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Abstract: The objective of this research is to develop a useful procedure to assess and identify risks
that promote accidents by road users, with the vision of improving safety through the implementation
and technical employment of operative strategies. The relevance of this proposal lies in the fact that
the issue of traffic accidents is a global problem. This project is located in the mountain range of Baja
California, Mexico, in the Centinela–La Rumorosa highway and integrates accidental and pavement
surface condition data, geometric design performance, analysis of traffic signals, and road safety
devices present on the road using geodetic techniques. It is concluded that this procedure contributes
to determining risk areas that promote accidents and generate a risk reduction plan to support future
decision-making that guarantees better performance for road users. Furthermore, it is highlighted
that the analysis of road safety must be a permanent process for those who operate, design, and build
the road system.
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1. Introduction

Road safety is a priority issue for governments, mainly for humanitarian, health, and economic
reasons. According to the World Health Organization (WHO), road accidents cause the death of
approximately 1.3 million people annually, just fewer than 3400 fatal accidents per day, additionally,
between 30 and 50 million people suffer non-fatal injuries per year [1]. It is worth mentioning that
most of the victims in traffic injuries are 90% associated with low and middle-income countries [2].

This is a global concern problem considered severe and has been addressed with direct solutions
that can be implemented a priori through effective interventions and that are carried out from urban
and transport planning in the design of safer roads, execution of road safety audits, as well as the
establishment and application of internationally harmonized laws [3,4]. An example of this corresponds
to the case of European countries, where the identification and treatment of critical areas, improvement
of road design and traffic regulation, reduced the number of accidents by approximately 22% [5].

There are instruments such as the Highway safety guidelines: Accident reduction and prevention
developed by the Institution of Highways Transportation [6] that it is intended to identify, analyze,
and treat critical points of accidents, this being one of the most effective approaches on traffic accidents
prevention. Likewise, the Road Safety Audit (RSA) processes developed in the United Kingdom in
the 1980s and published in 1990 by the Institution of Highways and Transportation [7,8]. Among the
specific benefits that RSA provides are safer new highways, crash prevention, severity reduction,
safer road networks, reduction of whole-life cost of roads, and eventual safety improvements to
standards and procedures, among others [9,10]. In this sense, Wilson and Lipinski [11] carried out a
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RSA practice state review in international cases such as the United States, Australia, New Zealand,
Ireland, and Italy. Additionally, Persia et al. [12] performed a review of the main procedures that
support the authority in decision-making related to improving safety in road networks, called Road
Infrastructure Safety Management (RISM). However, it is relevant to highlight that not all countries
are capable of implementing these procedures, emphasizing the lack of resources, staff, knowledge,
legal regulations, and data for the application of the RISM procedures.

In Mexico, traffic accidents are among the ten main causes of death. Figures from the Ministry of
Health of this country reveal that in 2015, just over 16 thousand people died because of this reason,
an estimated rate of 13.3 deaths per 100,000 inhabitants, only 0.1% lower than the one registered in 2014.
According to the document "Road safety in the Region of the Americas" [13], Mexico ranks 23 of 31
countries in deaths caused by traffic. In accordance with the Specific Action Program for Road Safety
2013–2018 [14], deaths and disabilities caused by road accident injuries are a growing public health
problem in Mexico. Therefore, road safety surveillance and monitoring are imperative, since essential
information can be obtained in order to design interventions and timely decision-making. However,
this is not always fulfilled or carried out comprehensively.

As a result of the foregoing, as of the year 2014, there is a project that seeks to improve planning
and decision-making regarding the safety of a road section. This project is located in a mountain range
of Baja California, Mexico. The objective of this research is to develop a useful procedure to assess and
identify risks that promote accidents in the users of roads, with the aim of improving safety through
the implementation of technical and operative strategies.

2. Background

The vast majority of previous studies on accidents’ causes identification mainly focus on three
significant risk factors and from those, different safety-related areas of research have been created:
(1) the human factor and vehicle conditions, (2) the influence of environmental conditions, and (3)
factors related to technical design and administration problems for highways [15].

In the first one of these risk factors, The American Association of State Highway Transportation
Officials (AASHTO) through the Highway Safety Manual [16] highlights human factor as the main cause
of road accidents. This is because drivers can make judgment errors; present distractions or inattention,
as well as tiredness; carry out several tasks at the same time; and generate deliberate violations of
security devices and laws. Therefore, several authors have analyzed the influence of these factors
on the severity and occurrence of the accidents and, when appropriate, created accident prevention
and reduction strategies [17–20]. Furthermore, Reason et al. [21] developed the Driver Behaviour
Questionnaire (DBQ) at the University of Manchester, one of the most widely used instruments to
measure driver behavior related to collision risk. This instrument is attributed to a questionnaire that
has been applied and adapted to suit the context of different countries; for example; Stanojević et al. [22]
applied the instrument in countries in south-eastern Europe; López-de-Cózar et al. [23] adapted it to
the Spanish case; Cordazzo et al. [24] analyzed the North American context and modernized it [25].

