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A B S T R A C T

Introduction: Providing safe road infrastructure is increasingly gaining attention worldwide as part of the effort to 
reduce road deaths and injuries. Halving road fatalities by 2030 is one of the targets among the Sustainable 
Development Goals of the United Nations. This study aims to understand how road traffic conditions, including 
vehicle speeds and volumes, mediate the relationship between road design and traffic safety. Method: In 
particular, the study relies on 78 road attributes pertaining to road design features, as published in the Inter-
national Road Assessment Programme’s (iRAP) Star Rating and Investment Plan Manual. The star rating was 
conducted along a 68 km segment of a national highway in Korea, and these coded data were associated with 
both traffic and crash data. The traffic data, in this case, the average vehicle volume and speed, are sourced from 
the View-T platform in Korea. Crash data were obtained from Traffic Accident Analysis Systems in Korea. Results: 
The application of principal component analysis (PCA) identified three principal components—principal 
component (PC) 1 represents attributes related to pedestrians and roadside facilities, PC2 represents cross- 
sections and intersections, and PC3 represents attributes related to road surfaces and curvatures. In addition, 
piecewise structural equation modeling confirmed that PC1 is the only component that has a direct effect on the 
number of crashes. Practical applications: The finding suggests that pedestrian and roadside facilities easily added 
or removed during road operations are more critical than geometric attributes established at the road design 
stage. The study also confirms the indirect effects of the aspects of speed and volume on the likelihood of a crash.

1. Introduction

Fatalities and injuries from road traffic crashes threaten the life and 
well-being of everyone. The World Health Organization (WHO) has set 
what is known as Global Sustainable Development Goal – SDG Target 
3.6., which aims to halve deaths and injuries from crashes by the end of 
2030 (World Health Organization, 2023). This global plan emphasizes 
the importance of a holistic approach to road safety and calls for con-
tinued improvements in the design of roads and vehicles, law enforce-
ment, and the provision of timely, life-saving emergency care for the 
injured (World Health Organization, 2023). Road safety improvements 
also aim to promote road safety and walking, cycling, and public 
transportation usage as inherently healthy and sustainable travel modes 
(Hong & Yang, 2023).

Despite numerous efforts to mitigate traffic crashes, they remain a 
leading cause of death and injuries. Road traffic crashes in the world 

result in the yearly deaths of approximately 1.19 million people and 
nonfatal injuries of 20 and 50 million people (Toroyan, 2009). Based on 
2019 data on the age distribution of all-cause mortality, road traffic 
injuries remain the leading cause of death for children and young people 
aged 5–29 years and represent the 12th leading cause of death when all 
ages are considered (World Health Organization, 2023).

Better road designs can improve road safety considerably. Designing 
transportation infrastructure to allow for human errors and injury 
thresholds can substantially lessen the severity of crashes that may occur 
(Xu et al., 2022). In South Korea, several measures such as additional 
pedestrian crossings, safety fences, ’silver zones’ near facilities for older 
adults, bike lanes, and other traffic-calming measures are being installed 
to reduce the risk of injury among these road users (International 
Transport Forum, 2024). In this respect, the International Road 
Assessment Program (iRAP) has rated over 502,000 km of roads across 
84 countries to help identify risky roads and improve infrastructure, 
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with more than a three-star rating since 2006 (International Road 
Assessment Programme, 2021). Aligned with the Global Sustainable 
Development Goal set by the World Health Organization, iRAP released 
a road safety plan to ensure more than 75% of travel is on roads rated 
three stars or better, which is expected to save more than two million 
road users from crashes.

However, the lack of a comprehensive understanding of the medi-
ating effects of vehicle speed and volume levels could lead to biased 
results when explaining the effects of road design features on safety 
outcomes. Findings from previous studies elicit inconsistent results 
regarding the impact of specific road attributes on safety outcomes 
(Basyouny, 2016; Merlin et al., 2020; Hong & Yang, 2023). This signifies 
the need to consider the potential impact of factors such as the traffic 
volume, vehicle mix, capacity and level of service, prevailing speeds, 
cross-sectional alignment, development type, access to adjacent prop-
erties, segment lengths, traffic volumes, access point density levels, and 
midblock changes (Manuel et al., 2014).

Furthermore, fatal crashes also occur when speeds and design are not 
compatible. Road safety results from the composite effect of cross- 
sectional roadway design attributes. We cannot simply determine a 
single road attribute factor contributing to crashes (Merlin et al., 2020). 
For example, according to Ewing et al. (2024), reducing lane widths on 
urban arterials can provide more space to include other street features 
such as bicycle lanes, on-street parking, wider sidewalks, landscaped 
buffers, and reduced pedestrian crossing distances. However, these at-
tributes interact and bring about different safety outcomes for various 
road users according to varying traffic conditions on the roadway 
although traffic volume contribute to the likelihood of crashes sub-
stantially according to Yannis et al (2014). Thus, it is necessary to 
quantify the combined effects (direct and indirect effects) of road design 
and traffic conditions on road safety for all users.

This research aims to fill this gap by quantifying the combined effects 
of road design and traffic conditions on road safety outcomes. By 
considering the interactions between different road attributes and traffic 
conditions, the study seeks to provide insights into effective strategies 
for improving road safety for all users. A conceptual framework of this 
study is presented in Fig. 1. This illustrates how road attributes such as 
cross-sectional design elements, roadside objects, additional safety fa-
cilities, pedestrian facilities, and horizontal/vertical alignments affect 
crash rates through traffic speed and volume mediators. The mediators, 
in this case, traffic volume and speed, are, in turn, the primary 

determinants of crash rates.

2. Literature review

The relationship between road attributes and safety has long been 
studied. Numerous studies are reviewed here in the order of cross- 
sectional design elements, horizontal and vertical design elements, 
pedestrian facilities, roadside objects, and other safety facilities. Table 1
provides a comprehensive summary of the road attributes, their asso-
ciated safety outcomes (positive or negative), and mediators that affect 
the relationship between road attributes and safety outcomes.

Cross-sectional design elements include the lane width, shoulder, 
number of lanes, and median type. The relationship between these ele-
ments and crashes suggests nuanced effects influenced by vehicle speeds 
and volume. First, a lane width wider than specifically three meters is 
typically discouraged due to unintended speeding that occurs along such 
lanes (NACTO, 2013), mainly because driving speeds can be reduced on 
narrower lanes given the increased steering workload (Godley et al., 
2004). A more recent study confirmed that the effect of the lane width 
on non-intersection crashes varied depending on the driving speed, 
finding that wider lanes at 30–35 mph result in more crashes than 
narrower lanes (Hamidi & Ewing, 2023). Another cross-sectional design 
element, the presence of a shoulder, contributed to higher vehicle 
speeds, which in turn increased the likelihood of crashes (Gargoum & El- 
Basyouny, 2016).

