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Abstract: This research examines the utility of combined crash modification factors (CMFs) in
minimizing crash severity at urban roundabouts. Conventional CMFs typically assess the influence
of singular interventions on road safety. However, traffic dynamics and the interactions among
multiple safety measures necessitate a more comprehensive strategy. This study introduces a novel
methodology for developing integrated CMFs that accounts for the interactive effects of multiple
safety measures, providing a comprehensive understanding of their collective impact on road safety.
The investigation utilized data from 16 urban roundabouts in Amman, Jordan, from 2015 to 2021.
Regression models have been employed to develop individual and combined CMFs for various
geometric and traffic characteristics, such as entry and exit widths, speed limits, and weaving
patterns. Key findings indicate that interventions, such as reducing speed limits, modifying entry
and exit widths, and adjusting weaving lengths, significantly improve safety. The analysis identifies
hazardous roundabouts and proposes effective single and combined treatments to mitigate crash
risks. This study highlights the importance of considering multiple treatments simultaneously to
improve the predictive accuracy of safety assessments and supports the development of more effective
road safety strategies tailored to specific crash types and severities. The approach demonstrates a
significant potential to enhance road safety analysis and decision-making, ultimately contributing to
safer road environments.

Keywords: road safety; crash modification factors; combined treatments; geometric design

1. Introduction

Road traffic crashes are a global concern, requiring a deeper understanding of the
contributing factors and the development of effective road safety strategies. Approximately
1.3 million people are killed and 20-50 million are seriously injured on the road annually [1].
World Health Organization (WHO) data show that about 90% of these casualties occur in
middle and low-income countries. Approximately half of those fatalities are “vulnerable”
road users—pedestrians, cyclists, motorcyclists, children, and the elderly [2]. Currently,
road traffic injuries are the leading cause of death in people aged 5-29 years; they are
projected to be the seventh leading cause of death by 2030 [1]. Road safety is therefore
one of the most pressing global public health issues today. The international community
has responded with the adoption of road safety targets for reducing the number of those
killed and seriously injured on the road (KSI), as well as a variety of efforts to stabilize and
reverse this “negative” trend. Thus, in March 2010, the General Assembly of the United
Nations (UN) proclaimed the period 2011-2020 the Decade of Action for Road Safety [3].

Roundabout implementation has been identified as a successful strategy to increase
traffic safety [4]. A decrease in total crashes and a significant reduction in crash severity have
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been found to be associated with roundabouts design [5]. It has also been highlighted in the
research of Novék et al. [6] that, while roundabouts are generally the type of intersection
with the highest absolute safety, concerning comparative safety the entity might vary with
different designs. Over the years, intensive research has been conducted to understand and
evaluate the safety and performance of roundabouts. This has included the development of
safety performance functions (SPFs) and crash modification factors (CMFs) for roundabouts,
at entry, exit and circulating lanes [7,8].

In order to enhance road safety and contribute to the reduction of traffic crashes,
significant efforts have been made towards understanding and implementing effective
safety measures. CMFs arguably represent one of the most powerful tools for this objective,
providing a quantitative estimate of the expected change in crash occurrences, as a result
of safety interventions [9-12]. Traditionally, CMFs have been developed and employed to
quantify the impact of (single) individual measures on road safety [7,9,11-18]. Nevertheless,
road safety is a dynamic and complex concept, since the driving environment, traffic
conditions, and influencing factors are all interlinked and cannot be imminently separated.
Consequently, a different perspective is required; one that considers the interactions and
combined effects of various measures. The use of regression models alone to establish
CMFs may be challenging, as research has shown [19]; consequently, it is important to use
multiple CMFs from different studies and methodologies to create more robust, reliable
safety assessments [11]. Integrating CMFs from different sources permits multiple factors
influencing crash outcomes to be considered, thereby contributing to a more comprehensive
understanding of safety impacts [20].