Other studies analyze the relationship between visual and cognitive problems in elderly drivers
with the risk of accidents [26–29]. Likewise, some studies focus on teenagers, with traffic accidents
being the main cause of death in young people and adults between the ages of 5 and 29 worldwide [15].
These results indicate that the main causes of teenage driver accidents are associated with loss of
control due to speeding, visual neglect on the road, alcohol and drug use, as well as cell phone use
when driving [30–34]. As a matter of fact, the relationship between cell phone use and accidents has
become relevant by itself in the study of human factors [35–38]. Although the literature focused on
the relationship between vehicle conditions and accidents is low, accident reports point out the main
aspects that influence vehicle accidents, including tire wear, brake system failures, as well as exhaust
system failures [39].

In the second area, environmental phenomena that can increase the probability of a vehicle
accident occurring are highlighted. Malin et al. [40] carried out a research that analyzes the risk
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relation between road accidents and weather conditions on different types of roads. According to
the results, the relative risk of accidents on roads with icy or slippery surfaces is six times higher;
additionally, the driver tends to be more susceptible to an accident when driving on a highway with
bad weather conditions. Previous studies have analyzed the influence of precipitation and snowfall
with the increase in accident rates, due to the loss of friction generated by tires, as well as the lack of
visibility [41–46]. Moreover, several authors have analyzed the relation of lighting conditions and have
incorporated other factors, such as high-speed driving, bad weather conditions, among others [47,48].

In the third area, several studies have been carried out that analyze the empirical relation between
road accidents and the different variables of geometric road design, such as degrees of curvature, vertical
slopes, and the balance of vertical and horizontal alignments, using different statistical models [49–52].

Wang et al. [53] review factors related to motor vehicle accidents on highways, with a specific
focus on traffic and highways related factors, which helped in the development of methods and policies
to improve road safety. Meanwhile, the Federal Highway Administration (FHWA) has developed the
Interactive Highway Safety Design Model [54]. This tool provides engineers who design roads with
information on the relations between geometry and accidents, in an accessible format for designers
that is viable in the evaluation process of different alternatives, considering the different geometric
design variables.

On the other hand, several authors have analyzed the existing relation between pavement
conditions and the frequency and severity of accidents. However, the current literature discussion
has not been able to clearly determine this influence. In this context, Chen et al. [55] mention that
the research in this regard is ambiguous; the impact can be positive or negative, depending on
heterogeneous factors such as driver behavior. For example, drivers may behave less responsibly on
roads with adequate levels of service (LOS) and more carefully on roads with low LOS. Therefore,
it seems plausible that a high LOS on the pavement could exhibit any number of accidents, which is,
increasing or decreasing.

In accordance with the above, the causes of traffic accidents are a matter of statistical analysis,
where the risk factor, the interaction, and the combination of these determine the preventive
measures required according to the objective of the managing agency, the design engineer,
or decision-maker. Rivera and Mendoza [56] mention that it is possible to measure the effectiveness
of safety interventions through the analysis of accidents, by ranking the effectiveness in different
criteria, such as reduction of accidents, reduction of deaths, and reduction in costs, among others.
For example, Justo-Silva and Ferreira [57] carried out a research that incorporates accidents costs into
maintenance planning processes and pavements rehabilitation; Konovalova and Zarovnaya [58] present
a mathematical model developed to determine the appropriate actions of investors and the probable
benefits that can be obtained from projects associated with road safety improvements; Esenou et al. [59]
and Dong et al. [60] analyze road safety and technology laws implementation effects for speed control
in vehicles and their impact on fatal accidents reduction in the United States.

3. Materials and Methods

3.1. Study Area

The Highway Centinela–La Rumorosa is located between the municipalities of Mexicali and
Tecate in Baja California, Mexico (Figure 1) belonging to the Mexican Federal Highway no. 2 and
its managed by the Investment Trust Funds Administration (FIARUM for its acronym in Spanish).
With 64 kilometers in length, this road has two separate bodies with different traces and topographic
conditions. From road section 0+000 to 18+000, it is considered an urban area of Mexicali, which has a
flat topography and straight road sections; in the same way, this occurs with road section 18+000 to
42+000, additionally, this road has a mountainous zone with a considerable curve system from road
section 42+000 to 64+000.
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Figure 1. Centinela–La Rumorosa highway location.

Although the section is in constant modernization, the average of road accidents that occur
annually is 200. Therefore, the road is still considered one of the most dangerous in the country.
It is worth mentioning that additionally to the topography and the system of curves of the highway,
the climatic conditions and the environment where the section is located promote road accidents.
The minimum temperatures recorded fall below −7 degrees Celsius, and the maximum temperatures
exceed 54.3 degrees Celsius plus the presence of rain and snow. In addition, this road is in a seismic
zone and therefore suffers structural damage and landslides in the mountainous area.

3.2. Analysis Methodology

This methodology integrates representative data gathered from accidents of a case study with
pavement surface condition data; the performance of the geometric design, that is, degree of curvature
and inappropriate slopes; and an analysis of traffic signals and road safety devices present on the road,
using geodetic techniques in order to determine risk areas that promote accidents and generate a risk
reduction plan to support future decision-making that guarantees better performance for the users of
this road. The structure of the model used in the current research work is presented below (Figure 2).

