0.161 −0.295 **
E - - - - - - - - - - - - 1 −0.776 **
Z - - - - - - - - - - - - - 1

** Sig. < 0.01. * Sig. < 0.05.

Table 5. Results of the correlation between the logarithm of the number of crashes and variables
belonging to the External Environment category.

ln(Cn) SU AU WI SP B T Sh

ln(Cn) 1 0.277 ** 0.079 0.145 0.022 0.091 0.180 * 0.027
SU - 1 −0.125 −0.229 * −0.079 −0.019 0.054 0.004
AU - - 1 −0.088 −0.660 * 0.014 −0.180 * 0.071
WI - - - 1 0.043 0.041 0.187 * 0.074
SP - - - - 1 −0.052 0.051 −0.161
B - - - - - 1 0.217 * 0.222 *
T - - - - - - 1 0.309 **
Sh - - - - - - - 1

** Sig. < 0.01. * Sig. < 0.05.

Table 5 presents the results of the correlation performed within the variables related to
the External environment. In terms of seasonality, crashes are more likely to occur during the
summer, as a moderate correlation appears between the number of crashes and this season.
Considering external environmental factors that have the potential to distract drivers due
to their unusual nature, the analysis exhibits a marginal correlation with crashes. The only
variable that manifests a slight correlation with the number of crashes is the presence of
work zones within tunnels. As in the previous case, variables belonging to the same study
area (annual season) tend to be correlated. Different results were obtained for variables
corresponding to unusual locations, as the presence of one does not imply the presence of
the other.
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3.2. Regression Model

In the previous subsection, a comprehensive investigation was presented on all the
variables that were deemed to be significant predictors of the number of crashes in a
work zone, given its characteristics. In detail, Carriageways’ occupancy, Duration, Global
complexity, AADT per lane, Heavy vehicle AADT per lane, Three-lane highway, Four-lane
highway, Summer, and Tunnels are found to be correlated in a statistically significant way
with the logarithm of the number of crashes.

Among the selected variables, Carriageways’ occupancy, Three-lane highway, Four-
lane highway, Summer, and Tunnels are binomial variables. On the other hand, Duration,
Global complexity, AADT per lane, and Heavy vehicle AADT per lane are continuous
variables that need to meet the normal distribution requirements presented in Section 2.1.
For this reason, inverse and logarithmic transformations are applied to the variables
Duration, AADT per lane, and Heavy vehicle AADT per lane, which do not meet this
condition. For each variable, the best transformation is determined, based on the fulfilment
of the normality requirements and the values of Pearson’s correlation coefficients. This
results in the following variables: logarithm of duration (ln(D)), the inverse of AADT
(1000/F), and Heavy vehicle AADT (1000/HV) per lane. The results of the normality tests
for the variables included in the model are presented in Table 6. In consideration of the
scale of the latter two variables, a factor of 1000 is applied and employed in the following
analysis. This results in an order of magnitude comparable to that of the other variables
under examination. Finally, MLR is implemented to determine an initial model, which
involves all the aforementioned variables, and the results are presented in Table 7.

Table 6. Results of the normality tests of the variables included in the MLR.

Kolmogorov—Smirnov

Variable Statistics DoL Sig.

G 0.080 121 0.057
ln(D) 0.080 121 0.056

1000/F 0.065 121 0.200
1000/HV 0.061 121 0.200

When observing the data from the model, the Three-lane highway variable does not
appear significant in the MLR, since the significance far exceeds the reference values (>0.05).
In addition, for the Heavy vehicle AADT per lane, the sign of the regression coefficient does
not reflect what would be expected. Previous studies have found an increase in crashes as
the number of heavy vehicles increases, which should be reflected by a negative coefficient
of the variable 1000/HV in the model. Furthermore, the variable’s significance, though
only slightly, exceeds the ranges. In addition, the total and heavy vehicle flow variables
demonstrate pronounced multicollinearity. The high VIF (Variance Inflation Factor) values
for 10,000/F and 10,000/HV suggest strong collinearity, consistent with the expectation
since heavy vehicle flow is a component of total flow.

In light of these considerations, a new MLR model was evaluated without considering
these two variables, and the reference values of the final model are shown in Table 8.
Consequently, the model presented in Equation (3) was derived, and the model that
represents the frequency of crashes on construction sites can be expressed in accordance
with Equation (4).

ln(An) = −0.272 + 0.034·G + 0.249· ln(D)− 0.304·1000
F

+ 0.349·O + 0.231·SU + 0.962·NL4 + 0.263·T (3)

An = D0.249·e−0.272+0.034·G−0.304· 1000
F +0.349·O+0.231·SU+0.962·NL4+0.263·T

(4)
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Table 7. Results of the initial regression model.