The importance of considering different crash types when developing CMFs has
been a recurring theme in the research of Shahdah et al. [21]. The analysis of distinctive
crash scenarios, including truck-related, motorcycle, run-off-the-road, and non-intersection-
related crashes, allows researchers to develop interventions that are tailored to address
the unique challenges associated with each crash type [22]. Likewise, it is critical to
differentiate between single-vehicle and multiple-vehicle crashes, as the contributing factors
and subsequent mitigation strategies may be distinctly different [23].

In addition, the establishment of CMFs for specific road features and treatments (e.g.,
horizontal curves, intersections, signalized corridors) demonstrates that an “all or nothing”
approach to safety assessment is not desirable [24-26]. Different treatments may have
different degrees of safety effects in crash reduction; the adage “multiple CMFs” is intended
to capture the concept that different treatments have varying safety implications [27].
Multiple Crash Modification Factors (CMFs) are essential in transportation safety research
to ensure that the safety effectiveness of various safety treatments and interventions is
appropriately evaluated. One of the key roles that CMFs serve is to make the benefits
of safety comparable across different types of safety treatment and different roadway
conditions [28].

As a response, this paper introduces the notion of combined CMFs, which are capable
of capturing the interacting effects and the effects of the interaction among multiple safety
interventions, thus offering a comprehensive view of road safety management. The signifi-
cance of the application of this concept lies in the potential to provide a refined road safety
analysis and decision-making processes. The principles for understanding how different
safety measures interact and affect overall safety will enable policymakers and engineers
to effectively prioritize and apply the more cost-effective or beneficial interventions. It is
anticipated that the adoption of this concept will provide a methodological framework in
which combined CMFs will be calculated, in such a way as to significantly enhance the
accuracy of safety assessments and support the development of a safer road environment.
The contribution of this paper is to evaluate the effectiveness of the combined CMFs on
different crash severity. The paper continues previous work as it expands on the developed
CMFs at different crash severity levels, to quantify the effectiveness of implementing the
combined CMFs at these different levels.
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The structure of this paper is as follows: in the next section a literature review on
CMFs is presented, showing the evolution of their use and the reason for combined CMFs.
The third section describes the methodology for developing and testing the combined
CMFs. It includes data collection, statistical analysis, and model validation. The fourth and
fifth sections present the results of the analysis, discuss their implications for road safety
practice and policy, and offers directions for future work in this field.

2. Literature Review

Crash modification factors for roundabout development are key to advancing road
safety. An effort has been made to explore this topic outside the present framework to
provide more background on the safety performance of roundabouts, as well as the various
components of the roundabout.

2.1. Safety Performance of Roundabouts

More focus was made on appearance practices to develop safety performance functions
and CMFs for urban roundabouts, entry, exit, and circulating lanes, focusing on the entering
annual average daily traffic (AADT) and the number of circulating lanes as a factor in
the assessment of safety [7]. Chen also examined the impact of signalized intersections
converted into roundabouts and found a diminishing safety benefit of roundabouts for
total crash reduction as the traffic volume increases, developing the CMF to indicate the
need to consider traffic volume impact on the safety benefit of roundabouts [29]. Moreover,
Gbologah et al. found that converting stop-controlled and conventional intersections
to three- and four-leg roundabouts reduced crash frequency, particularly injury/fatal
crashes. These results highlight the importance of comparing roundabouts and traditional
intersection design for their beneficial safety effects [30]. Furthermore, findings have
indicated the relevance of developing conflict modification factors based on proactive
safety diagnostic approaches, which is relevant in improving the safety at roundabouts by
targeting the various types of crashes and the overall safety reduction [6,31].