It is crucial to mention that this methodology is described separately in the following sections
in order to, later on, carry out an integrated analysis with all the variables involved in this study.
In standard practice, these analyses are carried out sporadically without a link between them or they
are not carried out at all. All of the results must be integrated to achieve a better understanding of road
safety and to make technical and operative proposals that promote road safety in areas that presented
higher levels of risk during a period of analysis. Besides identifying the impact of the interventions that
have already been carried out, the integral analysis allows knowing which one has worked, which one
should continue to be applied, and which ones are not so convenient to continue to be applied due to
the results delivered.
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3.3. Accident Analysis

In this section, statistical information on accidents that have occurred on the Centinela–La
Rumorosa highway is analyzed, obtaining data regarding the location of the accident, type of vehicle,
and type of accident. With this, it is possible to statistically analyze accidents and to obtain critical
accident concentration zones historically and by periods of years. This information is captured in
a Geographic Information System (GIS), which allows identifying those sections with the highest
degree of accidents. According to Yu et al. [61] an advantage of spatial analysis methods is that these
methods can be easily applied in the network, identifying critical points and accident spatial patterns.
With reference to Al-Aamri et al. [62] mention that accidents spatial analysis allows determining the
influence of the road and characteristics related to traffic in the occurrence of these. That is why critical
points are established from the accumulation of accidents at some point on the highway within a
radius of 200 m. It is important to mention that this analysis is made from the information gathered
and provided by the FIARUM agency.

3.4. Pavement Superficial Characteristics

According to what is described in the literature review, it cannot be said that poor surface
characteristics are, per se, the direct cause of accidents, but the consequences tend to worsen in certain
situations where a conflict has occurred, for example, sudden braking or sudden change in vehicle
direction [63]. As mentioned above, the main cause is attributed to the human factor. However,
improvements in infrastructure characteristics tend to effectively influence road traffic safety. It is
important to keep into account that, although accidents cannot be avoided entirely by means of
preventive interventions, there is a potential to reduce the severity of these [64].

For the development of this analysis, the information obtained by Montoya et al. [65] was used,
which carried out a pavement condition evaluation to obtain sustainable maintenance and rehabilitation
(M&R) strategies. The authors used the criteria established by the ASHTOO and the HDM-4 program to
measure pavement surface condition. Therefore, data gathered, as well as the deterioration information
are classified according to these criteria (Table 1).
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Table 1. Criteria for pavement conditions classification according to the degree of deterioration.
Reproduced from [65].

Grade of
Deterioration

Cracking
(%)

Aggregate
Shedding (%)

No Potholes
per km

Edge Break
(m2 per km)

Average Depth
of Ruts (mm)

Roughness
(m per km)

New 0 0 0 0 0 0
Good 0 1 0 0 2 2
Fair 5 10 0 10 5 4
Poor 15 20 5 100 15 6
Bad 25 30 50 300 25 8

3.5. Geometric Design Review

The conventional criterion for the geometric project development is based on the use of project
standards, which dimension the components of the road, separately and together, to achieve an
adequate balance between the desirable attributes. Nevertheless, this cannot be done outside of the
component ordering process, which depends on the creativity of the designer. For this reason, the rules
are flexible, in the sense that rules only establish upper or lower limit values based on the type of
road and the selection of the project speed. Within the geometric project, safety refers to the fact that
elements of the road have characteristics that minimize the probability of traffic accidents occurrence.
It is often said that a road is safe when the number of accidents is relatively low. It is worth mentioning
that the geometric project must consider the correct horizontal and vertical alignment design since they
are a key part in reducing accidents. The following information is obtained through what is described
in the Road Geometric Project Manual of the Ministry of Communications and Transport (SCT for its
acronym in Spanish) [66].

The horizontal alignment is the projection onto a horizontal plane of the road sub-crown axis.
The elements that make up this alignment are tangents and horizontal curves. To achieve balance
in road design, all geometric elements must be within practical economic conditions, designed to
provide safe and continuous operation at an expected speed to be respected by drivers under normal
road conditions. This can be accomplished by using design speed as an overall project control factor.
Therefore, the design of curves on the road should be based on a suitable relation between design
speed and curvature, as well as joint relations with lift and lateral friction. When two tangents are
joined together by a curve, it is called a circular curve that can be to the left or the right. In this regard,
the degree of curvature is the angle obtained by a 20 m arc and is calculated according to the following
mathematical expressions.

Gc
20

=
360◦

2πRc
(1)

Gc =
1145.92

Rc
(2)

where Gc is the degree of curvature, and Rc is the radius of curvature.
On the other hand, vertical alignment is the projection onto a vertical plane of the sub-crown axis

development. This alignment is called the subgrade line. This is made up of tangents and vertical
curves that are defined by slope and length. Table 2 shows the maximum slopes according to the speed
and type of terrain on the road.

Table 2. Relation between maximum slope, type of terrain and project speed.

Terrain
Maximum Slope (%) for Different Project Speeds (Km/h)

50 60 70 80 90 100 110

Flat 6 5 4 4 3 3 3
Plain 7 6 5 5 4 4 4

Mountain 9 8 7 7 6 5 5
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The best governing slope, being the greatest slope in the axis of a road at a given length and will be
the one that, for each case, allows obtaining the lowest cost of construction, maintenance, and operation.
The maximum slope is determined based on the vehicle and project speeds and depending on the type
of terrain where the road is developed. Table 3 shows the governing slopes values and maximum
slopes by type of terrain.