Model Recap

R R2 R2
adj Std. error Durbin Watson

0.676 0.457 0.413 0.506 1.838
ANOVA

Sum of squares Mean square F Sig.
Regression 23.964 2.663 10.399 0.000
Residual 28.422 0.256 - -

Total 52.386 - - -
Table of Coefficients

Non-standardised coefficients Standardised
coefficients Collinearity

B Std. Error Beta t Sig. Tolerance VIF
Constant −0.569 0.387 - −1.470 0.144

G 0.029 0.019 0.124 1.486 0.140 0.704 1.421
ln(D) 0.258 0.045 0.425 5.712 0.000 0.881 1.135

1000/F −1.002 0.480 −0.424 −2.089 0.039 0.119 8.415
1000/HV 2.192 1.383 0.336 1.584 0.116 0.109 9.189

O 0.406 0.128 0.266 3.176 0.002 0.695 1.438
SU 0.243 0.097 0.182 2.503 0.014 0.923 1.084
NL4 −0.017 0.118 0.338 3.915 0.000 0.780 1.282
NL3 1.117 0.285 −0.011 −0.144 0.886 0.656 1.525

T 0.324 0.115 0.246 2.827 0.006 0.648 1.544

Table 8. Results of the final regression model.

Model Recap

R R2 R2
adj Std. error Durbin Watson

0.667 0.445 0.411 0.507 1.904
ANOVA

Sum of squares Mean square F Sig.
Regression 23.318 3.331 12.949 0.000
Residual 29.068 0.257 - -

Total 52.386 - - -
Table of Coefficients

Non-standardised
coefficients

Standardised
coefficients Collinearity

B Std. Error Beta t Sig. Tolerance VIF
Constant −0.272 0.333 −8.818 0.415

G 0.034 0.019 0.148 1.845 0.068 0.760 1.316
ln(D) 0.249 0.045 0.411 5.560 0.000 0.898 1.114

1000/F −0.304 0.183 −0.128 −1.656 0.100 0.817 1.224
O 0.349 0.120 0.229 2.910 0.004 0.794 1.259

SU 0.231 0.097 0.174 2.387 0.019 0.930 1.076
NL4 0.962 0.262 0.291 3.666 0.000 0.779 1.283

T 0.263 0.098 0.199 2.682 0.008 0.888 1.126

4. Discussion
Variables in Table 3, especially those related to Length, Duration, and Carriageways’

Occupancy, were positively correlated with the occurrence of crashes at roadworks. This
finding is consistent with the results of earlier studies in the relevant literature, which
showed a positive correlation between length and the occurrence of crashes [23,52–54]
and between duration and the occurrence of crashes [23]. When considering the Global
Complexity parameter in further detail, we can see that it is positively correlated with the
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occurrence of crashes. This finding indicates that the parameter M, which was calibrated in
the present study, is a reliable indicator of the overall impact of the work zone, extending
beyond mere length. This result is consistent with previous findings in the literature.
Indeed, several research contributions have determined that the number of closed lanes
and the general complexity of the work zone, two determining factors in the calculation
of the value of M, are positively correlated with the number of crashes [34,48,52,53]. This
consideration also explains the elevated correlation values observed between O and M
(as well as G). Moreover, high values of correlation coefficients of M and L with G can be
attributed to the methodology employed in constructing the G variable.

The results from Table 4, in accordance with the findings of previous studies [14,45,47],
also establish a slight positive correlation between the number of crashes and both the
AADT per lane and the Heavy vehicles AADT per lane. As mentioned in the previous
section, the number of crashes does not appear to be correlated with the outcomes related
to geometry and the presence of junctions. These results diverge from previous findings
that observed dependencies between the number of crashes and geometry [51]. Indeed, a
demonstrable correlation has been identified between the incidence of crashes at roadworks
and the geometry of the road. This correlation exhibits a negative relationship in the context
of curved roads, where drivers are known to exercise greater caution when approaching [49],
and a positive dependence for roadworks along straight roads [55].

A review of the results presented in Table 5 reveals an alignment with previously doc-
umented findings. Indeed, other studies found similar results, such as a higher probability
of crashes at roadworks in summer. This result can be outlined by the greater frequency of
roadworks and the higher volume of traffic during the summer season [49]. Additionally,
considering the factors related to the external environment, particularly the presence of
tunnels, this variable exhibits a significant correlation. Although this variable has not
been extensively studied in the literature about the crash risk at roadworks, scientific re-
search suggests that the tunnel environment has a determinant effect on drivers, provoking
unpleasant feelings and affecting their psychological condition [56,57].

When considering the values of the coefficients, the correlation appeared slight or
modest in most cases, according to the reference range [58]. Given the variability and the
randomness of the accident phenomenon [40–42], the correlation coefficient values close
to or greater than 0.2 were deemed to be representative of the existence of a relationship
between the variables under examination, in light of both the statistical significance of these
values and the considerations emerging from the literature.

