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Abstract

Traffic accidents cause 1.19 million deaths annually globally, with 90% occurring in
middle-income countries. Indonesia faces a critical challenge with motorcycles
accounting for 84-85% of vehicles and contributing to 73% of traffic accidents. This study
proposes an integrated analytical framework combining the Equivalent Accident
Number (EAN)-Upper Control Limit (UCL) method for statistical blackspot identification,
Chain of Event analysis for causality mechanism investigation, and iRAP Star Rating
assessment for infrastructure risk evaluation. The framework is demonstrated on Jalan
Slamet Riyadi, Surakarta, a 5.7 km urban arterial road with 414 accidents (2020-2024),
the highest frequency in the city. The EAN-UCL analysis identifies two critical blackspot
segments (STA 0+000-0+500 and STA 4+000-4+500). Chain of Event analysis revealed
that accidents occurred in the form of out-of-control collisions, front-to-rear collisions
and collisions at intersections with a causal path from hazard existence (uncontrolled
intersections, high side obstacles) through precipitating events (loss of control) to crash
events. The initial iRAP assessment showed that segments had an average rating of 2
and 3 stars, with the lowest score for pedestrians (<2). Based on the integration of the
three methods, specific recommendations included: speed limit signs, physical road
medians, zebra crossing improvements and reflective edge markings. Post-intervention
evaluation showed significant improvements: both segments' ratings increased to 4
stars with the lowest score for pedestrians (>2), and improved scores for all road user
categories. This multi-method framework proved its effectiveness in identifying
blackspots, understanding causal mechanisms and predicting the effectiveness of
interventions for motorcycle-dominated urban roads in Indonesian.
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Introduction

Road traffic accidents remain a major global public safety issue, causing approximately
1.19 million deaths annually, with vulnerable road users dominating fatalities, particularly
in low- and middle-income countries [1][2]. The risk is especially high in Southeast Asia
where motorcycles dominate daily transport and infrastructure and enforcement
remain limited [3]. In Indonesia, motorcycles account for about 84-85% of the vehicle
fleet and contribute more than 70% of traffic fatalities, especially on heterogeneous
urban roads with dense access points and high roadside activity [4][5][6][7][8][9]. High
intersection density and limited visibility increase conflict frequency, with side-impact
collisions becoming the dominant crash type and motorcycle vulnerability increasing
crash severity [3][10][11][12][13]. Therefore, identifying accident-prone locations is
essential for targeted safety interventions [14].

Road safety analysis commonly begins with blackspot identification using Equivalent
Accident Number (EAN) and Upper Control Limit (UCL), which effectively detect high-
risk locations but do not explain causal mechanisms or infrastructure-related risks
[15][16][17][18][19][20][21]. To address these limitations, recent studies integrate
infrastructure-based risk assessment using the International Road Assessment
Programme (iRAP) with causal modelling through the Chain of Events framework
[22][23][26][27]. However, integrated multi-method studies on motorcycle-dominated
urban corridors remain limited [24][25]. Therefore, this study proposes an integrated
framework combining EAN-UCL, Chain of Events, and iRAP, applied to Jalan Slamet
Riyadi in Surakarta, a 5.7 km urban arterial corridor with 414 accidents recorded during
2020-2024, to provide a more comprehensive safety evaluation for motorcycle-
dominated urban traffic conditions.

Method

Study area and data

The study was conducted on Jalan Slamet Riyadi, Surakarta, a 5.7 km urban arterial
corridor characterized by commercial activity and dominant motorcycle traffic. The
location was selected due to high accident frequency (414 crashes during 2020-2024),
motorcycle dominance (>80%), numerous uncontrolled access points, and mixed land
use. Data consisted of police accident records, iRAP-based field surveys, and field
observations. The road was divided into 500-meter segments.

Analytical methods

This study employs a mixed analytical-numerical methodology combining statistical
accident analysis, crash mechanism modeling, and infrastructure-based risk evaluation,
as illustrated in Figure 1.
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Figure 1. Research flow

Blackspot identification was performed using the Equivalent Accident Number (EAN)
and Upper Control Limit (UCL) methods, where accident severity was converted into
weighted values based on fatalities, serious injuries, and minor injuries [28]. Segments
with EAN values exceeding the UCL threshold were classified as accident-prone
locations. The identified blackspot segments were then analyzed using the Chain of
Events (CoE) approach to determine sequential crash mechanisms consisting of hazard
existence, precipitating events, unsafe situations, crash events, and consequences
based on accident data and field observations [29][30]. Furthermore, infrastructure-
based risk assessment was conducted using the iRAP Star Rating methodology, which
predicts crash risk from road attributes coded at 100-meter intervals and processed
using ViDA software [31][32]. Reassessment was carried out after proposed
interventions to estimate potential safety improvements. The study utilized five-year
crash data, field observation sheets, and iRAP coding instruments, while potential
limitations include underreporting in crash data and subjectivity in infrastructure coding.