Table 3. Governing and maximum slopes by type of terrain.

Highway Type

Main Slope (%) Maximum Slope (%)

Terrain Terrain

Flat Plain Mountain Flat Plain Mountain

D - 6 8 6 9 12
C - 5 6 5 7 8
B - 4 5 4 6 7
A - 3 4 4 5 6

Furthermore, it is important to define the concept of over-elevation. This is the slope that the
crown has towards the center of the curve to partially counteract the effect of a vehicle centrifugal force
on the curves of horizontal alignment. There are practical upper limits to the degree of over-elevation
possible in a horizontal curve; the limits refer to considerations about climate, ease of construction,
use of the adjacent terrain, and the frequency of vehicles traveling at low speed.

Therefore, this analysis aims to identify critical areas generated from geometric alignments of the
road. For this, degrees of curvature and slopes of the concerned section are analyzed and recorded in
a GIS.

3.6. Traffic Signal and Road Safety Device Analysis

Among the physical elements that make up the road system, it is important to highlight the
signage and safety devices, since the participation of these is essential for users. The set of signs and
safety devices have the objective of transmitting to highway users and urban roads enough information
to guide them on the place they are in and how to reach their destination, prevent prevailing conditions
on the road, and regulate the traffic, in addition to contributing to user road safety during their
journey [67].

In keeping with the recommendations of international organizations on road marking, the SCT has
generated several documents, among which are Manuals, Technical Standards, and Official Mexican
Standards. The foregoing, with the purpose that all roads in the country have standard and adequate
road signs. However, in order to facilitate the application of these documents, it is necessary to have an
instrument that integrates and provides consistency in the specifications used for road signs and safety
devices design [67]. Road marking allows regulating road use, facilitating safe and efficient operation
for users [68]. Meanwhile, road safety devices are intended to contain vehicles. As an example of this,
there are speed reduction and redirection. These devices are planned according to technical criteria to
achieve efficiency and reduce the severity of traffic accidents. In this regard, road safety devices are
defined as all those devices that help to contain and redirect vehicles in danger of going off the road,
such as preventive barriers, shock absorbers, retaining walls, and windbreaker meshes [67,69].

The signaling and security devices analysis consists of a field evaluation following compliance with
the SCT regulations, mainly in what is stated in the N-PRY-CAR-10-01-001/13, N-PRY-CAR-10-01-002/13,
and the N-PRY-CAR-10-01-003/13, regarding the signaling project and safety devices on roads and urban
road networks, and the N.CTR.CAR.1.07.010/00 regarding signaling and security devices. In order
to identify the existing areas of opportunity in terms of signaling and safety devices in the analyzed
section, this analysis also allows us to detect, in a particular way, the current situation of the identified
critical areas.
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3.7. Integrated Risk Reduction Plan

Once the particular results are obtained, a GIS software is used to integrate data gathered from
accidents, pavement surface conditions, the performance of the geometric design, the analysis of traffic
signals, and the road safety devices present on the road. In this way, it is possible to observe how
critical points converge with the analyzed risk factors and thus examine the characteristics of these
areas. This analysis will allow planning technical and operational strategies in order to reduce the risk
and accident rate of the road, in accordance with factors present in a critical point.

4. Results

4.1. Case Study Accidents Data

As mentioned above, the highway has a high accident rate, which is why it is considered high risk
for inexperienced users. It is because of these conditions that highways promote accidents even more
than other roads. In Figure 3, the annual traffic historical comparative that circulates on the highway
and the number of accidents registered during the period 2004 to 2018 are presented.
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Figure 3. Annual traffic comparative and number of accidents: (a) annual traffic in the highway
2004–2018; (b) vehicle accidents per year in the highway 2004–2018.

In 2014 an analysis was made showing that the highest number of accidents occurs in the period
from 1:00 p.m. to 5:00 p.m., and historically, 59% of road accidents occur in the mountainous downhill
section, followed by the mountainous ascent section with 16% and flat descent with 14%, while the
remaining 11% corresponds to accidents registered in the flat ascent section (Table 4).

Table 4. Locations of accidents.

Location Ascending Mountain Descending Mountain Ascending Flat Descending Flat

Accidents 16% 59% 11% 14%

On the other hand, the type of accident that occurs the most are rollovers, and the causes vary
depending on the road section and the ascent (26%) or descent (54%) condition. The second cause
of accidents refers to vehicles going off the road; in the uphill section, this represents 28% of total
accidents, while in the downhill, it reaches 26% (Table 5).

Regarding the type of vehicles that get the most into accidents, in the upward section, compact
sedan-type cars do so, representing 32% of accidents; the second type refers to tractor-trailers. On the
other hand, in the downward section, those involved in the highest percentage of accidents are
tractor-trailers or heavy vehicles with 41%; in second place are sedan-type cars (Table 6).
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Table 5. Type of accidents.

