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Interaction Effects of Intersection Safety Countermeasures

: Evidence from 1,892 Accident-Prone Intersections Nationwide”

Yang, Jeonghun™“ - Kwon, Kyusang™ “ - Heo, Taeyoung™™ “ - Song, Tai-Jin"™"“

Abstract

This study analyzed the effects of the combined implementation of traffic safety countermeasures in Korea to reduce
accidents. While most existing studies have focused on single countermeasures, multiple measures are often applied
together in practice. However, studies on their interaction effects remain limited. This study examined cases of combined
implementation across accident-prone intersections, statistically assessing both main and interaction effects on accident
frequency and severity. The results showed that certain combinations of countermeasures were more effective than
single installations, contributing not only to accident reduction but also to mitigating accident severity. These findings
underscore the importance of a strategic approach to traffic safety policies that considers the combined application of
countermeasures, thereby helping reduce the social costs of traffic accidents.
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| . Introduction

Thanks to national efforts, the number of road traffic acci-
dent deaths in Korea has sharply decreased from 10,236 in
2000 to an all-time low of 2,521 in 2024. However, the rate of
decrease in the accident frequency has not kept pace with
this decline (Figure 1). According to 2022 international
statistics, the number of traffic accident deaths per 100,000
people in Korea reached 5.3, which was 0.98 times the OECD
average of 54. On the other hand, the accident frequency
per 100,000 people stood at 381.3, 1.58 times the OECD aver-

age of 242.0, remaining in the worst positions in the list over
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a substantial period. Therefore, effective measures to reduce
accidents are urgently needed.

Reducing traffic accidents requires addressing three key
factors: human, road environment, and vehicle factors
(AASHTO, 2010). Among these, addressing road environ-
mental deficiencies requires measures such as installing and
maintaining appropriate safety facilities and improving road
structures. South Korea invests approximately 1.7 trillion
KRW annually into facility improvements to prevent and
reduce traffic accidents (Ministry of Land, Infrastructure
and Transport, 2024).

To enhance the efficiency of this massive traffic safety
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Figure 1. Trends in road traffic accidents in Korea

budget, it is crucial to quantify the eftectiveness of the vari-
ous traffic safety countermeasures implemented on-site.
Accordingly, many researchers have conducted studies on
delineation devices (Park et al., 2006; Yoon, 2016), road lighting
(Hovey and Chowdhury, 2005; Yang et al., 2019), skid-resistant
pavement (Lee et al., 2011; Von Quintus and Mergenmeier,
2015), and automated enforcement equipment (Goldenbeld
etal.,2019; Cohn et al., 2020). Recently, effectiveness analyses
have also been conducted on traffic islands (Ki and Kim,
2023), crosswalks (Maeng, 2024), and colored road guidance
lines (Lim and Han, 2024).

However, previous studies have primarily focused on the
accident reduction effects of single traffic safety countermea-
sures. However, in most traffic safety projects implemented
in Korea (e.g., improvement projects for accident—prone
areas, improvement projects for child and elderly protection
zones, and improvement projects for pedestrian environ-
ments), improvement measures are rarely implemented
alone; rather, they are often applied in combination.
Furthermore, Al-Marafi et al. (2024) and Zhang et al.(2023)
argued that the combined application of traffic safety
countermeasures and analysis of their effectiveness are
necessary for substantial accident reduction. Therefore,
quantitatively analyzing the effects of combining various
traffic safety countermeasures is a crucial theoretical and
practical task, yet research on this topic remains insufficient.

Furthermore, previous studies have primarily focused on
reducing accident frequency as well as underscoring the
importance of accident severity in improving traffic safety
(Hauer, 1997; AASHTO, 2010, Vingilis, 2016; Byaruhang and
Evdorides, 2022). Reducing accident severity directly leads

to a reduction in the social costs of traffic accidents (Korea
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Road Traffic Authority, 2024a).

Responding to this need, this study was performed by
collecting data on the implementation scale of traffic safety
countermeasures and accident data from the improvement
projects for accident-prone areas, which are the
longest-running traffic safety improvement projects in
Korea. Through this, the main effects and interaction effects
of the combined implementation of tratfic safety counter-
measures were analyzed in terms of accident frequency and
the severity of accidents. Based on this analysis, this study

aims to derive effective traffic safety improvement strategies.

I1. Theoretical Background

1. Traffic Safety Countermeasures and Effect
Analysis Method

1) Traffic safety countermeasures

In the field of traffic safety, the term “countermeasure”
refers to traffic safety programs or approaches aimed at
reducing specific types of accidents and may be used inter-
changeably with treatment or intervention. Some studies
focus on traffic calming to reduce vehicle traffic volume and
speeds or infrastructure-centered countermeasures such as
installing physical facilities and regulating traffic flow to
provide a sate and pleasant road environment for pedestrians
(Ministry of Land, Infrastructure and Transport, 2019).
Some studies focus on infrastructure-based measures, such
as traffic calmingn or roundabouts, while others emphasize
behavioral measures, such as enforcement and traffic safety
campaigns. This study describes countermeasures applied in
road environment improvement projects, which focus on
infrastructure.

Road environment improvement projects refer to proj-
ects implementing various countermeasures for improving
the physical and operational environment of roads to reduce
traffic accidents and enhance the safety of road users (Han et
al., 2004). These projects encompass various countermea-
sures, including road design modifications, safety facility
expansion, and traffic operation efficiency enhancement,
including signal system adjustments. Currently, the safety
facility expansion is the most active project in Korea. This
study focuses on 13 traffic safety countermeasures, focusing

on traffic safety facilities stipulated in the Road Traffic Act



Interaction Effects of Intersection Safety Countermeasures

and the road safety facilities stipulated in the Rules on the
Road Structure & Facilities Standards.”

2) Effect Analysis Method

There are various methods for estimating the accident
reduction effect of traffic safety countermeasures, but tradi-
tionally, they are broadly classified into cross-sectional anal-
ysis and before-and-after study (Hauer, 1997; Persaud, 2001;
Shen and Gan, 2003).

Cross-sectional analysis is a method for analyzing the
effectiveness of countermeasures using data collected from
multiple locations (e.g., regions, road sections, intersections)
at a specific point in time. This method is useful when the
precise implementation timing of countermeasures is
unknown or data is insufficient (Kwak, 2020). Regres-
sion-based statistical methods, such as general linear regres-
sion, Poisson regression, and logistic regression, are
frequently employed. Cross-sectional analysis offers the
advantages of being fast and simple, allowing for simultane-
ous evaluation of multiple locations. However, cross-sec-
tional analysis has limitations that the method cannot
reflect temporal changes and environmental factors are
difficult to control, which may lead to interpretations of
correlations rather than causality.

Due to these limitations, before-and-after studies have
been primarily utilized in recent years. This method allows
for a more direct impact analysis than cross-sectional analy-
sis, as accident data before and after the implementation of
countermeasures are compared to assess the actual accident
reduction effect. A before-and-after study includes simple
before-and-after evaluation, before-and-after evaluation
with a comparison group, and empirical Bayes evaluation
(Shen and Gan, 2003).

First, the simple before-and-after evaluation, which
compares the results before and after the application of
countermeasures at the same location, is widely used due to
its simple calculation process. However, it has the disadvan-
tage of not considering the impacts of other factors, which
may lead to distorted results. The simple before-and-after

evaluation involves the calculation shown in Equation (1.