2.2. Estimation of CMFs

The accuracy of CMFs depends on the link function of the variables. The studies
concluded that, when developing CMFs using regression models, the link function is
critical. It also concluded that, when variables have large nonlinear safety effects, traditional
generalized linear models (GLMs) should be avoided when modeling crashes or developing
CMFs [10,18,32,33]. In other words, in the traditional GLM with a linear link function, the
model assumes a direct relationship between the response and predictor variables. On the
other hand, using the log link function ensures that the model’s outputs remain within the
acceptable data range and distribution, which improves the interpretability and accuracy
of the model’s predictions. For Poisson and negative binomial distributions, the typical
link function is the log link to ensure that the model’s predictions remain continuous and
positive. In a study by Park et al. [10], they compared five functions: linear, quadratic,
inverse, exponential, and power functions, based on the R-squared value. The results
showed that the exponential nonlinear model is the best-fitting function for the crash data.
Generally, the exponential link in Poisson and negative binomial regression models can
correctly describe how crash data is random, positive, and discrete [8,18].

2.3. Combined CMFs

Researchers focus on evaluating and improving methods to combine CMFs for multi-
ple treatments on roadways, aiming to overcome overestimation and produce more reliable
results. Park and Abdel-Aty [32] proposed a new method for combining CMFs, demon-
strating better predictive performance compared to existing methods and developing an
adjustment function using weighted regression models to account for different severity
levels, road types, and negative safety effectiveness. In another study, Al-Marafi et al. [33]
conducted analytical familiarity to assess combined CMFs for multiple treatments at high-
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risk crossings in Queensland’s Toowoomba regional city, using data from 106 intersections.
The study employed sixteen variables, explored four forecasting combined CMF techniques,
and applied the empirical Bayesian process to identify the critical intersections. The study
recommended applying a combination of treatments to enhance safety in high-risk inter-
sections, as the results demonstrated that applying multiple treatments yields higher safety
benefits than single treatments.

In order to combine multiple CMFs to obtain accurate results, one should consider
numerous studies that developed CMFs for a particular scenario. Hallmark et al. [34] used
a full Bayes modeling methodology to develop CMFs for rural curves with dynamic speed
feedback signs for total crashes and single-vehicle crashes. On the other hand, CMFs were
developed for rural 2-lane highways considering two primary variables, horizontal curve
radii and side friction demand, for various combinations of different geometric design
criteria [35]. Other studies focused on the safety effects of signal conversion to develop
CMFs for fatal and injury crashes and property damage-only crashes [36]. For example,
Lee et al. developed CMFs for left-turn signal conversions for safety evaluation [37].
Researchers worked on one-way arterial CMFs for safety performance that could be used
for prediction models [38]. Many similar studies above highlight the necessity of such
factors in assessing safety measures and their crash reduction impacts. There is also a
focus on the effects of widening shoulders on rural multi-lane roads and the use CMFs and
CM-Functions for different approaches to assess safety [39]. Researchers discussed one
more example of the use of weather-related crashes on freeways, emphasizing the factors
that may vary significantly across various conditions and severities [40].

Among all of these studies, the effect of the combined crash modification factor on
different crashes’ severity was not studied before. This study bridges this gap by incorporating
different methods to estimate the effect of implementing different modeling techniques.

3. Research Methodology

In this section, the research methodology is presented. It starts with the data col-
lection description, followed by generating the CMF using the cross-sectional method.
Subsequently, the different roundabouts were ranked using their average ranked rate.

As we mentioned earlier, we collected several variables to quantify the safety performance
of the roundabouts. The developed research methodology is shown in Figure 1 below.

Geometric and Traffic
Data

I I
v

Develop CMF using
cross-sectional method

l

Find crash rate per
million entry vehicles

}

Estimate the combined
crash modification factor

Crashes Data

Figure 1. Research Methodology.

Figure 1 shows the developed research methodology. The research starts with collect-
ing geometric and traffic data. We used our previous study results to show that a developed
crash modification factor was developed using the crash frequency estimated models.
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Exit path radius

Central island diamete

3.1. Data Collection

The data needed for this research mainly comprises 16 urban roundabouts. The
collected variables contain crash, geometric, and traffic data. These roundabouts are
located in Amman, the capital of Jordan. Out of the 16 roundabouts, 12 have four legs and
4 have five legs. The crash data were collected from 2015 until 2021 from the Jordanian
Traffic Institute. The crash data covers the number of crashes, crash severity, type and
number of vehicles involved, and the date and time of occurrence. Traffic volume count,
speed, and geometric characteristics were collected from the Greater Amman Municipality
(GAM). Figure 2 shows the geometric characteristics of the roundabouts.

ntry angle

l{/’
|

Figure 2. Roundabout geometric characteristics.