Type of Accidents Collision Fire Rollover Lose Track Other

Ascending 18% 12% 26% 28% 16%
Descending 12% 2% 54% 26% 6%

Table 6. Accidents for type of vehicle.

Location Bus Truck SUV Motor-Home Pick Up Motorcycle Car Cargo Truck No Register

Descending 1.33% 5.85% 12.27% 0.09% 12.01% 1.06% 25.61% 41.07% 0.71%
Ascending 2.51% 3.34% 17.90% 0.% 15.87% 2.39% 31.98% 25.54% 0.48%

Among the accidents registered on the Centinela–La Rumorosa Highway, 59% of them occurred
in mountainous zones on the downhill section and another 16% on the uphill section, which amounts
to 75% of the total accidents. Concerning this, an approximate cost of 653,131 dollars is estimated
caused by road accidents in the period from 2000 to 2018. These expenses are based on repairs made
in the affected section due to an accident. However, there is not enough data to know the economic
losses derived from cargo transportation, vehicle repairs, or death expenses, so this cost would be even
higher. As mentioned above, the type of accident that occurs most frequently is rollovers with 54% in
the downhill section, while in second place and the uphill section, another type of accident refers to
going off the road with 28%. The information mentioned above reveals the areas of the highway where
the highest number of accidents are concentrated annually (Figure 4).2020, 7, x FOR PEER REVIEW 10 of 20 
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As seen in Figure 4 and the above-mentioned information, the greatest number of accidents is
concentrated in the mountainous area, specifically in the downhill section, with points that concentrate
an average of 40 to 50 accidents per year. Furthermore, the area called “La Herradura” located in
the downhill lane between km 51+200 and km 49+100 stands out for concentrating a large number
of accidents. It is important to mention that even though the flat and straight zone of the highway
registers few accidents per year, these do not have a defined occurrence pattern, so zones where three
to five accidents per year occur were defined for analysis.

4.2. Highway Surface Conditions

The results from the pavement surface condition in 2014 (Figure 5), show that the most deteriorated
road section is the descending one, because 28% of this section is in poor condition, mainly in the
mountainous area where there are a considerable curve system and steep slopes. Likewise, the first
kilometers in the urban area present the aforementioned condition. On the other hand, the ascending
road section presents good conditions in 70% of its route, 29% is in fair condition and only 1% is in
poor condition.2020, 7, x FOR PEER REVIEW 11 of 20 
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Figure 5. Pavement surface conditions.

4.3. Geometric Condition

The horizontal and vertical alignments should not be considered independent in the project
since these complement each other. If one of the two alignments present poorly projected parts,
these negatively influence both, the rest of that alignment and the other one. Due to the above,
both alignments must be analyzed considering that the goodness in the project will increase the use and
safety. It is important to mention that, once the analysis was carried out, risk zones due to geometry
were found in the mountainous section only, specifically in the downhill section. The foregoing because
this section was a two-lane highway before the uphill section was built in 2000, so the downhill section
design has inconsistencies and is inappropriate for use at present days. Meanwhile, the rest of the
highway is made up of flat and straight sections. The current situation of horizontal and vertical
alignment in the mountainous area of the Centinela–La Rumorosa Highway is shown below (Figure 6).
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4.4. Traffic Signal and Safety Devices Condition

The results of the analysis of traffic signs and safety devices detected areas on the highway that
do not comply with the regulations related to these. The areas presented below show those areas
where the signs and security devices present inconsistencies or nonexistence of these in accordance
with the provisions of current regulations. It is important to mention that the flat and straight area of
the highway does not present the existence of critical points so that in Figure 7, only the results of the
mountainous area of the highway are presented.
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4.5. Integrated Risk Reduction Plan

Using the GIS software Arcgis 10.3 software, this integrates data gathered from accidents and
pavement surface condition data, the performance of the geometric design, the analysis of traffic
signals, and road safety devices present on the road, in order to determine risk areas that promote
accidents and generate a risk reduction plan to support future decision-making that guarantees better
performance for road users.
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Table 7 concentrates critical points resulting from the accident analysis on the Centinela–La
Rumorosa Highway, classifying the risk level according to the annual average of accidents that occur
at each point, the type of terrain, the direction of the road, the location centroid ±100 m, and the risk
factors present at each point.

Table 7. Analysis of accident risk levels associated with risk factors 1.

Risk Level Terrain Slope Direction Chainage km
Risk Factors

PC Geometric TS and/or SD

Very Low Flat - Ascendant 20+500 Good - -
Very Low Flat - Ascendant 22+000 Good - -
Very Low Flat - Ascendant 28+400 Good - -
Very Low Flat - Ascendant 33+500 Good - -
Very Low Flat - Ascendant 34+800 Good - -
Very Low Flat - Ascendant 38+000 Good - -
Very Low Flat - Ascendant 41+000 Good - -

Low Mountain Positive Ascendant 43+600 Fair - X
Low Mountain Positive Ascendant 46+700 Good - -
Low Mountain Positive Ascendant 52+900 Good - X
Low Mountain Positive Ascendant 53+700 Good - -
Low Mountain Positive Ascendant 54+600 Good - -
Low Mountain Positive Ascendant 55+700 Good - X