(N—2,) N,

ARF': accident reduction factor
N, : accident frequency after countermeasure

Nj: accident frequency before countermeasure

Second, the before-and-after evaluation with a compari-
son group, which analyzes multiple sites, was proposed by
Hauer to account for the impacts of factors that are difficult
to measure through field surveys, such as weather, socio-
economic factors, and driver characteristics. This method
involves the calculation shown in Equation (2) (Lee et al.,
2007).

d=m—A

g—__ \m
VAR(n) )
,",2

VAR{$§}= vAR{z}+ vAR{}} )

1+

ar: predicted accident frequency when the project being
analyzed is not implemented

X:actual accident frequency investigated in the analysis
target

§ : changes in accidents at the analysis target location

@ : efficiency measure

Third, the empirical Bayes evaluation is based on the logic
of correcting the uncertainty in the prior distribution with
the posterior distribution. For already implemented
countermeasures, the accident frequency expected by
assuming non-implementation is derived using a Bayesian
relation and compared with the actual accident frequency.
This is calculated as shown in Equation (3) (Kwon et al.,
2012; Limetal., 2016).

Hm/z) =wBm)+(1—w)z 3)

E(m/z): expected accident frequency for z accidents
E(m):expected accident frequency for the reference
group
z:actual accident frequency following the implementa-
tion of the improvement project

w: weight < w<1)

Joumal of Korea Planning Association Vol.61, No.1 (2026)  1()7
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2. Literature Review

1) Effectiveness analysis of traffic safety countermeasures
There are many previous studies analyzing the effective-
ness of countermeasures, most of which have examined the
reduction in accidents following the implementation of
traffic safety countermeasures. {Table 1) summarizes previ-
ous studies on each of the 13 traffic safety countermeasures

covered in this study, with four studies summarized for each

countermeasure.

Installing traftic lights has been reported to reduce acci-
dents by 6% to 47% (Jami, 2011; see {Table 1)). Installing
traffic sign reduced accidents by 18% to 42% (Lee et al., 2015;
see (Table 17). Installing delineation devices reduced acci-
dents by 9% to 55% (Park et al., 2006; see {Table 1)). Install-
ing road lighting reduced accidents by 4% to 2% (Hovey
and Chowdhury, 2003; see (Table 1). Installing jaywalking

prevention facilities reduced accidents by -1% (1% increase)

Table 1. Summary of related studies on the effectiveness of traffic safety countermeasures

Countermeasure Author (year) Study site (study roads) Method Result*
Jami (2011) Tennessee (10 intersections) Simple before-after -47 3%
Kim and Lee (2011) Busan (25 intersections) Empirical bayes -20~-26.3%
Traffic light
Chenetal (2013) New York (138 intersections) ANCOVA -20~-25%
Tang et al. (2020) Pennsylvania (84 intersections) Empirical bayes -6~-10%
Leeetal (2015) Gyeongbu Expressway (16 segments) Empirical bayes -41.7%
Park et al (2016) 2nd Jungbu Expressway (a 31-km stretch)  Comparison group -28%
Traffic sign o
? m'gg‘;;” and ?;&S:etgh;ghi)e"pressway Simple before-after 18~-22%
Lim and Han (2024) Seoul (22 intersections) T-est -31.8%
Park et al. (2006) Jeonbuk (national route 17) Empirical bayes -9~-55%
Delineation Montella (2009) Iltaly'’s A16 Expressway (5 segments) Empirical bayes -18~-39.4%
devices Das etal. (2013) Louisiana (5 highway routes) Simple before-after -15%
Yoon (2016) Incheon & Daegu (6 intersections) Comparison group -32.2%
g%\éeg)and Ehonadnury Ohio (294 highway routes) Empirical bayes -26.6%
Road lighting Choi et al. (2016) Korea (6 research papers) Meta analysis -12.3%
Obeidat and Rys (2016)  Minnesota (60 intersections) Negative binomial regression -3.6~-6.5%
Yang etal (2019) Florida (440 intersections) Negative binomial regression  -32~-419%
Baek (2012) Seoul (a 6.9-km stretch) Simple before-after -268%
Jaywalking Yoon (2016) Daegu (3 intersections) Comparison group +0.6%
prevention
facilities Yoon et al (2017) Korea (17 national routes) Simple before-after “T7%
Park and Park (2021) Daegu (200 spots) Empirical bayes -30.4%
Leeetal (2017) Korea (9 national routes) Comparison group -28%
Yoon (2016) Gyeongbuk (4 intersections) Comparison group -26.6%
Skid-resistant :
pavement ?\ffloer;g%ﬂrrgng(g% 5 Kentucky (5 segments) Empirical bayes -78%
Merritt et al. (2020) Georgia (7 intersections) Empirical bayes -47 8~-76%
Werner (2015) California (2 segments) Quasi-experimental analysis ~ -74%
Rothman et al. (2015) Toronto (409 intersections) Poisson regression -26%
Speed hump
Rahman et al. (2017) Fuchu (20 spots) Multiple linear regression -16%
Gyaase et al. (2023) Ashanti (8 main roads) Quasi-experimental analysis  -77%
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Countermeasure Author (year) Study site (study roads) Method Result*
Goldenbeld et al. (2019)  worldwide (18 research papers) Meta analysis -12%
Autqmated Cohn et al. (2020) USA & Australia (38 research papers) Meta analysis -24%
terﬁgfoemem Tilahun (2023) lllinois (107 intersections) Empirical bayes -12~-15%
system g{lgi;rama el Bogota (513 segments) Difference-in-differences -21%
Stevanovic etal. (2013)  Florida (12 intersections) SSAM simulation 7%
Signal timing Park (2014) Chungbuk (55 intersections) Comparison group 27%
improvement Ma et al. (2016) Virginia (47 intersections) Empirical bayes -15%
Reyad et al. (2022) British Columbia (2 intersections) Extreme value theory -45%
Zhou et al. (2022) Rhode Island (13 intersections) Empirical bayes -29%
Nishiuchi et al. (2023) Shikoku (4 intersections) Simple before-after -18.6%
feagfnﬁguration Biswas et al. (2024) Alabama (35 intersections) Empirical bayes -27%
?%;i?d SHgER North Carolina (36 intersections) Empirical bayes -16%
Choietal (2016) Korea (3 research papers) Meta analysis -292%
gg&zgﬁg?&gc Yoon (2016) Seoul & Daegu (6 intersections) Comparison group -45%
island) Gorthy (2017) South Carolina (268 spots) Negative binomial regression  -33.5%
Ki and Kim (2023) Incheon (47 intersections) Negative binomial regression  -7.8%
Chenetal (2013) Newyork (72 intersections) ANCOVA -28 5~-36%
Sidewalk & Choietal (2016) Korea (4 research papers) Meta analysis 95%
crosswalk Maeng (2024) Korea (13 intersections) Empirical bayes -131%
Putra et al (2024) Taipei (1,407 intersections) Difference-in-differences -43%
Elvik (2017) worldwide (44 research papers) Meta analysis -40~-65%
Intersection Zlatkovic (2019) Utah (5 segments) Empirical bayes -68%
geometry
redesign Pratelli et al. (2020) Tuscany (7 intersections) Empirical bayes -30%
Severino et al. (2021) British Columbia (6 intersections) SSAM simulation -27%

*The result indicates a percentage reduction in traffic accidents.

to 77% (Baek, 2012; see {Table 1>). Skid-resistant paverment
reduced accidents by 27% to 78% (Lee etal., 2011; see {Table 1)).
Installing speed hump reduced accidents by 15% to 77%
(Werner, 2015; see {Table 1)). Installing automated traffic
enforcement system reduced accidents by 12% to 24%
(Goldenbeld etal., 2019; see {Table 1)).