An increased number of lanes generally results in higher traffic flows 
or more frequent lane changes between multiple lanes while increasing 
the crash risk due to greater exposure to traffic conflicts (Milton & 
Mannering, 1998). On the other hand, a higher number of lanes and 
medians with barriers or upward slopes lead to reduced injury risks as 
these attributes decrease vehicle speeds (Dumbaugh et al., 2024; Gar-
goum & El-Basyouny, 2016; Hu & Donnell, 2010; Ukkusuri et al., 2012). 
However, expanding a road from two lanes to four lanes can lead to a 
20% reduction in crashes (Dumbaugh et al., 2024; Gargoum & El- 
Basyouny, 2016). The increased traffic volume from the road expan-
sion generates traffic congestion, forcing drivers to reduce their speeds 
(Gargoum & El-Basyouny, 2016). In addition, the number of total 
crashes causing severity tends to be lower in census block groups with a 
higher proportion of two-lane roads and a higher proportion of roads 
with posted speed limits of 35 mph or less, as the likelihood of conflicts 
and speed differentials between vehicles is greatly reduced on two-lane 

Fig. 1. Conceptual framework.
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roads (Saha et al., 2020).
Horizontal and vertical design elements consist of the curvature, 

grade, and sight distance aspects. Roads adjacent to sharp curves can 
reduce crashes because drivers travel cautiously and at lower speeds 
near curves (Gooch et al., 2016), However, small-radius curves with 
higher slopes increase the likelihood of medium and severe injuries 
(Wang et al., 2019). This correlation has been assessed with factors such 
as the traffic volume, slope length, curve, and other road geometry 

factors (Lan et al., 2011; Wang et al., 2019). The effect of the slope on 
crashes becomes more significant at higher traffic flows.

The effects of the sight distance at intersections vary depending on 
the traffic volume (Himes et al., 2016). Higher crash rates are associated 
with differences between the observed free-flow speeds and speed as 
mandated by the curve radius or sight distance (Watson et al., 2014). 
This implies that sight distance recommendations are crucial for miti-
gating collision risks and ensuring smoother traffic flows within 
roundabouts, implying, in turn, that considering designs and regulations 
to improve road safety is important (Zirkel et al., 2013).

Roadside objects include roadside safety barriers, fixed objects, and 
street parking areas. Roadside objects are typically evaluated according 
to their ability to redirect vehicles or reduce speeds (Eskandarian et al., 
1997). Collisions with rigid barriers are not necessarily safer than col-
lisions with less rigid objects, such as trees or poles, without controlling 
for design speeds (De Albuquerque & Awadalla, 2020). For example, 
crashes related to construction machinery tend to result in less severe 
injuries than those related to rock banks with ledges. Considering the 
similar rigidity between the two, the lower speeds typically observed in 
work zones with construction machinery may lead to a decrease in se-
vere injuries (Holdridge et al., 2005).

Other safety facilities include the presence of rumble strips, delin-
eation, and streetlights. Improving the visibility of road edges or lane 
delineators improves confidence and stress levels, leading to increased 
driving speeds and more frequent collisions (Stanton & Pinto, 2000). On 
the other hand, keeping longitudinal pavement markings in good con-
dition has significant positive safety effects (Bektas et al., 2016).

Moreover, streetlights have a greater influence when vehicle speeds 
are higher or when there are a greater number of lanes (Xu et al., 2018). 
Improved illuminance can reduce vehicle speed variations and improve 
safety levels, consequently decreasing crashes (Garber & Gadiraju, 
1988). Therefore, a thorough understanding is required to discern the 
impacts of streetlight improvements, particularly considering vehicle 
speeds.

In short, road safety is the outcome caused by the composite effect of 
various roadway design attributes. Many studies have attempted to 
reveal the direct effects of road attributes (George et al., 2017), speeds 
(Gitelman et al., 2018; Roshandel et al., 2015; L. Wang et al., 2015), and 
volume (Roshandel et al., 2015; Wang et al., 2015). We cannot deter-
mine a single factor contributing to crashes. Road design attributes 
interact with each other and can bring about different safety outcomes, 
which may also vary by traffic conditions, such as volumes and speeds. 
Some review studies have attempted to conceptualize a plausible crash 
mechanism as follows: built environment − > mediator − > crash fre-
quency. This suggests that the built environment affects crash frequency 
via mediators, which include traffic exposure, speed, and conflicts 
(Ewing & Dumbaugh, 2009; Merlin et al., 2020). However, unlike the 
active discussions on a macro level of an urban environment, relatively 
less has been paid to empirical evidence of road attribute level to 
investigate the mediating effects of vehicle speeds and volumes on crash 
likelihood. This is the main literature gap in this paper.

3. Data and variables

3.1. Exogenous variables

This study focuses on the geometric features and traffic character-
istics of a 68-kilometer segment of a national highway between Seryu, 
Suwon-si, and Bal-ahn, Hwaseong-si in South Korea. Road attributes, 
exogenous variables in our study, were surveyed and evaluated in 100- 
meter intervals following the iRAP coding manual for all study seg-
ments. Since we defined the surveying area before conducting the sur-
vey, the 68-kilometer segment is divided evenly into 680 segments. 
Therefore, we do not need to consider segments smaller than this limit. 
The International Road Assessment Programme (iRAP) has developed 
the iRAP Coding Manual to assess road attributes with the same 

Table 1 
Summary of the literature review.

Factor Increasing 
crashes (+)

Reducing crashes (− ) Conditional factor 
(*: mediator)

Cross-sectional Design Elements
Lane Width Hamidi & Ewing 

2023; NACTO, 
2013

Potts et al., 2007 Vehicle speed, 
Average daily 
traffic

Shoulder Bamzai et al., 
2017; Gargoum & 
El-Basyouny, 
2016*

Gitelman et al., 2019 Average speed*, 
Speed limit, 
Annual Average 
daily traffic, 
Average daily 
traffic

Number of 
Lanes

− Council & Stewart, 
2000; Dumbaugh 
et al., 2024; Gargoum 
& El-Basyouny, 2016; 
Saha et al., 2020

Operating speeds, 
Posted speed limit, 
Traffic volume, 
Vehicle miles 
traveled

Median 
(Type)

Elvik, 1995 Hu & Donnell, 2010; 
Knuiman et al., 1993; 
Saha et al., 2020

Vehicle speed, 
Speed limit, 
Average daily 
traffic, Daily 
vehicle miles 
traveled

Horizontal & Vertical Design Elements
Curvature 

Radius
Wu et al., 2013 Gooch et al., 2016; 

Watson et al., 2014
Vehicle speed, 
Traffic volume, 
Annual Average 
daily traffic

Grade Lan et al., 2011; 
Wong, 2005

− Traffic flow, curve 
radius, slope 
length

Sight 
Distance

Abdulhafedh, 
2020

Fhwa, 2013; Himes 
et al., 2016; Potts 
et al., 2019

Intersection type, 
roadside objects, 
traffic volume

Pedestrian and Bike Facilities
Sidewalk − Abou-Senna et al., 

2022; McMahon 
et al., 2002; Osama & 
Sayed, 2017; 
Quistberg et al., 2015

−

Crosswalk Zegeer et al., 
2001

Gitelman et al., 2019 −

Roadside Objects
Roadside 

safety 
barriers/ 
fixed 
objects

Albuquerque & 
Awadalla, 2020

Eskandarian et al., 
1997; Holdridge 
et al., 2005

Object rigidity, 
vehicle speed

Street parking Kraidi & 
Evdorides, 2020

Dumbaugh, 2005; 
Ossenbruggen et al., 
2001

−

Other Safety Facilities
Rumble Strips − Karkle et al., 2013; 

Sayed et al., 2010
Installation 
location

Delineation Stanton & Pinto, 
2000

Bektas et al., 2016 Driving speed, 
delineation color

Streetlight − Garber & Gadiraju, 
1988

Vehicle speed
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standards consistently. It includes 78 road design attributes, such as the 
number of lanes, the lane width, and curvatures, among others. Geore-
ferenced images collected during a survey were used to record road 
attributes for each 100-meter road segment. The unit of analysis is a 100- 
meter road segment. Coding options for each attribute are listed in the 
order of highest to lowest risk, and the ’worst’ option is coded.