Medium Mountain Positive Ascendant 53+100 Good - X
Very Low Flat - Descendant 41+500 Good - -
Very Low Flat - Descendant 37+500 Good - -
Very Low Flat - Descendant 31+600 Good - -
Very Low Flat - Descendant 26+900 Poor - -
Very Low Flat - Descendant 24+100 Fair - -
Very Low Flat - Descendant 21+900 Fair - -
Very Low Flat - Descendant 20+400 Fair - -
Very Low Flat - Descendant 18+200 Fair - -

Low Mountain Negative Descendant 61+300 Good X -
Low Mountain Negative Descendant 60+500 Good X -

Medium Mountain Negative Descendant 57+000 Poor - -
Medium Mountain Negative Descendant 54+900 Poor - -
Medium Mountain Negative Descendant 50+550 Poor - X
Medium Mountain Negative Descendant 50+300 Poor X -
Medium Mountain Negative Descendant 49+700 Good X X
Medium Mountain Negative Descendant 45+550 Good X X

Very High Mountain Negative Descendant 61+500 Good X -
Very High Mountain Negative Descendant 58+600 Poor X -
Very High Mountain Negative Descendant 56+350 Poor X X
Very High Mountain Negative Descendant 50+400 Poor X X
Very High Mountain Negative Descendant 49+750 Good X X
Very High Mountain Negative Descendant 45+000 Good X -

1 The level of risk is associated with the annual average of accidents at the critical point: Very Low (3–5), Low (10–19),
Medium (20–29), High (30–39), Very High (40–49). PC is superficial pavement condition; Ts is Traffic Signals, and SD
is Safety Devices.

According to Table 7, the combination of two or more risk factors leads to an increase in accidents
in a critical point; the geometric design in high-risk areas is the most recurrent factor, and its presence
in mountainous areas is also highlighted, where there are pronounced and inappropriate descending
slopes, as expressed in the accident analysis. Another important aspect to consider is that the areas
that present the highest levels of risk are those with the worst pavement conditions.

Once the relation between the critical points with the highest accident rates and the risk factors
present has been analyzed, an integrated plan is drawn up that aims to reduce the risk of accidents on
the highway (Table 8). This plan establishes technical and operational strategies in order to reduce the
risk and accident rate of the road, in accordance with factors present in a critical point. It is important to
mention that the analysis of risk factors shows the presence of these in areas with low or no accidents,
which can be attended to further reduce the possibility of an accident. However, the results of this
research only present strategies to attend to areas with high risk or high accident rates.
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Table 8. Integrated risk reduction plan 1.

No. Risk Level Risk Factor Risk Reduction Strategies Direction Chainages

1 Very High Pavement C Pavement M&R strategies, mill and
replace 50 mm HMA Descendant 58+600, 56+350,

50+400

2 Very High Geometric Planning and design of a bridge in
“La Herradura” area Descendant 50+400, 49+750

3 Very High Geometric Planning and design runaway truck
ramp Descendant 58+600, 56+350,

50+400
4 Very High Geometric Car accident prevention technology Descendant 61+500, 45+000

5 Very High TS and/or SD
Implementation of warning signal
“dangeorus curve ahead” and “left
curve sign”

Descendant 56+350, 50+400,
49+750

6 Very High TS and/or SD Implementation or extension of metal
road safety barriers Descendant 50+400, 49+750

7 Medium Pavement C Pavement M&R strategies, mill and
replace 50mm HMA Descendant 54+900, 50+550,

50+300

8 Medium Geometric Planning and design of a bridge in
“La Herradura” area Descendant 50+300, 49+700

9 Medium Geometric Car accident prevention technology Descendant 45+550

10 Medium TS and/or SD Implementation or extension of metal
road safety barriers Descendant 50+550, 49+700,

45+550

11 Medium TS and/or SD Implementation or extension of metal
road safety barriers Ascendant 53+100

12 Low Geometric Car accident prevention technology Descendant 61+300, 60+500

13 Low TS and/or SD Implementation or extension of metal
road safety barriers Ascendant 55+700

14 Low Pavement C Pavement M&R strategies, Slurry seal Ascendant 43+600

15 Low Operative and
Driver behaviour

Enforcement of traffic laws and Car
accident prevention technology Ascendant 46+600, 53+700,

54+600

16 Very Low Pavement C Pavement M&R strategies, mill and
replace 50 mm HMA and Slurry seal Descendant 26+900, 24+100,

21+900, 20+400

17 Very Low Operative and
Driver behaviour

Enforcement of traffic laws and Car
accident prevention technology Descendant 41+500, 37+500,

31+600

18 Very Low Operative and
Driver behaviour

Enforcement of traffic laws and Car
accident prevention technology Ascendant

20+500, 22+000,
28+400, 33+500,
34+800, 38+000,
41+000

1 Pavement C is pavement surface condition.

As mentioned above, Table 8 shows the integrated risk reduction plan prioritizing areas with the
highest risk level. It is important to mention that since 2014 the implementation of sustainable strategies
for M&R was designed on this highway, leading to the creation of an intervention plan from 2014 to
2018 and the execution of this during the already mentioned period, with the vision of improving
safety and comfort for users of this highway. These results are presented by Montoya et al. [65].