In addition, signal iming improvement has been reported
to reduce accidents by 7% to 45% (Stevanovic et al., 2013; see
(Table 17). Lane reconfiguration reduced accidents by 16%
to 29% (Zhou et al., 2022; see {Table 1}). Channelization
reduced accidents by 5% to 34% (Choi et al., 2016; see (Table
1). Installing sidewalk & crosswalk reduced accidents by
10% to 43% (Chen et al., 2013; see {Table 17). Intersection
geometry redesign reduced accidents by 27% to 65% (Elvik,
2017, see {Table 1).

2) Implications and research distinctiveness

The review of previous studies analyzing the effectiveness
of traffic safety countermeasures provided the following
three implications.

First, previous studies focused on the effectiveness of single
countermeasures, resulting in discrepancies across research-
ers, even for the same countermeasures. This discrepancy
stems from limitations in the data collection process, such as
inconsistencies in the target areas and road types, difficulties
in establishing a comparison group, and small sample sizes.
For example, the accident reduction effects of jaywalking
prevention facilities ranged from -1% to 77%, while those of
speed humps ranged from 15% to 77%, showing significant
variation.

Second, while research has focused on specific types of

Joumal of Korea Planning Association Vol.61, No.1 (2026)  1()9
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countermeasures, such as speed humps and signal timing
improvement, analysis of various countermeasures
frequently applied on sites in Korea remains insufficient.
Most studies on intersection geometry redesign have been
limited to roundabouts.

Third, previous research has primarily focused on acci-
dent frequency, with relatively little consideration given to
accident severity. However, given that a significant portion
of the social costs of traffic accidents results from human
casualties, accident severity is a crucial indicator, just as
important as accident frequency. Hauer (1997) and
AASHTO (2010) also emphasize the need to consider both
factors.

Based on these implications, the present study offers the
following distinct advantages. First, by leveraging data from
the government's “Traffic Accident-Prone Area Improve-
ment Project,” a large and sophisticated dataset was set,
ensuring analytical reliability. Second, 13 countermeasures,
including those not adequately addressed in previous studies
conducted in Korea, were compared under identical condi-
tions to analyze the main eftects and the interaction effects
of combined implementation. Third, by quantifying acci-
dent severity based on cost data, a more practical ground for

policy decision-making was provided.
l1l. Analytical Method

1. Selection of Analysis Targets

In this study, analysis targets were selected to precisely
compare the effects and interactions of traftic safety
countermeasures.

To this end, an expert survey was conducted targeting
practitioners performing technical support tasks (7,106 cases
in 2023) at the Korea Road Traffic Authority. Key counter-
measures repeatedly found in technical support reports
were derived as a primary candidate group (26 items) and
then evaluated by 50 practitioners having at least five years
of work experience.

Three evaluation criteria were set: practical applicability,
policy significance, and accident reduction effectiveness.
Practical applicability refers to the feasibility and ease of
on-site implementation, policy significance refers to the

relevance to national traffic safety policy goals, and accident
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reduction eftectiveness refers to the contribution to reduc-
ing traffic accidents.

The relative importance of each criterion was assessed
using the Analytic Hierarchy Process (AHP), and the priori-
ties of candidate countermeasures were derived using the
Best—Worst Method (BWM). AHP has strengths in estimat-
ing weights of the criteria, while BWM has strengths in
ensuring consistency and efficiency in comparing alterna-
tives. By combining the two techniques, a more reliable
decision-making foundation was provided.

According to the AHP analysis results, the weight of the
criteria was in the order of practical applicability (0.48),
policy significance (0.35), and accident reduction effective-
ness (0.17), and the consistency ratio of the responses was all
below 0.10. The comprehensive score calculated by combining
the BWM analysis and AHP weights is shown in {Table 2),
and this study selected 13 countermeasures corresponding
to the top 50% of this comprehensive score as the final anal-
ysis targets (Figure 2).

The 13 countermeasures selected in this way are represen-
tative items frequently applied in actual fields, and they were
used in the following chapter as basic data for interaction
effect analysis based on the application status and combined

implementation type at each intersection.

2. Analytical Method

This study employed a moderated regression model to
precisely examine the effects of combined implementation
of traffic safety countermeasures. This model goes beyond
simple before-and-after evaluation and incorporates an
interaction term, allowing for statistical identification of the
combined effects between countermeasures. Therefore, this
method is suitable for understanding the structural impact
of combined implementation. However, the before-and-af-
ter evaluation with a comparison group faces challenges in
securing a realistic comparison group, and the empirical
Bayes evaluation suffers from the subjectivity of prior distri-
bution settings and computational complexity. The moder-
ated regression model addresses these shortcomings while
also offering high practical applicability, making it suitable
for the analytical purposes of this study.

Moderated regression analysis based on the ordinary least

squares (OLS) method is a regression analysis method that
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Table 2. Results of AHP and BWM analyses

Results by evaluation criteria

Overall results

Countermeasure Practical applicability ~Policy importance Accident effectiveness  (Weight / Rank)
(Weight / Rank) (Weight / Rank) (Weight / Rank)

Guardrails 3156/13 3561/12 331/12 330/15
Speed hump 554/8 619/2 549/7 576/3
Intersection geometry redesign 270/22 583/4 6.72/1 448/6
Traffic light 562/7 51117 286/18 518/4
Emergency braking devices 313/156 340/13 297/15 319/17
Rockfall prevention devices 286/18 206/26 281/19 257/25
Variable message signs (VMS) 272121 229/25 267/25 256/26
Channelization 6.08/3 583/b 590/3 596/2
Rumble strips 258/25 325/14 573/56 335/14
Jaywalking prevention facilities 6.41/1 234/24 272/23 436/7
Automated traffic enforcement system 6.19/2 562/8 640/2 6.02/1
Skid-resistant pavement 595/4 292 /17 583/4 487/5
Convex mirrors 2.83/20 3.00/156 269/24 286/22
Sidewalk & crosswalk 325/10 6.31/1 273/22 423/9
Pedestrian floor signals 268/23 359/9 278/20 302/19
Delineation devices 288/17 B76/6 333/11 397/11
Signal timing improvement 241/26 6.18/3 344/10 391/12
Fog dispersal devices 313/14 295/16 318/13 3.08/18
Traffic sign 573/6 289/18 289/17 425/8
Colored pavement 338/9 250/23 291/16 299/20
One-way traffic operation 323/1 283/19 486/8 275724
Road lighting 269/24 3561/1 567/6 387/13
Road alignment improvement 322/12 255/22 298/14 294 /21

Automated traffic enforcement system

Channelization

Speed hump

Traffic light

Skid-resistant pavement
Intersection geometry redesign
laywalking prevention fadlities
Traffic sign

Sidewalk & crosswalk

Lane reconfiguration
Delineation devices

signal timing improvement
Road lighting

Rumble strips

Guardrails

Impact attenustors

Emergency braking devices
Fog dispersal devices
Pedestrian floor signals
Colored pavement

Road alignment improvement

Convex minmors

Prohibition of U-tumns and left tums

One-way traffic operation
Rockfall prevention devices
Variable message signs [VMS)

Overall Weight (%)

0.00 1.00 2.00 3.00 4.00 5.00 6.00

Figure 2. Prioritization results for traffic safety countermeasures
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uses a moderator variable (Hayes, 2018; Baron and Kenny,
1986; Helm and Mark, 2012). A moderator variable refers to
a third variable that moderates the effect of the independent
variable X on the dependent variable Y, as shown in Z in
(Figure 3» (Hong and Jeong, 2014; Kwak, 2023).