In Figure 2, various terms are introduced. Roundabout size is defined using the
inscribed diameter. It measures the distance between the outer edges of the circulatory
roadway. The entry width is the width of the entry approach, and the exit width is the
width of the exit approach where it meets the inscribed circle. The entry and exit angles are
the angles of deflection of vehicles entering and exiting the roundabout. Approach and
departure width refer to the half of the roadway width that is approaching or departing
the roundabout. The intersection approach is a road length of 20 m downstream of the
roundabout yield sign. Table 1 shows the summary statistics of the collected data. The
roundabouts considered in the present study have large variations in geometric and traffic
characteristics. Hence, the relationship between crashes and variables of interest could be
modeled with a good degree of accuracy.

Table 1. Statistical summary of the dataset.

Variable Mean  St. Dev. Minimum  Maximum Variable Type
Total annual crashes 202.90 151.56 20.00 612.0 Count
Annual fatal and 415 2.78 0.00 11.00 Count
injury crashes
Annual PDO crashes 198.75 149.59 19.00 603.00 Count
Number of approaches 4.40 0.68 4.00 6.00 Count
Entry width (m) 7.18 3.15 3.00 12.30 Count
Exit width (m) 8.66 3.99 4.80 16.00 Continuous
Inscribed diameter (m) 74.05 28.70 31.00 158.00 Continuous
Central diameter (m) 58.30 29.56 19.00 154.00 Continuous
Circulating width (m) 8.90 247 6.00 15.00 Continuous

Entry path radius (m) 69.50 26.37 28.00 140.00 Continuous
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Table 1. Cont.
Variable Mean  St. Dev. Minimum  Maximum Variable Type

Exit path radius (m) 75.00 27.43 35.00 145.00 Continuous

Entry angle (Degree) 28.90 5.53 18.00 38.00 Continuous

Splitter radius (m) 77.75 29.13 35.00 162.00 Continuous

Weaving width (m) 10.62 2.89 7.50 19.00 Continuous

Weaving length (m) 42.50 11.55 30.00 76.00 Continuous

Speed Limit (Km/h) 60.00 3.24 50.00 70.00 Continuous

Total entering volume 5 (o5 56 2740042 2271200 114,304.00 Continuous

in AADT
PDO: Property Damage Only. AADT: Annual Average Daily Traffic.

3.2. Crash Prediction Model Development

Crash prediction models (CPMs) were developed mainly by using GLM with a log link
function. In model building, the model type is chosen based on the response variable type.
As we built a CPM to predict the number of crashes (count type), we used the common
models, i.e., negative binomial (NB) and Poisson regression. As mentioned previously,
these two types are more appropriate for analyzing crash data [9,18,33,41-43]. The general
formula for the NB or Poisson model is presented in Equation (1).

where v is the expected number of crashes, by is the intercept that explains the minimum
value of the expected number of crashes, B; is the coefficient of the ith variable, Xj is
the explanatory variable, and e is the error term, which explains the difference between
the actual values and expected values. In a previous work, different CMFs for different
roadway crash severity were developed.

3.3. Estimate Crash Rate

In order to assess the roundabouts’ safety performance, we estimate the average crash
rate and rearrange the roundabouts based on their crash risk. In this step, we estimate the
crash risk index. Equation (2) was used to calculate the crash rate.

N; x 10°
CRi= ————~ 2
" 365x T x Q; @
where N; represents the number of crashes observed during the study period, T is the
duration of the study period in years, and Q; is traffic volume in AADT.