The analysis of Table 8 denoted the influence of the geometric design on the accident rate of the
mountainous section of the highway. However, due to the topographic limitations and the highway
layout, resulting in a difficult task to modify slopes and degrees of curvature, this shows the need to
propose the incorporation of another type of infrastructure and design; this could be the case of a bridge
in the area called "La Herradura". Furthermore, the results of the already mentioned analysis show the
need to build runaway truck ramps on the highway because the SCT regulation NOM-036-SCT2-2016
establishes that the construction of emergency braking ramps must be used, also known as escape
ramps or just simply emergency ramps, on all roads that have sections with continuous and prolonged
descending slopes with characteristics that can lead to fatal accidents caused by vehicles that are out of
control due to mechanical failures, mainly in braking systems. This denotes the need for planning and
design of these elements on the highway.

On the other hand, areas were detected where it is not possible to carry out a project to modify its
design. However, the use of technology can be implemented to prevent accidents. These technologies
consist of speed radars and dynamic signaling that inform drivers about phenomena or eventualities
on the highway.
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Another aspect important to mention is that areas with moderate risk levels were located without
presenting any associated risk factor, mainly in the flat and straight area of the highway where most
accidents occur as a result of driving at high speeds and going off the road. Therefore, for these cases,
it is recommended to highway administrators and authorities, the enforcement of traffic laws in a
stricter way towards drivers, as well as the implementation of assistive technology.

5. Discussion

The primary cause of traffic accidents is related to the human factor. However, it is possible that,
by implementing effective interventions through correct urban planning and designing safer roads,
implementing road safety review audits, as well as by establishing and applying international laws,
this problem can be addressed. However, the already mentioned analysis is always fulfilled or carried
out comprehensively. The information mentioned above is highlighted in Persia et al. [12]. In a study
of 23 countries, they point out that the lack of resources and data has led to the lack of application of
procedures that allow improving road safety conditions. The above-mentioned reflects on global road
safety data, where high-income countries recorded a remarkable decrease in traffic fatalities in recent
years, this due to safer vehicles, roads, and user behavior. In low- and middle-income countries, it is
completely different. These countries account for 90% of all road deaths worldwide.

Despite the efforts to improve road safety conditions, road management agencies in developing
countries have limited resources and staff, which means that these projects are not short-term
implemented or are not implemented at all, so it is necessary to regularly carry out road safety audits in
order to maintain a reliable and updated data, for the correct implementation of a risk reduction plan.
This situation was highlighted by Speier and Campos [70] who mentioned that based on their personal
experience in conducting audits, inspections, and training throughout South and Central America and
Mexico, resources, staff, knowledge, legal regulations, and quality of data are some of the reasons why
techniques and road safety procedures audits and inspections may not have been implemented more
widely. On the other hand, this situation was also highlighted by Rodríguez and Bezerra [10], in Brazil,
where these procedures are not incorporated or disseminated as a common practice. They proposed a
procedure for the implementation of these types of projects.

The main limitations of this work were the lack of previous studies in Mexico, and the quality
and quantity of data and official information. Mainly those related to data gathered from accidents
by the highway administration agency; this is because these data omit essential information such
as the influence of the human factor, the presence of environmental phenomena, and the economic
consequences of accidents. Yu et al. [15] were able to identify factors that influence vehicle crash
patterns using the Wisconsin transportation database, which includes 49 variables to describe the crash,
driver’s condition, vehicle condition, pavement condition, environmental condition, etc. Future crash
report forms collected by FIARUM should include this information.

Although this analysis should be considered the first approach to address safety in this highway,
and it focuses mainly on the planning of technical and operational strategies, the results show the
need to implement reinforcement laws and assisted technology. Due to what was described by
Reason et al. [21], drivers deliberately violate road laws when they have the opportunity to do so.

A future improvement of this study should include the adaptation and application of the DBQ to
analyze and characterize the aberrant behavior of road users, as well as the inclusion of environmental
variables. In accordance with Farooq et al. [17], road management agencies must consider the criteria
of driver behavior to improve their road safety situation.

6. Conclusions

In order to identify the spatial patterns resulting from accidents, the importance of GIS use is noted,
and thereby, determine the areas with high accident rates, as well as the influence of the road in accidents
generation and the characteristics related to traffic in the occurrence of these. Likewise, these systems
are also a useful tool to analyze the interaction of risk variables in their geospatial environment.
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Although the current literature discussion has not been able to clearly determine the influence of
the pavement condition on the frequency and severity of accidents, it is the responsibility of highway
administrators to provide a quality transport system, in other words, safe and comfortable for users.

Specifically addressing the Centinela–La Rumorosa Highway and the analysis of geometric
conditions carried out there, it was shown that there were severe inconsistencies in the alignments,
presenting inappropriate degrees of curvature in the mountainous descent lane, showing up eight critical
zones in this factor, and thus as a high degree of accidents. In accordance with the aforementioned, this
section concentrated all the traffic since before being a highway, when it was one lane in each direction
until the ascent section was built in 2000. The foregoing led to inconsistencies that have not been
addressed due to the spatial and topographic limitations, and therefore, the need arises to propose and
design a bridge that connects two points of the highway; this is a sustainable technical measure that
would eliminate the system of curves in the area known as “La Herradura” in the mountainous section
of the descent.