The moderated regression model applied in this study is
expressed asin Equation (4).

Y=0,+6,X+B,Z+3;,(Xx 2) +e “4)

Y: dependent variable
X:independent variable
z:moderator variable

X x Z:interaction term

G, intercept

By, B,, B5: regression coefficients

€: EITOr term

In this study, 13 countermeasures were each set as inde-
pendent variables, and 12 countermeasures, excluding the
identical countermeasures, were entered as moderator vari-
ables, resulting in a total of 306 moderation models. To miti-
gate multicollinearity among variables and enhance the
clarity of regression coefficient interpretation, mean center-
ing was applied to the independent variables and moderator
variables (Goldstein, 2010; Kelley et al., 2017). This is a
common procedure that facilitates the interpretation of
interaction terms by using the mean-subtracted value of
each variable.

In addition, since heteroscedasticity was confirmed in the
error term analysis, the HC3 (heteroscedasticity—consistent)
robust standard error estimate was applied to ensure the
reliability of the regression coefficients (White, 1980). In R,
the significance of the coefficients was tested using the

veovHC (model type = “HC3") option.

(b) Analytical model

Figure 3. Moderated regression conceptual model

(a) Conceptual model
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3. Analytical Data

1) Overview of the Traffic Accident-Prone Area Improve-

ment Project

The analytical data of the present study is based on the
effect analysis data of the Accident-Prone Area Improve-
ment Project. This project, which aims to improve road
geometry and safety facilities to reduce recurring accidents
at specific locations, has been conducted since the “Compre-
hensive Traffic Safety Plan” was established in 1987. Recently,
a certain amount of design and construction has been
implemented annually in accordance with the “Seventh
Accident-Prone Area Improvement Project Plan (2022—
2026)”.

The project is implemented in collaboration with the
Office for Government Policy Coordination, the Ministry of
Land, Infrastructure and Transport, the Ministry of the Inte-
rior and Safety, municipal governments, the National Police
Agency, and the Korea Road Traffic Authority, and is
conducted through the following procedures: accident data
investigation and analysis, site selection, basic improvement
plan development, improvement construction, and before-
and-after effect evaluation. One cycle, from accident investi-
gation to effect evaluation, takes approximately four years.
For example, when the project is implemented based on
accident data from 2024, the following steps are taken in the
order of accident investigation in 2024, site selection and
basic design in 2025, improvement construction in 2026, and
effect evaluation in 2028 (accident statistics for 2027 will be
compiled in 2028).

Accident-prone areas are selected based on a certain acci-
dent frequency occurring at the same location over the past
year. As shown in (Figure 4), the spatial boundary is 30
meters from the stop line at intersections and crosswalks,
200 meters for single-lane roads in urban road segments and
400 meters in rural road segments.

According to the cumulative effect analysis from 1991 to
2024, the improvement project exhibited a certain level of
safety improvement, such as a decrease in the accident
frequency by approximately 28.9%, a decrease in the
number of deaths by 45.3%, and a decrease in the number of
injuries by 29.2% (Korea Road Traffic Authority, 2024b).



Interaction Effects of Intersection Safety Countermeasures

R e

+—30m—

-—30m—=

+—30m—=

-—30m-—+

<Intersection > <Crosswallc>

200m 400m:

<Urban road segment> <Rural road segment & Expressway>

Figure 4. Spatial scope of the accident-prone area improvement
program (MOCT, 2002)

2) Compiling of analytical data

The analytical data for this study was compiled based on
the “Accident-Prone Area Basic Improvement Plan and
Effect Analysis” report published by the Korea Road Traffic
Authority, covering the past 10 years (2015 to 2024). Of the
2,313 intersections for which the effect analyses were
conducted, intersections unrelated to the 13 countermea-
sures analyzed in this study were excluded, leaving a total of
1,892 intersections (three—way and four-way intersections)
for final analysis.

Countermeasure information was consolidated and
organized into similar items, referencing the improvement-
specific symbols in the report. For example, traffic signs
(A00, A10, A21) and delineation devices (B91, B96) were
grouped into the same category for analysis. Furthermore,
the scale of countermeasures applied at each intersection
was calculated by dividing the scale by the total number of
access ways to the intersection, based on a drawing of the
intersection in each direction. For example, in a three-way
intersection where skid-resistant pavement was applied in
two directions, the scale was calculated as 0.67.

The dependent variables are the accident frequency and
the accident severity. The accident frequency was obtained
from the appendix of the report, and the accident severity
was calculated using the unit cost of damage over the past
10 years presented in the Korea Road Traffic Authority's
“Estimation and Assessment of Road Traffic Accident Costs”
instead of the existing equivalent property damage only
(EPDO) method (deathsX 12, injuriesX3). The weights were

recalculated based on reported accidents (Table 3). As a

Table 3. Traffic accident costs by year and type of damage
(unit: 10,000 KRW)

e S T
Average 46,612 6,247.8 436.4 2132
2014 44,098 4,930 288 133
2015 42,908 5293 340 167
2016 43,096 5971 373 175
2007 43139 5917 420 191
2018 45,761 6,292 424 204
2019 43,080 6,361 459 227
2020 45,761 6,770 486 243
2021 48,639 6,650 525 258
2022 56,360 7404 629 266
2023 63,379 6,890 520 268

result, the weights were 218.6 for deaths, 29.3 for serious
injuries, 2.0 for minor injuries, and 1.0 for reported injuries.
The regional distribution of the analysis data
constructed through this process is shown in (Figure 5,
and among the 1,892 intersections, Seoul (11.2%) was the
most common, followed by Gyeonggi (10.9%) and Gyeo-
ngbuk (8.0%). Furthermore, a total of 4,242 countermea-
sures were applied to the intersections analyzed, with an
average of 2.2 countermeasures per intersection. While the

number of countermeasures applied was high for traffic

r
% T .

O
o)

~

Figure 5. Distribution of intersections selected for analysis
by region
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lights (740 locations) and skid-resistant pavement (505
locations), the number of countermeasures applied was
relatively low for signal timing improvement (72 loca-
tions) (Table 4). The average scale of application by
countermeasure was high for signal timing improvement
(0.769) and intersection geometry redesign (0.724), while
the average scale of application for the automated
enforcement system (0.283) was the lowest.

Furthermore, to precisely analyze the interaction effect
according to the combined implementation, the sample size
tor each combination of countermeasures needs to be
clearly presented. In this study, the application of all binary
combinations of the 13 countermeasures was investigated,
and the number of intersections for each combined imple-
mentation type was calculated separately. The sample size
for each combination refers to the number of actual obser-
vations used to estimate the interaction term (X X Z) in the
analysis model, and is different from the number of single
countermeasures applied in {(Table 4). The sample size for
each combined implementation type is presented in the
{Appendix) to ensure the transparency and reproducibility
of the study. In addition, when a specific combination was
implemented in a very small scale (N<10), caution was
taken in presenting the results in consideration of the possi-

bility of interpretation bias.

Table 4. Status of traffic safety countermeasures imple-

IV. Analytical Results

1. Analysis Overview and Model Suitability

Review Results

The moderated regression analysis model was
constructed using each of the 13 traffic safety countermea-
sures as a baseline and includes pairwise interaction terms
with the remaining 12 countermeasures. The dependent
variables were accident frequency and accident severity.
While 156 models (13X 12) are theoretically possible for
each dependent variable, 153 models were analyzed, exclud-
ing combinations that are not present in the data, such as
delineation devices—intersection geometry redesign and
intersection geometry redesign—road lighting,

A goodness-of-fit test revealed that 282 of the 306 models
(92.2%) were statistically significant (139 accident counts and
143 accident severity). Furthermore, as shown in {Table 5,
the adjusted R of the accident frequency models was gener-
ally higher than that of the accident severity models,
confirming their relatively greater explanatory power for
accident frequency.