Finally, according to the values in the ANOVA section, the final model seemed to be
significant. Indeed, the results revealed F = 12.95 and sig. < 0.01. This finding, with a
Durbin Watson value very close to two, confirmed that the set of regressors collectively
contributed to the prediction of the number of crashes and that the overall model is
significant and effectively fitted to the data. In general, the individual variables considered
were significant, apart from variables G and F, which were outside the standard significance
ranges. However, their significance was less than or equal to 0.10, which is not excessive.
These parameters were retained in the model and their importance decided according
to studies in the literature. Furthermore, the multicollinearity of the variables was good,
as the VIF (Variance Inflation Factor) was around 1 for all the independent variables.
The coefficients of the independent variables are consistent with the above discussion
of correlations. In detail, all predictors exhibit a positive relationship with the expected
number of crashes, indicating that an increase in the variables generally results in an
increased risk. This is immediate for variables with a positive coefficient. As for the flow
variable, although the coefficient is negative, its effect aligns with the increase in crashes.
Since an inverse transformation has been applied, an increase in actual flow per lane
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corresponds to a decrease in the variable in the model and, consequently, an increase in
crashes. In terms of influence, the variable with the highest standardised coefficient is
ln (D), indicating that changes in duration significantly impact the expected number of
crashes. The variables NL4 and O follow in order of influence, based on the standardised
coefficients. Finally, T and SU are also positively associated with the number of crashes,
although their impact is weaker than that of the other predictors in the model.

After the construction of the model, its goodness is also assessed by performing
a residual analysis, which is generally satisfactory. Finally, the MAE (Mean Absolute
Error) and RMSE (Root Mean Squared Error) are assessed for the model in Equation (4),
which explicitly considers the number of crashes. The values obtained are 1.94 and 3.82,
respectively. Both values suggest that the model has a high level of accuracy and is
predicted with minimal error. Indeed, a range of 44 is identified for the dependent variable,
and the MAE is determined to be less than 5% of this range, precisely 4.4%, indicating that
the realised model exhibits minimal absolute errors. In addition, the RMSE was less than
10% of the range, precisely 8.7%, meaning that even the largest errors committed by the
model are marginal.

5. Conclusions
Recognising the importance of road infrastructural development and maintenance,

this paper has examined the critical issue of roadworks, which, for various reasons, may
remain present on our roadways over multiple years. To add to the field of on this topic, the
present study concentrated on evaluating the impact of roadworks on road traffic crashes,
with a particular focus on highway settings. The objective of this research was to reduce
the vulnerability of all road users and the risk to them. Indeed, highways are characterised
by particularly high travel speeds and traffic flows, and their infrastructure needs to be
maintained to ensure an adequate performance, resulting in work zones, which have a
strong impact on various aspects, including crash rates. The objective of the present study
was to ascertain the factors that contribute to the occurrence of crashes in the proximity
of work zone areas. With this purpose, a detailed analysis was conducted, encompassing
the work zone’s layout, the characteristics of the infrastructure on which the site is located,
and the features of the surrounding environment. In addition, the current study aimed to
quantify the impact of highway sites by developing a model for calculating the possible
number of crashes related to a work zone with given characteristics.

The methodology was initially based on Pearson’s correlation analysis, taking into ac-
count several variables related to the work zone, infrastructure, and external environment.
Some of these variables had already been explored in the literature, but often separately.
A variable of particular importance and calibrated within this study is parameter M, de-
fined as the risk-increasing factor, which represents the risk associated with specific site
configurations both in absolute value and related to the characteristics of the infrastructure
on which it is applied. The analysis subsequently focused on the development of an MLR
based on the variables defined as significant by the previous Pearson correlation study
and contributions from the academic research. This model aims to determine the possible
number of crashes at a given site. Early findings determine that Carriageways’ occupancy,
Duration, Global complexity, AADT per lane, Heavy vehicle AADT per lane, Three-lane
highway, Four-lane highway, Summer, and Tunnels are correlated in a statistically signif-
icant way with the logarithm of the number of crashes. This result appears consistent
with many contributions in the literature. In addition, a final MLR model was determined,
including the Carriageways’ occupancy, Duration, Global complexity, AADT per lane,
Four-lane highway, Summer, and Tunnels variables; that model is statistically significant
and suitable for estimating the possible number of crashes with a low error rate. The results
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obtained should inform private companies and municipalities of the characteristics within
worksites that determine a higher risk, allowing them to identify the aspects that need to be
carefully managed when planning works, thereby reducing the risk of crashes and fatalities
on the roads.

This study could be further developed by applying the MLR model to a new and
larger database to validate the results obtained, and by investigating the application of
other mathematical models to the same set of variable categories. Future developments
may involve further variables to be included in the correlation analysis and implementation
of the regression model, as well as taking into account the severity of the crashes that occur.
Moreover, in the context of behavioural studies, it is of significant value to analyse the
impact that the variables investigated in the present study have on driving behaviour and
the perception of drivers, independently of the occurrence of crashes.
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