On the other hand, the analysis of signs and safety devices denotes the need to implement
preventive markings in dangerous curves, as well as more speed radar technology and the
implementation of safety barriers, in order to prevent accidents and reduce the severity of these.
Likewise, this analysis reflects the need to plan and design runaway truck ramps at specific critical
points of the descending mountainous section, since the regulations published in 2016 require the
existence of these, for sections with steep slopes and high degrees of curvature, as presented in the
object of study of this research.

Risk factors review on a highway makes it possible to identify points that, although not presenting
high levels of accidents, show areas that can improve on safety levels by addressing deficiencies in
terms of pavement condition, geometric design, signaling, and security devices.

Finally, it is concluded that this procedure contributes to determining the risk areas that induce
the generation of accidents and encourages the development of a risk reduction plan to support
future decision-making that guarantees better performance for road users. Likewise, it is important
to emphasize that the analysis of road safety should be a permanent process for those who operate,
design, and build the road system.
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22. Stanojević, P.; Lajunen, T.; Jovanović, D.; Sârbescu, P.; Kostadinov, S. The driver behaviour questionnaire in
south-east europe countries: Bulgaria, romania and serbia. Transp. Res. Part F Traffic Psychol. Behav. 2018, 53,
24–33. [CrossRef]

23. López-de-Cózar, E.; Molina, J.; Chisvert, M.; Sanmartín, J. Traducción y Adaptación del Driver Behaviour
Questionnaire a la Población Española; Instituto Universitario de Tráfico y Seguridad Vial-Universidad de
Valencia: Valencia, Spain, 2006.

24. Cordazzo, S.T.; Scialfa, C.T.; Bubric, K.; Ross, R.J. The driver behaviour questionnaire: A north American
analysis. J. Saf. Res. 2014, 50, 99–107. [CrossRef] [PubMed]

25. Cordazzo, S.T.; Scialfa, C.T.; Ross, R.J. Modernization of the driver behaviour questionnaire. Accid. Anal.
Prev. 2016, 87, 83–91. [CrossRef]

26. Owsley, C.; Ball, K.; Sloane, M.E.; Roenker, D.L.; Bruni, J.R. Visual/cognitive correlates of vehicle accidents in
older drivers. Psychol. Aging 1991, 6, 403. [CrossRef]

27. Ball, K.; Owsley, C.; Sloane, M.E.; Roenker, D.L.; Bruni, J.R. Visual attention problems as a predictor of vehicle
crashes in older drivers. Investig. Ophthalmol. Vis. Sci. 1993, 34, 3110–3123.

28. Shimada, H.; Tsutsumimoto, K.; Lee, S.; Doi, T.; Makizako, H.; Lee, S.; Harada, K.; Hotta, R.; Bae, S.;
Nakakubo, S. Driving continuity in cognitively impaired older drivers. Geriatr. Gerontol. Int. 2016, 16,
508–514. [CrossRef] [PubMed]

29. Devlin, A.; McGillivray, J. Self-regulatory driving behaviours amongst older drivers according to cognitive
status. Transp. Res. Part F: Traffic Psychol. Behav. 2016, 39, 1–9. [CrossRef]

http://dx.doi.org/10.22617/TIM179172-2
http://dx.doi.org/10.1016/j.trpro.2016.05.303
http://dx.doi.org/10.3390/su11071925
http://dx.doi.org/10.3390/su11113142
http://dx.doi.org/10.5604/12314005.1138623
http://dx.doi.org/10.3390/sym12020243
http://dx.doi.org/10.1080/00140139008925335
http://dx.doi.org/10.1016/j.trf.2017.12.011
http://dx.doi.org/10.1016/j.jsr.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25142366
http://dx.doi.org/10.1016/j.aap.2015.11.016
http://dx.doi.org/10.1037/0882-7974.6.3.403
http://dx.doi.org/10.1111/ggi.12504
http://www.ncbi.nlm.nih.gov/pubmed/25953032
http://dx.doi.org/10.1016/j.trf.2016.02.001


Safety 2020, 6, 45 17 of 18

30. González-Iglesias, B.; Gómez-Fraguela, J.A.; Sobral, J. Potential determinants of drink driving in young
adults. Traffic Inj. Prev. 2015, 16, 345–352. [CrossRef]

31. Ferreira, A.I.; Martínez, L.F.; Guisande, M.A. Risky behavior, personality traits and road accidents among
university students. Eur. J. Educ. Psychol. 2009, 2, 79–98. [CrossRef]

32. Gershon, P.; Sita, K.R.; Zhu, C.; Ehsani, J.P.; Klauer, S.G.; Dingus, T.A.; Simons-Morton, B.G. Distracted
driving, visual inattention, and crash risk among teenage drivers. Am. J. Prev. Med. 2019, 56, 494–500.
[CrossRef]

33. Lin, C.; Wu, D.; Liu, H.; Xia, X.; Bhattarai, N. Factor Identification and Prediction for Teen Driver Crash
Severity Using Machine Learning: A Case Study. Appl. Sci. 2020, 10, 1675. [CrossRef]
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