In this study, a “statistically significant model” was defined
as one with an F-test significance level of less than 0.05.
Meanwhile, considering the variability of actual traffic acci-
dent data, the omission of various external factors, and the

structure of the regression model including interaction

Table 5. R’ of a regression model

mented at analyzed intersections Adjusted R?
Countermeasure Size Min. Max. Avg. Countermeasre Frequency Severity
Traffic light 740 0 1 0703 Traffic light 0.100 0.096
Traffic sign 309 O 1 0510 Traffic sign 0.325 0.220
Delineation devices 197 0 1 0491 Delineation devices 0.116 0.223
Road lighting 152 0 1 0.671 Road lighting 0.155 0.141
Jaywalking prevention facilities 464 0 1T 0490 Jaywalking prevention facilities 0137 0.085
Skid-resistant pavement 505 0 1 0474 Skid-resistant pavement 0.228 0202
Speed hump 272 0 1 0495 Speed hump 0.367 0.269
Automated enforcement system 359 0 0667 0283 Automated enforcement system 0.140 0.107
Signal timing improvement 72 0 1 0769 Signal timing improvement 0.119 0.188
Lane reconfiguration 389 0 1 0443 Lane reconfiguration 0.110 0.124
Channelization 465 0 1 0490 Channelization 0.180 0.205
Sidewalk & crosswalk 233 0 1 0465 Sidewalk & crosswalk 0.159 0.1056
Intersection geometry redesign 86 0 1 0724 Intersection geometry redesign 0486 0415
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terms, the adjusted R’ of 0.1 to 0.4 is within the range gener-
ally observed in existing traffic safety model studies. There-
fore, this study utilized the adjusted R” as an indicator for
comparison between models rather than as an absolute
interpretation criterion, and policy discussions were
centered on the F-test significance of the model and the

statistical test results of the interaction terms.

2. Interpretation of Model Results

Analysis of the effects of single implementation of each
countermeasure and the interaction effects of combined
implementations revealed differences in the magnitude and
direction of the effects across countermeasures. For most
countermeasures, combined implementations showed
either increased or decreased effects compared to single
implementations, with statistical significance varying across
countermeasures.

Traffic lights showed an accident reduction effect of
approximately 7% in the case of single implementation, but
this effect was somewhat reduced when combined with
other countermeasures. Conversely, some combinations
exhibited increased reductions when combined with an
automated enforcement system or lane reconfiguration.
Traffic signs showed a slightly lower average effect when
implemented in combination, compared to single imple-
mentation, but their effect was rather enhanced when
combined with delineation devices and sidewalks & cross-
walks.

Opverall, combined implementation of delineation devices,
skid-resistant pavement, and lane reconfiguration tended to
increase the effects of these countermeasures. Specifically,
delineation devices demonstrated a greater effect in both
accident frequency and accident severity compared to single
implementation, with statistically significant increases
observed in multiple combinations. Conversely, some
measures, such as road lighting and speed hump, exhibited
reduced effects in certain combinations.

Intersection geometry redesign demonstrated a high
single implementation eftect of approximately 20% or more
on both accident frequency and accident severity, but its
combined implementations reduced its effect in some
combinations. However, combined implementation with

traffic signs demonstrated a slightly increased accident

frequency-reducing effect in some cases.

Meanwhile, some combinations exhibited asymmetric
interaction effects. For example, when increasing the
number of traftic lights was the primary strategy, installing
an automated enforcement system enhanced the accident
frequency-reducing effect. However, when an automated
enforcement system was the primary strategy, the effects of
increasing traffic lights were reduced. This inconsistent
trend may be attributed to statistical and environmental
factors, such as sample heterogeneity, multicollinearity
between variables, and differences in implementation envi-
ronments. Furthermore, even when the interaction term is
statistically significant, the actual effect size may be minimal;
therefore, interpretation requires considering both the
effect size (%) and significance.

In summary, rather than categorically interpreting the
direction of the effect of a specific combination, a cautious
approach is required, taking into account data limitations
and statistical variability. Further research conducted by
controlling traffic environment characteristics is necessary
for more robust conclusions. The final interaction analysis
results are presented in {Table 6).

The statistical test results for the interaction effect are
presented in {Table 6, but it is difficult to intuitively
compare the relative magnitude and direction of the effects
of each combination of countermeasures using the table
format alone. Therefore, the interaction effect between acci-
dent frequency and accident severity was visualized for
statistically significant combinations (p<0.05). {Figure 6)
presents the interaction coefficients for the accident
frequency-reducing eftect and the accident severity-reduc-
ing effect, sorted by effect magnitude. The two figures
clearly show whether a specific combination of counter-
measures exhibits a synergistic effect (positive effect) or a
reduced effect (negative effect) when implemented
together, and complementarily visualize the interaction
structure between countermeasures that would otherwise
be difficult to grasp in a text-based interpretation.

Meanwhile, the accident-prone area improvement proj-
ect data used in this study compares the average accidents
over the three years before and one year after the improve-
ment; therefore, the presented accident reduction effect (%)
is limited as being a relative indicator. Thus, for policy inter-

pretation, supplementation is necessary to confirm the
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Table 6. Results of a moderated regression analysis by traffic safety countermeasures

Reduction in accident frequency (%)

Reduction in accident severity (%)

Primary Supplementary
countermeasure countermeasures Main Combined Interaction Main Combined Interaction
effect effect effect effect effect effect
Traffic light - - - - - -
Traffic sign 720 7109 019 570 590 020
Delineation devices 7307 69() -04 6.1 50 -11
Road lighting 73(% 46 270% 6.1 51 10
Jaywalking prevention facilities 7107 47 -30(9 6.1 74 13(0)
Skid-resistant pavement 7007 39 -31 70 59() -11(0)
Traffic light Speed hump 7307 46() 27() 6.5 47 -18
Automated enforcement system TaA o 1200™ 49() 68 57 -11
Signal timing improvement 7.0(%) 49 21 70 6.7 -02
Lane reconfiguration 7307 94 21 65 6.8 03
Channelization 72 72() 00 65 54 -11
Sidewalk & crosswalk 7607 69() -07 6.1 53 -08
Intersection geometry redesign T il 7707 056 6.5 5.0 0509
Traffic light 95(™)  BI(™)  36(™) 103(™) 710 320"
Traffic sign = = - - = =
Delineation devices 98(™ 1056(™) 07 1060 1160 1009
Road lighting 97(™)  80(™) 17 1040™)  77(™ 2709
Jaywalking prevention facilities 98(™)  1040(™) 06 106(™) 1080 03
Skid-resistant pavement 9.8 (™ 95(™ 03 10.5 (™) 95 -09
Traffic sign Speed hump 97 () 8.1 (% -15 11.4(%) 9.1 (™) 23
Automated enforcement system 98(™  121(™ 23 107 (™ 91(™) -16
Signal timing improvement 9.8 (™ 92(™) 06 106(™) 1000(* -06
Lane reconfiguration 98(™)  104(™) 06 108(™) 1220 14
Channelization 95" 760  -20() 101 (" 68"  -34(™
Sidewalk & crosswalk 98(™) 1050 07 1070  1400% 33
Intersection geometry redesign 79 630"  -10 92(™  103(™) 14
Traffic light 116 (™ 87 30 11.1() 6.1 50
Traffic sign 1060  168(™)  62(™) 12409 165"  41(™
Delineation devices - . - = . -
Road lighting 1150 1040  -1.1 138(%  113(™) 25
Jaywalking prevention facilities 70 1190 02 143 (%) 106 (% -37
o Skid-resistant pavement 12109 187(™ 6.6 146 (™) 20.7 (% 6.1
ggﬂgii“on Speed hump 11.6(%) 87() 29 1370%  179(™) 42
Automated enforcement system n7eEn 10703 -1.1 143 (%) 16.4(% 21
Signal timing improvement 1210 2110 89(™) 1470 239(™ 9.2 (™
Lane reconfiguration 11407 38 1709 145 (%) 8.4 6.1()
Channelization 11.9(% 1210 03 136 (%) 98 -38
Sidewalk & crosswalk 11407 16.0 (™) 450 13.6 () 19.4 (%% 5809
Intersection geometry redesign (No supplementary countermeasure applied)
Traffic light - - - 141() 12.8(%) 1309
Traffic sign - - - 1629 112 -5.0
o Delineation devices = = - 175(%) 213 38
Road lighting =
Road lighting - 5 2 - = -
Jaywalking prevention facilities - — - = . -
Skid-resistant pavement 86 6.0 26 - = =
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Reduction in accident frequency (%)