Integrated multi-method framework and limitations

The integration of EAN-UCL, CoE, and iRAP links crash frequency, crash mechanisms,
and infrastructure risk to produce comprehensive safety recommendations. Limitations
include possible underreporting of crash data, subjectivity in infrastructure coding, and
the predictive nature of iRAP scores.
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Results

Blackspot identification

Blackspot identification was conducted for all 500-meter segments along Jalan Slamet
Riyadi using the EAN-UCL method. The results indicate that only two segments, STA
0+000-0+500 and STA 4+000-4+500, have EAN values exceeding the UCL threshold and
are therefore classified as blackspots. These segments also recorded the highest
accident frequencies during 2020-2024 and were selected for further analysis Table 1.

Table 1. Blackspot identification

Stationing EAN UCL Description
0+000 — 0+500 210 174.9854 Blackspot
4+000 — 4+500 174 172.6455 Blackspot

Chain of events analysis on blackspot segments

Segment STA 0+000-0+500 is dominated by rear-end crashes (9), followed by out-of-
control (7) and intersection crashes (7). Segment STA 4+000-4+500 is dominated by
out-of-control (9) and intersection crashes (7), particularly near major intersections and
railway crossings. The summarized crash mechanisms based on the Chain of Events
approach are presented in Table 2.

Table 2. Chain of events summary for blackspot segments

Accident Chain of Event Description
Type Event Stage Stationing 0+000 - 0+500 Stationing 4+000 - 4+500
Out of Hazard & High traffic volume, roadside No median, railway crossing, high
Control Trigger barriers, sudden braking. speed
Unsafe No shoulder and limited recovery Narrow space and roadside
Condition space. obstacles
Crash Impact  Single-vehicle skid or roadside Skid or collision with roadside
collision. objects
Intersection Hazard & Dense commercial intersections.  Uncontrolled multi-leg
Collisions Trigger intersections
Unsafe Priority violations and late Weak control and limited visibility
Condition braking.
Crash Impact  Side-on collisions. Motorcycle—vehicle conflicts
Rear-end Hazard & High traffic density and frequent -
Collisions Trigger access.
Unsafe Short following distance and -
Condition limited reaction time.

Crash Impact  Front-to-rear collision. -

The results show that at STA 0+000-0+500, rear-end crashes are mainly related to high
traffic density and unsafe following distance, while out-of-control crashes are
associated with sudden braking and the absence of safe shoulders. Intersection crashes
are linked to priority violations in dense commercial areas. At STA 4+000-4+500,
intersection crashes are influenced by insufficient control on minor approaches, while
out-of-control crashes are related to railway crossings and sudden braking.
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Risk assessment using iRAP
The distribution of safety levels based on the iRAP assessment for both segments is

presentedin Figure 2.

iRAP Heatmap Assessment (STA 0+000-0+500 and 4+000-4+500)
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Figure 2. Assessment of iRAP stationing 0+000 — 0+500

The initial iRAP assessment indicates that segment STA 0+000-0+500 has a relatively
low safety level with iRAP scores of: cars 3.6-3.9; motorcycles 3.3; pedestrians 1.0; and
cyclists 2.8, with an overall rating of 3 stars. Segment STA 4+000-4+500 shows greater
variation with scores of: cars 1.0-4.3; motorcycles 1.0-3.9; pedestrians 1.0-3.5; and
cyclists 3.1-5.7, producing ratings between 1 and 4 stars across several sub-segments.

Integration of findings (EAN-UCL, CoE, iRAP)
The relationship between crash mechanisms based on Chain of Events and
infrastructure risk factors based on iRAP is summarized in Table 3.