3.2. Endogenous variables

The endogenous variables consist of crash data, traffic data, and 
speed data. First, traffic data were sourced from the Traffic Accident 
Analysis System (TAAS) in Korea. TAAS database provides complete 
records of traffic crashes, including offender and victim’s age, sex, and 
crash information such as date, cause, and injuries etc. The TAAS in-
tegrates various databases of road crashes maintained by different or-
ganizations, including police, car insurance companies, and hospital 
databases. However, the actual location data, x-y coordinates of crashes, 
were extracted from the TAAS interactive map by using the web scraping 
method. Then we merged the location data into crash information data 
grouped by crash ID.

The spatial joining process was conducted to merge crash data and 
100-meter interval road segments based on the proximity criterion 
‘st_nearest_feature’ in R studio. This criterion enabled the identification of 
the closest crash occurrences from each 100-meter road segment. In 
cases of borderline crashes, the incidents were assigned to the preceding 
road segment.

Table 2 shows the number of crashes on the case study roadways 
from 2017 to 2021. The data for these five years were aggregated by 
summing crash counts at 100-meter intervals. The collected crash data 
include two types of crashes: head-on and run-off crashes. The Star 
Rating Score (SRS), as per the iRAP protocol, is calculated primarily 
based on head-on and run-off crashes. By focusing on these crash types, 
the study aligns with the iRAP methodology, ensuring consistency and 
relevance in road safety assessment.

However, this study does not differentiate intersection crashes from 
non-intersection crashes. In general iRAP protocol, intersections are 
treated separately to calculate star rating scores which denote the like-
lihood or severity of intersection crashes. Since this study considers 
head-on and run-off crashes along the roads regardless of whether road 
sections belong to intersections or not, some road sections can have 
intersection attributes such as intersection quality, intersection type, 
intersecting road volume, and intersection channelization. Possibly 
those road sections within intersections can be excluded to comply with 
iRAP protocol, but this study included them to examine whether or not 
intersection attributes can affect head-on and run-off crashes.

Fig. 2 presents a heatmap of crash counts by crash type at 100-meter 
intervals. Fig. 3 shows all crash counts from the starting point to the 
ending point of the case study roads. The mean head-on crash count per 
100-meter interval is 1.09, and the standard deviation is 1.81. The data 
range from 0 to 9. Regarding run-off crashes, the data show a mean crash 
count of 1.009 and a standard deviation of 1.417. The data range in this 
case is from 0 to 9.

Traffic volume and speed data are collected separately from the 
View-T database, which is a traffic data platform that provides estimated 
annual average daily traffic and average speeds for road sections along 

the selected highway network. A map-matching procedure was applied 
to each 100-meter segment to identify the corresponding traffic volume 
and speed. The mean vehicle speed for the sample segments is 47.7 km 
per hour, with a standard deviation of 13.8. The mean vehicle volume 
for these segments is 32,600, with a standard deviation of 13,700.

These two variables are assumed to be mediators, influenced by 
exogenous variables and, in turn, affecting crash outcomes. For temporal 
matching with crash data, vehicle speed, and volume were extracted 
from View-T within the timeframe of 2017 to 2021. Those variables, 
including vehicle speed and volume, were log-transformed to normalize 
their distributions, which is a key assumption for the linear regression 
model.

However, we did not address the correlation between vehicle speed 
and volume. When monitoring a single road segment continuously, 
explaining the sensitivity of speed to volume is challenging. This is 
because our analysis was based on daily averages rather than hourly 
profiles.

Table 3 presents a detailed description of both the exogenous and 
endogenous data, accompanied by corresponding descriptive statistics.

4. Methodology

This study utilizes Principal Component Analysis (PCA) and Piece-
wise Structural Equation Modeling (PSEM) to investigate the in-
terrelationships among variables affecting road safety. It aims to explore 
the direct and indirect effects of lower dimensions of principle compo-
nents calculated by PCA and the mediating effects of vehicle speed and 
volume on head-on and run-off crashes.

This study initially applies a principal component analysis (PCA) to 
the attribute data to identify common factors that explain the correla-
tions among the variables, thereby providing a set of highly associated 
variables representing a common factor (Kim, 2008). The objective of 
the PCA is not to explain correlations among the variables but to account 
for as much variance as possible within the data. In the PCA analysis 
procedure, there is no requirement for hypothetical underlying factors, 
and a component is merely a combination of correlated variables 
(Tabachnick & Fidell, 2001). Instead, it focuses on the var-
iance–covariance structure of the data itself. In this context, the main 
purpose of the PCA is to summarize numerous variables into a smaller 
number of components, thus achieving data reduction. Therefore, we 
used PCA to find common factors to reduce the high dimensions of 
iRAP’s 78 variables to lower dimensions without losing the much of the 
embedded information in the data set. It should also be noted that at-
tributes with constant values throughout all sample segments are 
removed including the lane width, grade, and rumble strips, given that 
such variables would not affect the PCA results.

Piecewise Structural Equation Modeling was then applied to inves-
tigate causal links among multiple factors. This method is based on a 
comprehensive path analysis and a regression analysis, supplemented by 
an analysis of variance (Shi et al., 2017). SEM enables testing for the 
presence of mediated effects. A mediation analysis is a statistical method 
that serves to clarify and simultaneously evaluate direct and indirect 
pathways within a complex network of variables. This makes SEM an 
ideal tool for probing multiple hypotheses about the different processes 
operating in a system (Deutsch et al., 2020). For example, Elvik et al. 
(2004) conducted a mediation analysis via a path model to control all 
possible confounding, mediation, and moderation effects in the speed- 
safety relationship.

Unlike the globally computed SEM, which estimates all relationships 
simultaneously, a locally assessed SEM, such as the piecewise SEM 
(PSEM), models each response (or endogenous) variable independently 
(Grinstead et al., 2023). The benefit of PSEM is that power for a specific 
path is determined by the information within that path rather than 
relying on the variance–covariance matrix for the entire system of paths. 
In such a model, statistical power is determined for each local rela-
tionship in the regression model. This implies that a model with two 

Table 2 
Total number of crashes and the number of crashes by year on case study 
roadways.