Reduction in accident severity (%)

Primary Supplementary
countermeasure countermeasures Main Combined Interaction Main Combined Interaction
effect effect effect effect effect effect
Speed hump 94 1.3() 810" 186()  112(™ 74
Automated enforcement system 107() 1810% 740 16.0(% 145 -15
Signal timing improvement 96() 12009 240 - - -
Road lighting Lane reconfiguration - - - 1229 1.1 -1.2
Channelization 10.0() 14 14 1580 16.8(% 10
Sidewalk & crosswalk 82 2.4 5807 1740 10.5() 6.8
Intersection geometry redesign 10.7() 1T 700  167(9 149 -0.8 (")
Traffic light 1160™ 131(™) 15 1070  176(™) 690
Traffic sign 114(™) 69 45 106(™ 105 0.1
Delineation devices 11.8(™ 950 23(0) 1070 59 A7 (9
Road lighting 120(™)  107(%)  -13 107(™  165() 58
Jaywalking prevention facilities - - - - - -
Jaywalking Skid-resistant pavement 1220 11009 -12 101 (% 78 23
prevention Speed hump 11.7 (%) 86() -31 101 (™) 92 -09
facilities Automated enforcement system 12209 122(%) 0.0 99(™)  150(™) 51()
Signal timing improvement 1210% 1340 13 1050(% 147 (7 43()
Lane reconfiguration 1210% 14407 23 938 (™ 54 -4.4
Channelization 1M60™ 12809 12 1100 33 1709
Sidewalk & crosswalk 10.8 (™ 78() -30() 108(™ 1310% 23
Intersection geometry redesign 1160 6.5 S0 10007 28 7309
Traffic light 174(™ 138(™)  -37 125(™)  95(% 30
Traffic sign 1710™  178(™) 07 123(™) 56 6.8(%
Delineation devices 1770% 21207 35 1240 12409 0.0
Road lighting 173(™  148(™) 25 125(*) 12809 03
Jaywalking prevention facilities 1720  165(% 07 M7™ 13 -04
o Skid-resistant pavement - 5 i - = -
E:g;ﬁgfttam Speed hump 166(") 162(™) 03 1250 163(™) 42
Automated enforcement system 179 1330 46 12007 80() 47
Signal timing improvement 171 (%%  225(* 5.4() 12.2 (") A 44
Lane reconfiguration 12" 2080 37 122(%%  164(™ 32
Channelization 17407%  191(%9 17 12907 181(™ 52
Sidewalk & crosswalk 176(°%  214(%9 38 12307 162(™ 3909
Intersection geometry redesign 16207 1720 10 1160  11.7(" 01
Traffic light 17.2 (7% 62 -109 (7% 17650 16.3 1209
Traffic sign 20.6 (™) 20.8 (™) 02 1850 2160% 31
Delineation devices 1970 178("™ -19 203("  20.3(™ 0.0
Road lighting 194(™  124(™)  70(™) 191(™) 153(™) -38(%
Jaywalking prevention facilities 1960 1770 20 1940%)  237(™ 43
Skid-resistant pavement 1960*) 182("™ 14 2030  201(*™ 02
Speed hump Speed hump - - _ _ _ _
Automated enforcement system 1930(™)  162(% 3.1 1810 125 -56
Signal timing improvement 20507 2840 790 181(™  233(™ 5.2 ("%
Lane reconfiguration 201 (7% 2490 48() 183(™) 16009 23
Channelization 20007  215(% 15 206("%) 2450 39(%
Sidewalk & crosswalk 1970 138(% 600" 201" 172(™ 29
Intersection geometry redesign 122 (% 880 34 20.4 (%) 148() -56

(Continue on next page)
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Reduction in accident frequency (%) Reduction in accident severity (%)

Primary Supplementary
countermeasure countermeasures Main Combined Interaction Main Combined Interaction
effect effect effect effect effect effect
Traffic light 1270™ 960 3.1 87() 83() 04
Traffic sign 134(™  233(™) 980" 9209 10.9 17
Delineation devices 1370 1970 6.0 101 1629 6.0
Road lighting 1290  109(9 20 88 78 1.1
Jaywalking prevention facilities 138("%  142(™ 04 11.9(%) 21.20(™ Q3™
Aditsirzied Skid-resistant pavement 105 (™) 6.5 400 89 40 -49()
enforcement Speed hump 13.1:(%% 82 -49 92 10.8() 16
system Automated enforcement system - - . s - -
Signal timing improvement 129(*%) 131" 0.2 (%) 11.8(%) 121(% 02077
Lane reconfiguration 12809  179(™ 5009 900 12509 356
Channelization 12809 121() -08 880 1040 16
Sidewalk & crosswalk 1340  233(™ 99(™) 82() 178 96()
Intersection geometry redesign 12709 1510 24 91" 13.0(™ 39
Traffic light - — - 127 112 -16
Traffic sign = 2 s - = =
Delineation devices 123 2950(™) 1720 - - -
Road lighting = = - = - =
Jaywalking prevention facilities - 5 z 1929 229 37
) o Skid-resistant pavement 109 270 162 4 2 -
fﬁ;‘g\gﬁgﬁt Speed hump 139 202(™) 63 : i -
Automated enforcement system 114 85 -29 16.3() 1256 -38
Signal timing improvement = = - = - =
Lane reconfiguration = 7 5 118 162 44
Channelization T2 48(7 240 22809 302 ("% 740
Sidewalk & crosswalk 90 32 -57 137() 16.1 24
Intersection geometry redesign - — - = . -
Traffic light 1100 2 38 80(™  11.3(% 32
Traffic sign 1060  13.00° 23 7709 68() -08
Delineation devices 1110 1070 -04 8.1 56 25
Road lighting 111%™ 1060 05 88(™ 17909 9.1
Jaywalking prevention facilities 1M0™) 134(0% 2.4 8.0(% 97(M 17
Skid-resistant pavement 118(™) 1630 45() 8009 35 45
Ir_:crg?nﬁguration Speed hump 106(™) 1650% 59 7009 12 -59
Automated enforcement system 1200 16409 34 84(™) 31 -53()
Signal timing improvement 111" 11560 04 83(™ 162 (") 6909
Lane reconfiguration = = - 2 = =
Channelization 102 126(0% 30 6.4 11.8(*) 54
Sidewalk & crosswalk 11.1 (%% 6.8 -43 82(% 55 27
Intersection geometry redesign 1207 1510 39 81(™ 141 (%% 6.0(9
Traffic light 1670 150(™) -16 175(™)  165(™) -10
Traffic sign 167"  201(™) 34 W™ I8 1o
Delineation devices T 130 02 1760 180" 04
Channelization ~ Road lighting 17607  187(™ 14 186(%) 2240 38
Jaywalking prevention facilities 1700  1610"  -19 77 12907 -48
Skid-resistant pavement 16707 16540  -13() 1710 212(™ 41
Speed hump 168(™) 131(™) 38 182(™)  139(™) 43