3.4. Evaluate the Effectiveness of the Combined CMF

In this step, we calculate the effectiveness of implementing the different combined
treatments using the developed CMF in step one. In essence, three different methods were
implemented. The first step assumed the independence between treatments, the second
one used the turner models where we used the multiplicative weighted factor, and the
third approach was meta-analysis.

3.4.1. Assume Independence of Treatments

In this method, the different CMFs were assumed to be independent. This method was
adopted by the Highway Safety Manual. In essence, when multiple CMFs are implemented,
each treatment is independent. As such, the effect of the combined CMF can be calculated
using Equation (3).

CMFcombined, i = CMFj; x CMF;; X ... x CMF; 3)
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where CMFi]- is the crash modification factor associated with treatmentj(j=1,2,3,...,n) at
ith roundabout.

3.4.2. Multiply Weighted Factor (Turner Method)

In the Turner method, a specific weighted factor is applied, especially when we
implement two or more treatments. The combined CMF is estimated using Turner’s
techniques, as shown in Equation (4).

2
CMFcombined,i =1- g (1 — (CMFIl X CMF{Z X ... X CMFU)) (4)

3.4.3. Meta-Analysis Approach

In this approach the combined CMFs for the same countermeasure are estimated
from several studies. In this method, the combined CMF is calculated using Equation (5).
Another border when using the combined CMF are the results when we combined multiple
CMFs for the same treatment, as shown in Equation (6).

;‘1:1 C]VIlz‘unbiased,r/S]2
n 2
j:1 ]./S]

1
S= . |o— 6
",1/52 ©)

where CMF gmbined 18 the combined unbiased CMF at ith roundabout, CMF ,;pisse4 is the
unbiased CMF value for treatment j, # is the number of treatments to be combined, S is the
standard error for the combined CMF, and S, is the standard error of the unbiased CMF.

Previous studies [9,10,33] have compared and investigated these three methods based
on the difference between the actual and predicted values of combined CMFs. The studies
found that because the ratio of actual to predicted CMF values is closer to 1.0, these methods
are appropriate for reasonably accurately evaluating the safety effects of combined treat-
ments. In addition, the results showed that crash reductions achieved through combined
road treatments are greater than those obtained with single treatments. To improve accu-
racy in this study, we adopted the average values for these three methods as an adjustment
approach to estimate the effect of the proposed combined treatments.

CMFcombined,i = (5 )

4. Research Results
4.1. Model Development

In a previous study, the different CMFs were estimated using negative binomial estima-
tion in Equation (1). This assumption was based on calculating and analyzing two values:
Pearson’s chi-square (x?) divided by the degrees of freedom and the deviance divided
by degrees of freedom [33]. The negative binomial model assumption was considered
valid because the sum of these two values falls within the range of 0.80 to 1.20. Generally,
different models have different explanatory variables, and these variables were statistically
significant at 90% confidence level. For all the developed models, the nonlinear model
equation is presented in Table 2. The developed model for the total crashes indicated
that the total number of crashes increases with an increase in the number of approaches,
inscribed diameter, weaving width, and speed limit; on the other hand, as the exit width
increases, the total number of crashes decreases. Entering width and entering AADT
were significant in estimating the PDO and the fatal and injury crashes. The PDO model
increases with the increasing number of approaches, entry width, speed limit and entering
AADT, while PDO decreases with the increases in exit width, and central diameter. Fatal
and injury prediction values increase with the increase in entry width, entry path radius,
entry angle, and entering AADT, while fatal and injury prediction value decreases with the
increase in circular width. The interaction effects among other explanatory variables were



Urban Sci. 2024, 8, 109

8 of 17

also investigated, but there were no significant interactions for the different developed
models. A summary of the total expected prediction crashes is presented in Table 2.

Table 2. CMF functions developed using data from previous study.

Design Feature

Crash Modification Functions

Standard Error (S.E.)