Crash Type Total Number of 
Crashes

Year

2017 2018 2019 2020 2021

Head-on 
Crashes

677 345 87 91 33 121

Run-off 
Crashes

627 113 168 132 104 110
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local regression relationships will have two separate var-
iance–covariance matrices, requiring less power than a single matrix 
representing all relationships simultaneously. It maintains the key 
generalizations of SEMs, including the modeling of non-continuous 

endogenous variables, hierarchical or nested non-independent obser-
vations, and different estimation procedures (e.g., maximum likelihood, 
least-squares; Grinstead et al., 2023).

In our modeling, while vehicle volume and speed are the continuous 

Fig. 2. Total crash counts for 5-year by crash type at 100 m-intervals (left: head-on crash, right: run-off crash).

Fig. 3. Crash counts from the starting point to the ending point of case road segments at 100-meter intervals (bi-directional length: 0 km to 68 km).
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Table 3 
Descriptive statistics.

Variable Definition Mean SD Min Max

Exogenous variables
Cross-sectional design elements
Lane width The distance from 

the center of the 
edge line to the 
center of the 
adjacent lane 
marking (Narrow (≥
0 m to < 2.75 m): 3, 
Medium (≥ 2.75 m 
to < 3.25 m): 2, 
Wide (≥ 3.25 m): 1)

2.00 0.00 2 2

Number of lanes The number of 
traffic lanes in the 
direction of travel 
(three and two 
lanes:6, two and one 
lanes:5, four or 
more lanes:4, three 
lanes:3, two lanes:2, 
one lane:1)

3.24 0.80 2 4

Paved shoulder −
driver side

The width of the 
safe and drivable 
section of road from 
the edge line to the 
edge of the paving at 
driver side (no 
paved shoulder: 4, 
narrow 0 m to < 1 
m: 3, medium 1 m 
to < 2.4 m: 2, wide 
≥ 2.4 m:1)

3.01 0.11 3 4

Paved shoulder −
passenger side

The width of the 
safe and drivable 
section of road from 
the edge line to the 
edge of the paving at 
the passenger side 
(no paved shoulder: 
4, narrow 0 m to <
1 m: 3, medium 1 m 
to < 2.4 m: 2, wide 
≥ 2.4 m:1)

3.06 0.27 2 4

Horizontal & Vertical Alignment
Curvature The horizontal 

alignment of the 
road. Curvature is 
gauged according to 
the approximate 
curve radius and the 
appropriate safe 
approach and 
driven speed under 
normal conditions 
(very sharp:4, 
sharp:3, 
moderate:2, straight 
or gently curving: 
1).

1.16 0.41 1 3

Quality of curve The quality of the 
curve will reflect the 
extent to which 
signs and markings 
help the driver 
judge the correct 
curvature and the 
sight distance in 
advance of and 
around the curve 
(poor:3, adequate:2, 
straight: 1)

2.85 0.36 1 3

Table 3 (continued )

Variable Definition Mean SD Min Max

Grade The gradient of the 
road along its 
length. Grade refers 
to both upward and 
downward slopes 
(≥10%: 5, 7.5% to 
< 10%: 4, 0% to <
7.5%:1).

1.00 0.00 1 1

Pedestrian and Bike Facility
Pedestrian 

crossing quality
Effectiveness of the 
pedestrian crossing 
on the inspected 
road or side road. It 
is ’adequate’ if a 
facility is visible and 
can be anticipated 
by vehicle drivers, 
and the facility is 
not obstructed (no 
pedestrian crossing 
facility: 3, poor: 2, 
adequate: 1)

2.49 0.68 1 3

Sidewalk − driver 
side

The presence of 
pedestrian 
sidewalks on the 
driver side of the 
road (informal path 
– 0 m to < 1 m from 
road: 7, informal 
path – ≥1m from 
road: 6, none: 5, 
sidewalk – 0 m to <
1 m from road: 4, 
sidewalk – 1 m to <
3 m from road: 3, 
sidewalk – ≥3m 
from road: 2, 
sidewalk – physical 
barrier: 1)

4.53 0.83 1 5

Sidewalk −
passenger side

The presence of 
pedestrian 
sidewalks on the 
passenger side of the 
road (informal path 
– 0 m to < 1 m from 
road: 7, informal 
path – ≥1m from 
road: 6, none: 5, 
sidewalk – 0 m to <
1 m from road: 4, 
sidewalk – 1 m to <
3 m from road: 3, 
sidewalk – ≥3m 
from road: 2, 
sidewalk – physical 
barrier: 1)

4.19 1.40 1 7

Pedestrian 
crossing 
facilities −
inspected road

The presence of 
purpose-built 
pedestrian crossing 
facilities on the 
inspected road (no 
facility: 7, refuge 
only: 6, marked 
crossing only: 5, 
marked crossing 
with refuge: 4, 
signalized crossing: 
3, signalized 
crossing with 
refuge: 2, grade 
separated facility: 1) 

5.96 1.89 1 7

Pedestrian 
crossing 

The presence of 
purpose-built 

6.21 1.33 2 7

(continued on next page)
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Table 3 (continued )

Variable Definition Mean SD Min Max

facilities −
intersecting 
road

pedestrian crossing 
facilities on the side 
(intersecting) road 
(no facility: 7, 
refuge only: 6, 
marked crossing 
only: 5, marked 
crossing with 
refuge: 4, signalized 
crossing: 3, 
signalized crossing 
with refuge: 2, 
grade separated 
facility: 1)

Facilities for 
bicycles

The presence of 
purpose-built 
facilities for 
bicyclists (no 
specific facilities for 
bicycles or poor 
standard: 1, shared 
use path: 0)

0.541 0.499 0 1

Roadside Objects
Roadside severity 

driver side −
distance

distance from the 
edge line of nearest 
driving lane to a 
roadside object with 
the highest risk on 
the driver side (0 m 
to < 1 m: 4, 1 m to 
< 5 m: 3, 5 to 10 m: 
2, ≥10 m: 1)

1.15 0.39 1 3

Roadside severity 
passenger side – 
distance

Distance from the 
edge line of the 
nearest driving lane 
to the roadside 
object with the 
highest risk on the 
passenger side (0 m 
to < 1 m: 4, 1 m to 
< 5 m: 3, 5 to 10 m: 
2, ≥10 m: 1)

1.30 0.46 1 3

Vehicle parking The extent of 
vehicle parking 
along the side of the 
road (two sides: 3, 
one side: 2, none: 1)

1.21 0.41 1 3

Other Safety Facilities
Street lighting The presence of 

street lighting 
(none: 2, present: 1)

1.94 0.23 1 2

Pedestrian fencing The presence of 
pedestrian fencing 
or other barriers 
that effectively 
control the 
pedestrian crossing 
flow (not present: 2, 
present: 1)

1.09 0.29 1 2

Roadworks The presence of 
major road 
construction or road 
works in progress 
(major road works: 
3, minor: 2, no road 
works: 1)

1.10 0.33 1 3

Road surface Road surface 
condition indicating 
a range from major 
defects to smooth 
for vehicles (Poor: 3, 

1.56 0.51 1 3

Table 3 (continued )

Variable Definition Mean SD Min Max

Medium: 2, Good: 
1).