{Continue on next page)

118 "=EAS, He1 R M1S (2026)



Interaction Effects of Intersection Safety Countermeasures

Reduction in accident frequency (%)

Reduction in accident severity (%)

Primary Supplementary
countermeasure countermeasures Main Combined Interaction Main Combined Interaction
effect effect effect effect effect effect
Automated enforcement system 1680 161" 07 1720% 2150 43()
Signal timing improvement 170 1410% 83009 1770 2090 32
o Lane reconfiguration 1720% 1940 22 17807 2220 44
Channelization —
Channelization s - - - - s
Sidewalk & crosswalk 1720% 11.3(" 590 HEM)  a2a0™ -57()
Intersection geometry redesign - - - 1730 1500 23
Traffic light 92(% 76 16 82() 7.0 12
Traffic sign - - - 71 13407 6.3 (™
Delineation devices 89(% 12.4(%) 35() 74 165(% 80()
Road lighting 83() 11.0(9 27 ig 75 03
Jaywalking prevention facilities 8809 143 55 6.6 49 170%
. Skid-resistant pavement 73 13109 58() 6.4 1450% 81(%
S;gg‘;‘ﬁg‘lf Speed hump 10009  101(™) 01 75() 71 05
Automated enforcement system 76 63 -13 74 31 -4 4 (%)
Signal timing improvement - - - - - -
Lane reconfiguration 92 106() 14 7409 78 04
Channelization 87() 76 0% 6.2 5.1 1109
Sidewalk & crosswalk - - - - - -
Intersection geometry redesign 99" 86 -13 56 04 520"
Traffic light 2320  218(™) 14 252(%%  202(™) 50
Traffic sign 228(™)  255(™) 27 236(™)  229() 07
Delineation devices (No supplementary countermeasure applied)
Road lighting (No supplementary countermeasure applied)
Jaywalking prevention facilities 2300  239(" 08 2470 24009 07
. Skid-resistant pavement 2190  197(9 22 2420  19.0(%) -52
geometry Speed hump 207 (" 212 04(™)  245(*% 218() 2809
redesign Automated enforcement system 2480  228(" -19 2560 2250 310%
Signal timing improvement 212(% 1630 S50 262(%  196( 57()
Lane reconfiguration 2220%  202(" 2109 2310™)  199(™ 320%
Channelization 234 17607 -59(%) 2650 1900 -6.5(%)
Sidewalk & crosswalk 2350  161() -84 2630 1460 -107(™

Intersection geometry redesign =

(%) p<0.001, (%) p<0.01, (¥) p<0.05, () p<0.1

actual annual accident reduction rate. Furthermore, while
it is internationally common to utilize active evaluation
indicators that consider traffic volume, such as Annual
Average Daily Traffic (AADT) and Million Vehicle Kilome-
ters (MVK), the data used in this study did not include
AADT and MVK, making them inapplicable. Future
research should incorporate traffic environment variables
such as traffic volume and geometry to conduct a more
substantive analysis of the effects, including absolute reduc-

tions and traffic volume-adjusted indicators.

3. Results of Residual Diagnostics

In this study, the normality, homoscedasticity, and pres-
ence of extreme values in residuals, which are fundamental
assumptions of regression analysis, were diagnosed for a total
of 306 moderated regression models.

Normality was analyzed using Kline's (1998) skewness and
kurtosis measures, commonly used in regression and struc-
tural equation models. All models met the criteria (skewness
of 3 or less and kurtosis of 8 or less), demonstrating overall

normality.
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Figure 6. Significant interaction effects (p<0.05): accident frequency (left) and accident severity (right)

As mentioned in Chapter 3, homoscedasticity was tested
by applying robust standard errors (Robust SE) during
model building to address heteroscedasticity issues. The
Breusch—Pagan test was then used to verity the criteria for all
models, ensuring the stability of regression coefficient esti-
mation and the reliability of interpretation.

Extreme values (standardized residuals exceeding 3) were
within the standard range in all models, with the average
extreme value rate being approximately 1.3%. This met the
recommended criterion (less than 5% of the total sa.mple),
indicating no significant impact on model interpretation.

These results suggest that the moderated regression
models constructed in this study generally meet statistical
assumptions, and that interpretation of model estimates and

policy discussions are reliable.

V. Policy Recommendations and
Conclusions

1. Policy Recommendations

Through the analytical results of this study, the effects of
each traffic safety countermeasure applied alone were
compared with the interaction effects when applied in
combination with other countermeasures. This comparison
showed whether positive or negative changes occurred in

each combination of countermeasures, and effective imple-

120 RIS, Me12 M1Z (2026)

mentation strategies for reducing accident frequency and
severity were discussed.

For binary interactions of countermeasures, the difference
between the single implementation effect and interaction
effects of each combination was calculated and presented as
a heat map, as shown in (Figure 7. The change in effect in
(Pigure 7 indicates the magnitude of the interaction, which
was calculated as "interaction effect — single implementa-
tion effect.” In the heat map, positive interaction magni-
tudes are colored red (increased accident reduction effect),
while negative ones are colored blue (decreased accident
reduction effect).

As shown in (Figure 7>, the magnitude of interaction
varied depending on the combination of countermeasures.
(Table 7) summarizes the top five and bottom five combina-
tions of countermeasures by interaction effect magnitude,
along with the resulting change in effect. These results
confirm that some combinations of traffic safety counter-
measures are relatively effective in reducing accident
frequency and severity, while others are less effective.

Based on the above analysis, three policy recommenda-
tions are proposed in this article for developing effective
traffic safety improvement strategies.

First, a strategy that maximizes complementary effects
should be adopted.

When signal timing improvement is applied as a primary

countermeasure, the effect may be enhanced when
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Figure 7. Heatmap of interaction effects between traffic safety countermeasures: interaction magnitude of accident fre-

quency effects (left) and interaction magnitude of accident severity effects (right)

Table 7. Top/Bottom 5 traffic safety countermeasure combinations by interaction effect size

Classification Primary Supplementary Effect size
countermeasure countermeasures change
Signal timing improvement Delineation devices 17.2%
Signal timing improvement Skid-resistant pavement 16.1%
Top b ; g
sorehibtions Automated enforcement system Traffic sign 99%
Automated enforcement system Sidewalk & crosswalk 99%
Reduction in Delineation devices Signal timing improvement 9.0%
accident frequency Speed hump Traffic light -11.0%
Intersection geometry redesign Sidewalk & crosswalk -84%
Bottom 5 S o
combinations Road lighting Speed hump -81%
Delineation devices Lane reconfiguration -76%
Speed hump Road lighting -7.0%
Lane reconfiguration Jaywalking prevention facilities 96%
Automated enforcement system Sidewalk & crosswalk 96%
Topb : z =7 S
i biEteR Automated enforcement system Jaywalking prevention facilities 93%
Delineation devices Signal timing improvement 92%
Reduction in Lane reconfiguration Road lighting 9.1%
accident severity Intersection geometry redesign Sidewalk & crosswalk -10.7%
Jaywalking prevention facilities Channelization 7%
Bottom 5 N 0
S Road lighting Speed hump -74%
Jaywalking prevention facilities Intersection geometry redesign 72%
Road lighting Sidewalk & crosswalk -6.9%

combined with delineation devices or skid-resistant pave-
ment. Furthermore, when an automated enforcement
system is applied as a primary countermeasure, significant
synergy effects have been observed when combined with
traffic signs, sidewalks & crosswalks, and jaywalking preven-

tion facilities. Therefore, it is advisable to give policy priori-
ties to these combinations and apply them simultaneously.