Table 3. Integration of COE-iRAP relationship analysis
Dominant Crash

Segment Type CoE Critical Factors iRAP Low-Score Dimensions
STA 0+000 — Rear-end (9), Out High speed, dense traffic, Roadside Severity, Speed
0+500 of-Control (7), high side obstacles, no safe Management, Intersection

Intersection (7) shoulder, poor intersection Quality
control
STA 4+000 - Out-of-Control (9),  Railway tracks, high side Roadside Severity, Intersection
4+500 Intersection (7), obstacles, poor intersection Quality, Railway Crossing
Rear-end (5) control, limited visibility Safety

The alignment of these findings indicates that safety recommendations should focus on
speed management, intersection improvements, access management, and enhanced
protection for vulnerable road users to ensure more targeted interventions.

Post-intervention iRAP evaluation

Post-intervention iRAP evaluation was conducted for both priority segments based on
the integrated analysis results. At STA 0+000-0+500, recommended measures include
speed management through a 40 km/h limit, installation of a 1.5 m raised median (PUPR
Regulation No. 5/2023), improvement of pedestrian crossings using thermoplastic
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markings, and reflective edge markings to enhance visibility. At STA 4+000-4+500,
countermeasures include rumble strips on intersection approaches, provision of right-
turn pockets, and improved directional pavement markings to reduce conflict points

(Figure 3).
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Figure 3. Intervention recommendations for STA 0+000-0+500 (a) and 0+000-0+500 (b)

Based on these improvements, an iRAP evaluation before and after intervention was
conducted as presented in Table 4.

Table 4. iRAP evaluation before and after intervention

Segment Condition cars Motorcycles  Pedestrians  Bicycles  Star Rating
0+000 — 0+500  Before/After  3.7/4.5 3.3/4.3 1.0/3.5 2.8/3.9 3% /4%
4+000 - 4+500 Before/After 2.9/3.4 2.7/3.2 1.7/2.7 5.0/5.4 2% /4%
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Figure 4. iRAP heatmap comparison before-after intervention for STA 0+000-0+500 (a1) and 0+000-
0+500 (b1)

The results show significant safety improvement at both segments after intervention
(Table 4). At STA 0+000-0+500, the Star Rating increased from 3 to 4 due to
improvements in pedestrian facilities and speed control. At STA 4+000-4+500, the
rating increased from 2 to 4 following intersection treatment and traffic calming
measures. The comparative visualization of iRAP scores is presented in Figure 4.
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Discussion

The findings indicate that segments STA 0+000-0+500 and STA 4+000-4+500 have the
highest accident risk based on the integration of EAN-UCL, CoE, and iRAP methods,
consistent with urban corridor characteristics where blackspots occur under high traffic
flow, strong roadside friction, and inadequate infrastructure [18][19]. Both segments
exceed the UCL threshold, while the integration of the Chain of Events approach
addresses the limitation of EAN-UCL in explaining causal mechanisms [17].

At STA 0+000-0+500, the dominance of rear-end and out-of-control crashes reflects
problems related to operating speed, unsafe following distance, roadside friction,
sudden braking, and the absence of safe shoulders [15] [22][23]. At STA 4+000-4+500,
crashes are mainly associated with inadequate intersection control, limited visibility, and
additional risks from parallel railway tracks [20]. The iRAP assessment supports these
findings by showing consistency between crash mechanisms and infrastructure
deficiencies, particularly low pedestrian protection. Previous studies also confirm the
relationship between low iRAP scores and crash rates, and this study extends the
evidence to motorcycle-dominated urban arterial roads [26]. Overall, the integration of
EAN-UCL, CoE, and iRAP provides a comprehensive basis for evidence-based safety
recommendations.

Conclusion

This study evaluates the safety of Slamet Riyadi Road by integrating EAN-UCL, Chain of
Events (CoE), and iRAP approaches. Two accident-prone segments (STA 0+000-0+500
and STA 4+000-4+500) were identified with EAN values exceeding UCL thresholds. CoE
analysis indicates that rear-end crashes are related to unsafe following distance, out-of-
control crashes to roadside obstacles and lack of shoulders, and intersection crashes to
weak traffic control. These findings confirm the interaction between driver behavior
and infrastructure conditions. The iRAP assessment identifies key deficiencies in speed
management, roadside protection, intersection visibility, and pedestrian facilities. The
integration of the three methods provides a more comprehensive evaluation
framework than single-method approaches. Proposed interventions such as medians,
rumble strips, markings, and speed control improved the predicted iRAP ratings,
indicating that targeted infrastructure improvements can significantly enhance safety.
This study contributes an integrated road safety evaluation framework for motorcycle-
dominated urban corridors. Future studies are recommended to include traffic flow,
weather variables, and microsimulation for more detailed safety prediction.
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