Delineation The adequacy of 
road lines and 
markings (poor: 2, 
adequate: 1)

1.08 0.27 1 2

Skid resistance Skidding resistance 
and texture depth of 
the road surface 
(unsealed – poor: 5, 
unsealed –adequate: 
4, sealed – poor: 3, 
sealed – medium: 2, 
sealed – adequate: 
1)

1.12 0.34 1 3

Sight distance the ability of a 
driver to see and/or 
anticipate road 
conditions and other 
road users ahead 
(poor:2, adequate:1)

1.01 0.09 1 2

School zone −
crossing 
supervisor

The presence of a 
crossing supervisor 
or warden (no 
school at the 
location: 3, crossing 
supervisor not 
present: 2, present: 
1)

2.97 0.14 2 3

School zone −
warning

The presence of a 
school zone with 
static signs, road, or 
flashing beacons (no 
school at the 
location: 4, no 
school zone warning 
(school present):3, 
static signs or road 
markings: 2, 
flashing beacons:1)

3.98 0.14 3 4

Traffic flow  
Pedestrian 

observed flow 
across the road

The number of 
pedestrians across 
the road within the 
coding segment 
(number of people 
> 8: 6, 6 ~ 7: 5, 4 ~ 
5: 4, 2 ~ 3: 3, 1:2, 0: 
1)

1.18 0.66 1 6

Pedestrians 
observed flow 
along the road 
− driver side

The number of 
pedestrians along 
the driver-side road 
within the coding 
segment (number of 
people > 8: 6, 6 ~ 7: 
5, 4 ~ 5: 4, 2 ~ 3: 3, 
1:2, 0: 1)

1.15 0.55 1 5

Pedestrian 
observed flow 
along the road 
− passenger 
side

The number of 
pedestrians along 
the passenger-side 
road within the 
coding segment 
(number of people 
> 8: 6, 6 ~ 7: 5, 4 ~ 
5: 4, 2 ~ 3: 3, 1:2, 0: 
1)

1.78 1.23 1 6

Motorcycle 
observed flow

The number of 
motorcycles within 
the coding segment 
(number of 
motorcycles > 8: 6, 
6 ~ 7: 5, 4 ~ 5: 4, 2 
~ 3: 3, 1:2, 0: 1)

1.06 0.26 1 3

(continued on next page)
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types of endogenous variables, the crash count, the outcome variable of 
our interest, is the count data type. PSEM, which models each endoge-
nous variable independently, allows us to analyze two local regressions 
with different variable types effectively.

The crash data, including head-on and run-off crashes, are count type 
variables. The crash model in the PSEM should utilize either Poisson 
regression or Negative Binomial Regression. As mentioned in Table 3, 
the standard deviations are larger than the mean value for both types of 
crashes, which suggests overdispersion. This justifies using the Negative 
Binomial Regression for modeling crash counts since it effectively ac-
counts for the observed overdispersion.

For continuous variables such as vehicle speed and volume, linear 
regression modeling was considered a suitable analytical method. 
However, it should be noted that the application of linear regression 
assumes that these continuous variables follow a normal distribution. 
Preliminary testing for normality, like Q-Q plots, confirmed that the 
distributions of vehicle speed and volume do not follow a normal dis-
tribution. Therefore, log-transformed values of vehicle speed and vol-
ume were used for analysis.

Considering the data structures of these distinct regression models, 
we ensured that appropriate analytical methods were applied to indi-
vidual local regression models in PSEM, thereby enhancing the robust-
ness and validity of the PSEM model. Notably, the PSEM approach, 
developed by Shipley (2009), has been actively applied to the field of 
road safety to account for crash counts as an outcome variable (Ekmekci, 
2023; Ekmekci, Dadashzadeh et al., 2024; Ekmekci, Woods et al., 2024).

5. Results

5.1. Principal component analysis (PCA)

After subjecting segments along 68 km of road to a principal 
component analysis (PCA), four different principal components (PCs) 
were identified from 78 observed variables from the coded attributes 
after considering the results of the scree plot shown in Fig. 4. However, 
the so-called elbow point in the plot, in which the change of percentage 
of the explained variance, starts to become marginal after PC3. It in-
dicates that three PCs are sufficient for the analysis. We first began with 
four principal components, including PC4, which can be termed the 
‘school zone factor.’ These four components collectively explained more 
than 70%, meeting the generally accepted threshold. A common 
guideline suggests retaining components based on the cumulative per-
centage of variance explained, typically accounting for 70% or 90% of 
the total variance (Rea & Rea, 2016). However, we iteratively tested the 
significance of each variable to ensure the final PSEM model accounted 
for significant predictors. Also, most segments do not pass the school 
zone, resulting in many zero values of the school zone variable. There-
fore, the coefficients presented in Table 5 reflect the most refined and 
statistically valid model obtained through this thorough backward 
elimination process.

The observed variables belonging to each PC are shown in Table 3. 
Each PC can be named according to the characteristics of the observed 
variables: Pedestrian and roadside facilities for PC1, Cross-section and 
intersection conditions for PC2, and Road surface and curve conditions 
for PC3.

In Table 4, a variable with a higher absolute value of the loading 
values indicates a stronger association with the principal component. In 
contrast, a loading value close to zero has little impact on the main 
component. Positive loading indicates a positive relationship between 
the variable and the principal component, whereas negative loading 
suggests a negative relationship between the variable and the principal 
component.

PC1. Pedestrian and roadside facilities
The first principal component (PC1) primarily relates to pedestrian 

and roadside facilities. It includes observed variables such as pedestrian 
crossing facilities, roadside facilities, and pedestrian and bicycle flows. It 

Table 3 (continued )

Variable Definition Mean SD Min Max

Bicycle observed 
flow

The number of 
bicycles within the 
coding segment 
(number of bicycles 
> 8: 6, 6 ~ 7: 5, 4 ~ 
5: 4, 2 ~ 3: 3, 1:2, 0: 
1)

1.07 0.30 1 4

Intersection
Intersecting road 

volume
An estimate of the 
AADT of the 
intersecting road 
(no intersecting 
road: 1, 1 to 100 
vehicles: 2, 100 to 
1,000 vehicles: 3, 
1,000 to 5,000 
vehicles: 4, 5,000 to 
10,000 vehicles: 5, 
10,000 to 15,000 
vehicles: 6, ≥15,000 
vehicles: 7)

5.56 1.81 1 7

Intersection 
quality

The quality of the 
intersection design, 
advance warnings, 
signing, and 
markings. Adequate 
quality, if necessary, 
signing and 
markings are 
present (poor: 3, 
adequate: 2, no 
intersection present: 
1)

2.36 0.50 1 3

Intersection 
channelization

Whether there are 
raised islands or 
colored hatching 
present at an 
intersection that 
designate intended 
vehicle paths (not 
present: 2, present: 
1)

1.07 0.25 1 2

Carriageway Divided or 
undivided 
carriageway

1.97 0.88 1 3

Property access 
point

The number of 
commercial and 
residential 
driveways and 
minor access lanes 
(none: 1, residential 
access 1 to 2: 2, 
residential access 3 
or more: 4, 
commercial access 
one or more: 3)

3.16 1.34 1 4

Endogenous variables
Head-on crash 

counts
The number of 
head-on crashes 
during 2017 – 2021

1.090 1.810 0 9

Run-off crash 
counts

The number of run- 
off crashes during 
2017 – 2021

1.009 1.417 0 9

Average vehicle 
speed

Daily average 
vehicle speed for a 
road link during 
2017 – 2021

47.6 13.8 11 83

Average vehicle 
volume

Daily average 
vehicle volume for a 
road link during 
2017 – 2021

32,600 13,700 1760 77,700

* Coding options for each variable are indicated in parentheses ().
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is notable that PC1 or variables related to pedestrian and roadside fa-
cilities can account for 43.51% of the total variance, with an eigenvalue 
of 0.94. This suggests that the variables included in PC1 represent 
considerable amounts of variance in the dataset.