Second, a non-combined strategy is needed to avoid
mutual interference.

When a speed hump is used as a primary countermeasure,
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its effect may be diminished when combined with additional
traffic signals. Furthermore, when road lighting is used as a
primary countermeasure, its effect may also be diminished
when used in combination with speed humps. Therefore, in
these cases, combined implementations should be avoided,
and a strategy that combines each countermeasure with
other countermeasures is necessary.

Third, a customized combination strategy is needed
according to safety improvement objectives.

The results in (Figure 7) demonstrate the effects of reduc-
ing accident frequency and accident severity. Therefore,
goal-oriented combinations of countermeasures may be
considered based on the accident characteristics at each
location. For example, combining signal timing improve-
ment with delineation devices or skid-resistant pavement
can be expected to significantly reduce accident frequency.
Similarly, combining automated enforcement system with
jaywalking prevention facilities or sidewalks & crosswalks
can be expected to significantly reduce accident severity.

Meanwhile, when discussing these policy implications,
the statistical significance of the effects should be considered
in addition to the magnitude of the regression coefficients.
Statistically insignificant reduction effects cannot be ruled
out because they may be the result of within-sample varia-
tion. Therefore, it is more appropriate to understand them
as a reference-level tendency rather than as a basis for policy.
Complementarily applying these perspectives can further
enhance the reliability of policy recommendations and the

consistency of interpretation based on the model results.

2. Conclusions

This study analyzed the interaction effects among 13
countermeasures, considering the characteristics of various
countermeasures being applied in combination to traffic
safety projects in Korea. Specifically, the accident frequen-
cy-reducing effect and the accident severity-reducing effect
that occur when each countermeasure is combined with
others were quantified.

To this end, data from accident-prone area improvement
projects over the past 10 years were used to collect data on
the scale of countermeasure application and accident data
before and after improvement at 1,892 intersections. Moder-

ated regression analysis models were used to identify single

122 =7, Me12 M1E (2026)

implementation effects and interaction effects.

The main results are as follows. First, 282 of the 306 models
were statistically significant, confirming the presence of
interaction eftects by combined implementation. Second,
the explanatory power of the accident frequency model was
higher than that of the accident severity model, confirming
that the influence of the combination of countermeasures
was relatively stronger on accident frequency. Third, there
were numerous cases where the combined implementation
enhanced or weakened the effects compared to single
implementations. On average, delineation devices, auto-
mated enforcement systems, signal timing improvement,
and sidewalks & crosswalks strengthened both the accident
frequency-reducing effects and the accident severity-reduc-
ing effect, whereas traffic lights, traffic signs, jaywalking
prevention facilities, speed humps, and intersection geome-
try redesign tended to weaken the eftects.

Furthermore, the accident reduction effect derived from
this study was lower than in previous studies. This is inter-
preted as a result of the precise examination of the scale of
countermeasures applied at each intersection access way.
This allowed for a comparison of the relative effect of the 13
countermeasures frequently applied to traffic safety projects
in Korea. Furthermore, the analysis newly identified the
interaction effects of combined applications, which were
difficult to identify in previous studies.

However, since this study focused on interrupted flow
sections centered on intersections, the results may be influ-
enced by the physical and traffic characteristics of the target
intersections (e .g., urban/rural ratio, intersection shape,
countermeasure application patterns). Therefore, direct
generalization of these results to uninterrupted flow
sections or other diverse traffic environments is limited.
Future studies may need to be conducted on expanded anal-
yses that incorporate diverse regions and traftic flow charac-
teristics.

Furthermore, the negative interaction effects observed in
some combinations may be due to complex factors, includ-
ing design conflicts between countermeasures, increased
driver cognitive load, and desensitization due to repetition
and overlapping. Considering these factors, the combined
application of countermeasures should be carefully carried
out, taking into account not only the simple summation of

countermeasures but also the implementation environ-
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ment, driving characteristics, and driver responses. Future
research should more precisely propose policy and design
improvements, such as design methods that minimize
negative interactions and facility layout principles that
reduce driver cognitive load.

This study analyzed the single implementation effects of
various traffic safety countermeasures and the interaction
effects of their combined implementation, suggesting
improvement strategies. However, the present study has the
following limitations.

First, the analysis method relies on a simple before-and-af-
ter comparison, making it difficult to completely eliminate
the problem of regression to the mean. Future research
should address this limitation through sophisticated analy-
ses utilizing multi-year time-series data.

Second, traffic accidents are complexly influenced by vari-
ous external factors, including weather conditions, driver
behavior, time of day, land use characteristics, and road
congestion. However, data limitations prevented this from
being reflected in the regression model of this study. Future
research should employ multi-faceted analyses that
consider traffic environment variables such as driver charac-
teristics and spatial factors to precisely identify the causes of
differencesin the effectamong countermeasures.

Third, due to limitations in accident data and facility appli-
cation history, important traffic environment variables such
as road geometry, traffic volume (AADT), and traffic flow
type (interrupted/uninterrupted) were not included in the
model. These variables may alter the magnitude and direc-
tion of the effects of countermeasures. Therefore, future
research should systematically verify the combined imple-
mentation effects through interaction analyses of traffic
environment variables or through subdivided models based
on traffic characteristics.

Finally, this study focused on an exploratory analysis of the
combined implementation effects of countermeasures,
suggesting combination strategies based on the magnitude
and statistical significance of interaction effects. Future use of
artificial intelligence-based predictive models or nonlinear
models to quantify the differences in the effect across
countermeasure combinations will increase their practical

applicability, such as in packaged road safety project planning.

Note 1. Traffic calming refers to installing physical facilities and regulating
traffic to reduce the number of vehicles and lower speeds in
order to provide a safe and comfortable road environment for
pedestrians (Ministry of Land, Infrastructure and Transport,
2019).

Note 2. The process and results of selecting these 13 measures are
described in Chapter 3.
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Appendix

Appendix 1. Sample size by combination of traffic safety countermeasures

Classification A B C D Z F G H | J K L M
A 740 71 98 54 51 17 165 41 19 111 140 68 8
B 309 28 22 12 26 45 44 6 27 51 20 14
C 369 13 25 76 98 41 9 56 51 28 7
D 197 9 23 41 17 2 28 30 16 1
E 162 29 27 18 3 12 22 9 3
F 464 80 37 16 66 64 40 8
G 505 45 16 59 77 33 7
H 272 7 26 47 16 30
I 72 13 8 6 4
J 389 85 31 16
K 465 66 13
L 233 3
M 85

Note: A=Traffic light, B=Traffic sign, C=Delineation devices, D=Road lighting, E=Jaywalking prevention facilities, F=Skid-resistant pavement, G=Speed hump,
H=Automated enforcement system, |=Signal timing improvement, J=Lane reconfiguration, K=Channelization, L=Sidewalk & crosswalk, M=Intersection
geometry redesign
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