In addition, as mentioned in section 3.1, the coding options for each 
attribute are listed in order of highest to lowest risk in general. A higher 
loading of the observed variable indicates a higher risk of the variable 
contributing to its principal component. If loading shows a negative 
value, coding values of variables with lower risk contributes to the 
principal component.

PC1 represents riskier aspects of pedestrian facilities such as side-
walks, pedestrian crossing facilities, street lighting, roadside severity, 
and observed flows of pedestrians and bicycles. Among these attributes, 
sidewalks, crossing facilities, and street lighting show positive loading 
values. However, higher observed flows of pedestrians and bicycles 
would typically be expected to correlate with safer aspects of PC1. It can 
be interpreted that more pedestrians and bicyclists on the road may 
reduce the risk of vehicles hitting pedestrians and cyclists. Roadside 
severity-passenger side distance also negatively contributes to PC1. It 
can be interpreted that roads without roadside hazards may increase the 
risk of pedestrians. These features can be explained by the potential 
effect of mediating factors like traffic speeds and volume, as indicated in 
the literature review section (see Table 1). The causal relationships be-
tween PCs and crash likelihood will be examined using the PSEM in the 
following section.

PC2. Cross-section & intersection condition
The second principal component (PC2), explaining 12.11% of the 

total variance with an eigenvalue of 0.26, is associated with the cross- 
sectional roadway such as carriageway types, the number of lanes, 
and the bicycle facilities. It is also associated with intersection condi-
tions, including the intersection quality, channelization, and intersect-
ing road volume.

For PC2 attributes such as intersecting road volume, intersection 
quality, pedestrian fencing, and land use show positive loading factors, 
but attributes such as carriageway types, bicycle facilities, channeliza-
tion, and the number of lanes show negative loading factors. The risk 

increase of attributes with positive loading factors will increase PC2, but 
the risk increase of attributes with negative loading factors will decrease 
PC2. It means good median facilities, separate bicycle lanes, and more 
lanes can reduce the overall risk of PC2. These counterintuitive features 
can be explained by the potential effect of mediating factors like traffic 
speeds and volume. Possibly roads with good median facilities, separate 
bicycle lanes, and more lanes will increase the speed and volume of 
vehicles, and it can increase the chance of crashes. The channelization 
can also increase the speed of turning vehicles at intersections and can 
increase the chance of crashes.

PC3. Road surface & curve condition
The third principal component (PC3) pertains to road surface and 

curve conditions, explaining 6.95% of the total variance with an 
eigenvalue of 0.15. PC3 effectively represents the safer aspects related to 
curve conditions and riskier aspects of road surfaces.

For PC3 attributes such as paved shoulder, roadworks, delineation, 
and road surface show positive loading factors, but attributes such as 
sight distance, curvature, and the quality of curve show negative loading 
factors. It is easily acceptable that attributes with positive factor load-
ings will increase the risk of PC3. However, it is counterintuitive to find 
good sight distance, longer curvature, and good quality of curve will 
increase the overall risk of PC3.

This does not seem aligned with previous studies in that both safer 
curve conditions and safer road surfaces should be associated with PC3 
with the same directional impacts. Curvature with a sharp radius is 
known to significantly affect a higher crash frequency or the probability 
of greater injury severity (Gooch et al., 2016; Q. Hu et al., 2021; Watson 
et al., 2014; Wu et al., 2013). Roads with paved shoulders and delin-
eation are more likely to perform better in the likelihood of crashes 
(Stanton & Pinto, 2000). Although we cannot directly conclude whether 
there is a correlation between PCs and crash likelihood as studied in the 
previous literature, safer aspects related to curve conditions and riskier 
aspects of road surface, which can be represented by PC3, may subse-
quently increase or decrease crash likelihood. This may have to do with 
the potential of mediating factors like traffic speeds and volume, as 
indicated in the literature review section (see Table 1). The causal 

Fig. 4. Scree plot.
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relationships between PCs and crash likelihood will be analyzed in the 
PSEM in the following section.

Cronbach’s alpha was calculated to assess the internal consistency of 
variables within the dataset. The Cronbach’s alpha values are 0.73 for 
PC1, 0.53 for PC2, and 0.46 for PC3. Although a Cronbach’s alpha of at 
least 0.7 is considered acceptable, we included variables with lower 
Cronbach’s alpha values considering that the present study focuses on 
exploring the data structure rather than strictly selecting attributes with 
internal consistency. Removing variables to increase alpha can affect the 
PCA structure and obscure important theoretical and practical impli-
cations of the model.

5.2. Piecewise structural equation modeling (PSEM)

The iRAP protocol classifies crash types into head-on, run-off, and 
intersection crashes. Only head-on and run-off crashes were considered 
in the piecewise structural equation model here. The results reveal the 
direct and indirect effects of each principal component on crash out-
comes. The log-transformed average vehicle speeds and volumes are 
hypothesized as mediators in PSEM modeling. We were able to find the 
best-fit model by adding or removing variables back and forth. Addi-
tionally, we iteratively tested the significance of each variable and only 
retained those that contributed meaningfully to the model. This iterative 

process helped ensure that the final model was robust and accounted for 
all significant predictors. Table 5 displays the PSEM results for head-on 
and run-off crashes, reflecting the most refined and statistically valid 
model obtained through this thorough backward elimination process. 
Fig. 5 presents a path diagram showing the relationships between 
endogenous and exogenous variables. Solid lines indicate statistically 
significant relationships at a significance level equal to or exceeding 
90%, whereas dotted lines represent relationships that are not statisti-
cally significant.

Head-on crashes
Direct effects of PC1, PC2, PC3, and vehicle volumes are statistically 

significant with regard to increasing the likelihood of head-on crashes. 
PC1, referring to pedestrian and roadside facilities, is negatively asso-
ciated with crash counts, with a coefficient of (− )0.091. This result in-
dicates that roadside severity levels and the number of pedestrian 
crossing facilities negatively contribute to frequency of head-on crashes.

PC2, which explains cross-section and intersection conditions, 
significantly affects head-on crashes, with a coefficient of 0.080. This 
suggests that certain attributes, specifically higher intersecting road 
volumes, the lack of sidewalks, pedestrian fencing contribute to poten-
tial conflicts and increased crash likelihood. However, the negative 
factor loadings associated with the number of lanes, intersection chan-
nelization, and bicycle facilities are likely to increase the head-on crash 
counts. These results are counterintuitive and suggest a need to inves-
tigate indirect effects through vehicle speeds and traffic volume.

A higher value of PC3, which is related to road surface and curvature 
conditions, significantly increases the number of head-on crashes, sug-
gesting that roads with a narrower shoulder width or worse road surface 
conditions are more likely to cause head-on crashes. Moreover, poor 
conditions of delineation, skid resistance, and shoulders increase the 
likelihood of the occurrence of a crash (Bektas et al., 2016; Karkle et al., 
2013; Sayed et al., 2010). However, the longer curvature of roads will 
increase the chance of a head-on crashes. This finding does not corre-
spond to those in previous studies, revealing that the curvature radius is 
significantly associated with the crash frequency (Wu et al., 2013). This 
suggests a need to investigate indirect effects through vehicle speeds and 
traffic volume.

Another direct effect, the traffic volume, is significantly associated 
with more head-on crashes as well. It is widely confirmed that higher 
vehicle volumes tend to increase the probability of head-on crashes. 
Although operation speeds tend to increase crash counts, this factor is 
not statistically significant.

Run-off crashes
The run-off crash model shows that PC1, explaining pedestrian and 

roadside facilities, directly decreases the likelihood of the occurrence of 
a run-off crash, as the value of the PC1 coefficient is (− )0.062. This 
result indicates that roadside severity levels and fewer pedestrian 
crossings significantly contribute to frequency of run-off crashes. How-
ever, other principal components and variables related to traffic con-
ditions do not directly affect the run-off crash frequency. Considering 
the previously explained associations between each principle compo-
nent and mediator, indirect effects through mediators are expected to 
play a critical role in defining the likelihood of run-off crashes.

Furthermore, all PCs have negative associations with traffic volume. 
This indicates that road environments, possibly with risky road features, 
are more likely to have lower traffic volumes. Areas with high traffic 
volumes typically benefit from better infrastructure and more frequent 
maintenance, making them more attractive to drivers. In addition, 
drivers may actively avoid these areas due to perceived or actual safety 
concerns, resulting in a reduced amount of traffic on these roads.

5.3. Direct, indirect, and total effects by crash type

Table 6 provides the direct, indirect, and total effects of the principal 
components (PCs) on head-on and run-off crashes. For head-on crashes, 
PC1 has a direct negative effect of (− )0.091, meaning that a higher PC1 

Table 4 
Principal component analysis results with principal components and factor 
loadings.

Principal component Observed variables Loadings Cronbach’s 
α

PC1: 
Pedestrian and 
roadside facilities

Sidewalk – passenger side 0.273 0.73
Pedestrian crossing quality 0.255
Pedestrian crossing 
facilities – intersecting road

0.241

Street lighting 0.193
Pedestrian crossing 
facilities – inspected road

0.190

Sidewalk – driver side 0.151
Roadside severity – driver 
side distance

0.094

Pedestrian observed flow 
along the road driver side

− 0.091

Bicycle observed flow − 0.100
Pedestrian observed flow 
across the road

− 0.152

Roadside severity – 
passenger side distance

− 0.196

Pedestrian observed flow 
along the road passenger 
side

− 0.200

Eigenvalue 0.94 −

Explained variance (%) 43.51 −

PC2: 
Cross-section & 
intersection 
condition

Intersecting road volume 0.301 0.53
Intersection quality 0.284
Pedestrian fencing 0.138
Land use – driver side 0.110
Carriageway (undivided 
versus divided 
carriageway)

− 0.078

Facilities for bicycles − 0.123
Intersection channelization − 0.209
Number of lanes − 0.231
Eigenvalue 0.26 −

Explained variance (%) 12.11 −

PC3: Road surface & 
curve condition 

Paved shoulder – passenger 
side

0.159 0.46

Roadworks 0.154
Delineation 0.147
Road surface 0.104
Sight distance − 0.169
Curvature − 0.205
Quality of curve − 0.207
Eigenvalue 0.15 −

Explained variance (%) 6.95 −
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value is directly linked to a reduction in the frequency of head-on 
crashes. Vehicle speeds and volumes further contribute indirectly to 
head-on crashes, resulting in a total effect of (− )0.113. Specifically, the 
indirect effect of speed is 0.006, while that of volume is (− )0.029. In 
addition, PC2 has a significant direct effect of 0.080 and showed an 
indirect negative effect of (− )0.001 through speeds and (− )0.062 
through volumes. The total effect of PC2 amounts to 0.016, indicating an 
increase in head-on crashes. Moreover, PC3 has a substantial direct ef-
fect on head-on crashes, indicating a direct effect size of 0.236. It turned 
out that inadequate road surface and curve conditions can bring about a 
greater number of crashes. In addition, PC3 showed an indirect negative 
effect of (− )0.002 through speeds and (− )0.015 through volumes, 
resulting in total effect of 0.219, which is lower than the direct effect.

Concerning run-off crashes, PC1 has a direct effect of (− )0.062 on the 

likelihood of run-off crashes. There are indirect effects, such as vehicle 
speeds, at 0.008, and volume, at (− )0.004. The total effect of PC1 is (− ) 
0.058, suggesting that roadside facilities or pedestrian crossings are risk 
factors that increase vehicle speeds and, hence, the frequency of crashes. 
However, volume has an indirect effect on reducing run-off crashes. The 
other components (i.e., PC2 and PC3) show no significant direct effects 
on run-off crashes. However, indirect effects through speed and volume 
are identified. PC2 has a total impact of (− )0.009 on the outcome, 
mediated by volume, but a marginal positive effect mediated by speed. 
In addition, PC3 indirectly influences vehicle speeds and volumes, 
resulting in a total effect of (− )0.005 and, in turn, leading to a decrease 
in run-off crashes.

This study addresses gaps in the literature by providing detailed in-
sights into how varying levels of traffic volume and speed influence the 

Table 5 
PSEM results.

Y X Coefficient Std. Error Critical ratio p-value

log (speed) ← PC.1 0.064 0.004 15.953 <0.01***

log (speed) ← PC.2 − 0.013 0.006 − 2.340 0.020**

log (speed) ← PC.3 − 0.023 0.006 − 3.577 <0.01***

log (volume) ← PC.1 − 0.054 0.007 − 8.257 <0.01***

log (volume) ← PC.2 − 0.118 0.009 − 13.037 <0.01***

log (volume) ← PC.3 − 0.028 0.010 − 2.723 <0.01***

crash_headon ← log (speed) 0.095 0.259 0.368 0.713
crash_headon ← log (volume) 0.528 0.162 3.267 <0.01***

crash_headon ← PC.1 − 0.091 0.031 − 2.987 <0.01***

crash_headon ← PC.2 0.080 0.037 2.182 0.029**

crash_headon ← PC.3 0.236 0.040 5.932 <0.01***

crash_runoff ← log (speed) 0.128 0.241 0.530 0.596
crash_runoff ← log (volume) 0.065 0.147 0.445 0.656
crash_runoff ← PC.1 − 0.062 0.029 − 2.129 0.033**

crash_runoff ← PC.2 0.012 0.036 0.328 0.743
crash_runoff ← PC.3 − 0.015 0.037 − 0.420 0.675
Significance level *** <0.01, ** <0.05, *<0.1    
AIC (Akaike Information Criterion) = 3852.92   
Goodness-of-Fit 
• Chi-Squared test = 97.57
• Fisher’s C test = 117.46

   

R-squared 
• Speed model = 0.33
• Volume model = 0.31
• Head-on crash model = 0.17
• Run-off crash model = 0.02

   

Fig. 5. Path diagram of PSEM.
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impact of road design attributes on crash likelihood. Our analysis reveals 
significant mediating effects between road attributes and speeds, as well 
as between road attributes and volumes, in explaining the likelihood of 
crashes. Unlike previous studies, which have simply treated traffic vol-
ume and speed as control variables, our approach recognizes them as 
mediating variables. A lack of understanding of these mediating effects 
can lead to biased results when explaining the effects of road design 
features on safety outcomes.

6. Discussion

PC1 (pedestrian and roadside facilities) turned out to be the only 
component that directly affects the likelihood of run-off crashes, ac-
cording to the piecewise structural equation modeling result. Roads are 
designed and constructed in accordance with design guidelines and 
standards. They regulate geometric elements that consist of horizontal 
and vertical alignment, as well as a cross-sectional profile (Raji, 2017), 
all of which correspond to PC2 (cross-section & intersection condition) 
and PC3 (road surface & curve condition). Those attributes belonging to 
PC2 and PC3 are difficult to alter during road maintenance and opera-
tion. Furthermore, PC2 and PC3 did not significantly affect crash 
occurrence because the sample segments used in this study were from 
national highway segments that followed similar design standards. As a 
result, variations of these factors across the samples were marginal, 
leading to a statistically insignificant effect on the occurrence of crashes.

However, changes in the course of road maintenance and operation 
primarily focus on roadside facilities and pedestrian facilities, which are 
easier to manipulate. For instance, roadside objects such as streetlights, 
traffic signs, and trees are added or removed for user convenience or for 
comfort when roads are used. Increased traffic volume and speed limits 
may necessitate additional pedestrian fencing or crossings. Therefore, 
roadside objects and pedestrian facilities that are added after road 
construction may have more significant impacts on crash likelihood than 
geometric attributes fixed at the road design stage.

It is desirable to refine the iRAP methodology for calculating star 
rating scores, particularly by separating geometric road attributes from 
changeable attributes such as pedestrian and roadside facilities. The 
safety effect of geometric design standards, which are constant over 
time, should be distinguished from that of pedestrian and roadside fa-
cilities, which are added or removed over time.

The indirect effect through speeds can be a critical determinant of 
crashes in South Korea. Higher speeds showed the indirect effects of 
PC1, increasing head-on and run-off crashes. This suggests that drivers 

tend to increase their speed when roadside and pedestrian facilities are 
not adequately equipped. Hence, vehicle speed reduction can be an 
effective measure to mitigate head-on and run-off crashes, especially in 
rural areas. However, decisions on speed reduction should consider the 
context of the road. Reductions in speed limit on rural roads can make 
sense only if they pass through villages where various road users, 
including pedestrians and bicyclists, can be mixed with vehicles. 
Otherwise, lower speed limits on rural roads can be detrimental to the 
efficient use of roads.

Moreover, to reduce crashes on roads where speeds are higher, the 
treatment of roadside objects, lighting, and pedestrian crossings are 
important. Provision of pedestrian crossings and fixed objects along 
roads encourages drivers to move more cautiously. This finding aligns 
with previous studies, which observed decreases in severe injuries at 
lower speeds under similar conditions involving roadside objects 
(Holdridge et al., 2005). Thus, transportation engineers should take a 
cautious approach when adding or removing road features during road 
maintenance and operational activities.

In summary, road safety is influenced by the combined effects of 
various roadway design attributes. We cannot simply say a single factor 
contributing to crashes since road design attributes interact and impact 
safety outcomes that may vary with traffic conditions, such as volumes 
and speeds. For instance, while critical parameters, such as the direct 
measurement of road curvature (Gooch et al., 2016; Hu et al., 2021; 
Watson et al., 2014; Wu et al., 2013) and lane width (Ewing et al., 2024; 
Hamidi & Ewing, 2023; Gargoum & El-Basyouny, 2016), play significant 
roles in explaining crash likelihood, PC2 (cross-section) and PC3 (cur-
vature) in this study did not show direct associations with crash likeli-
hood. Instead, they showed indirect associations through speeds and 
volume, with mediating effects discussed in the literature.

7. Conclusion

This research aimed to quantify the combined effects of road design 
and traffic conditions on road safety outcomes by crash type—head-on 
and run-off crashes. The findings provided implications for under-
standing the complex dynamics of safety regarding road infrastructure. 
The principal component analysis (PCA) identified three principal 
components—principal component PC1 represents attributes related to 
pedestrians and roadside facilities, PC2 represents cross-sections and 
intersections, and PC3 represents attributes related to road surfaces and 
curvatures. In addition, piecewise structural equation modeling 
confirmed that PC1 is the only component directly affecting the number 
of crashes. The findings suggest that pedestrian and roadside facilities 
easily added or removed during road operations are more critical than 
geometric attributes established at the road design stage. The study also 
confirms the indirect effects of speed and volume on the likelihood of a 
crash.

Future studies are required to increase the sample size to reach a 
general conclusion. As this study focused on continuous national high-
way road segments, our findings may limit transferability to other 
countries. The same analysis can be conducted by expanding the sample 
size and study periods to validate the conclusions. While this study 
mainly focused on the likelihood of crashes, there is a need for further 
analyses involving injury severity modeling. The effects of principal 
components on the severity of crashes should differ from the corre-
sponding effects on the likelihood of crashes. It should be noted that we 
did not specifically study rear-end crashes intentionally as rear-end 
crashes are more correlated with factors such as occupant positions, 
driver age, vehicle type, and environmental conditions like rainy or 
foggy weather (Wang et al., 2022; Yuan et al., 2023) rather than with 
road infrastructure aspects. We also acknowledge low Cronbach’s alpha 
values could affect the internal consistency of measuring variables.
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Table 6 
Direct, indirect, and total effects of principal components on head-on and run-off 
crashes.

Direct 
effect

Indirect 
effect 
(speed)

Indirect 
effect 
(volume)

Total 
effect

Head-on crash
PC1: Pedestrian and 

roadside facilities
− 0.091 0.006 − 0.029 − 0.113

PC2: Cross-section & 
intersection 
condition

0.080 − 0.001 − 0.062 0.016

PC3: Road surface & 
curve condition

0.236 − 0.002 − 0.015 0.219

Run-off crash
PC1: Pedestrian and 

roadside facilities
− 0.062 0.008 − 0.004 − 0.058

PC2: Cross-section & 
intersection 
condition

− − 0.002 − 0.008 − 0.009

PC3: Road surface & 
curve condition

− − 0.003 − 0.002 − 0.005
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