Total Crashes PDO! Severe Crashes 2  Total Crashes PDO Severe Crashes
Speed limit (SL) £0:047 % [X11-60] ¢0-045[X11 —60] - 0.005 0.009 -
Entry width (EnW) - ¢0-100x[X;~7] £0-048x[X2~7] - 0.015  0.069
Exit width (ExW) e 0052x[X=8]  p—0041x[X:—8] 0.009 0.008 -
Weaving width (WW) 0078 [Xo—10] - 0.010 - -
Weaving length (WL) - - 0014 [X30—30] - - 0.010
Entry angle (EnA) - - £0-038x[X5—29] - - 0.017
Entry path radius - - £0-010x[X7—30] - - 0.009
(EnR)
1 PDO, property damage only crashes. 2 Severe crashes, including fatal and injury crashes.
4.2. Identifying Hazardous Intersections
The hazardous roundabouts were identified based on the crash rate (i.e., Crashes per
Million Vehicles entering roundabouts), as shown in Table 3.
Table 3. Average crash rate per million vehicles at identified roundabouts.
Roundabout Roundabout Coordinates Crash per Million Vehicles A
verage
ID Latitude Longitudinal Total Crashes PDO Severe Crashes 8
Rou.1 31°58'24.26" N 35°50'20.31" E 31.872 15.719 0.216 15.936
Rou.2 31°59/35.93” N 35°55'48.35" E 29.193 14.181 0.416 14.596
Rou.3 31°57'14.22" N 35°54'38.37" E 25.280 12.356 0.283 12.640
Rou.4 32°3/1.00" N 35°53'4.62" E 22.937 11.097 0.371 11.469
Rou.5 31°56/55.90" N 35°53'33.12" E 22.336 10.925 0.243 11.168
Table 3 shows the average crash rate for the five most critical roundabouts. Results
indicated that roundabout 1 has the highest number of total crashes, the highest in terms of
total traffic crashes, the highest in PDO crashes and the lowest in severe crashes. Conversely,
roundabout 2 has the highest percentage of severe crash rates and the second-highest
average crash rate. Roundabout 5 has the lowest average crash rate. Several CMFs can
improve the computed CMF. The estimated CMF for implementing one single treatment is
shown in Table 4.
Table 4. Estimated CMFs from a single appropriate treatment at identified roundabouts.
Crash Type Type of Treatment Labeling CMEF (S.E.) Applicable
Reduce speed limit by 10 kph R_SL 0.625 (0.003) Rou.1, Rou.2, Rou.3, Rou.4,
Total Rou.5
Reduce weaving width by 3.6 m R WW 0.755 (0.008) Rou.2, Rou.3, Rou.4
increase exit width by 3.6 m LEW 0.830 (0.007) Rou.1, Rou.2, Rou.4, Rou.5
increase exit width by 3.6 m ILE\W 0.860 (0.007) Rou.1, Rou.2, Rou.4, Rou.5
PDO reduce entry width by 2.0 m R_E,W 0.819 (0.012) Rou.3
reduce speed limit by 10 kph R_SL 0.638 (0.006) Rou.1, Rou.2, Rou.3, Rou.4,
Rou.5
reduce entry angle by 5° R_EL A 0.827 (0.014) Rou.2, Rou.3, Rou.4
Severe crashes reduce entry path radius by 2.0 m  R_EjR 0.980 (0.009) Rou.1, Rou.2, Rou.4, Rou.5
reduce weaving length by 2.0 m R_WL 0.972 (0.009) Rou.1, Rou.4
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Table 4 shows the effect of implementing a single treatment on the CMF and its
standard error for different crash type severity, as well as on the total crashes. Notably,
interventions such as reducing the speed limit by 10 kph demonstrate a substantial de-
crease in total crashes across all roundabouts, with a CMF of 0.625. Moreover, measures
focusing on increasing exit width by 3.6 m exhibit noteworthy CMFs, indicating significant
reductions in both total and PDO crashes at multiple roundabouts. Combining the different
treatment types with their impacts is shown in Table 4.

Table 5 shows the effect of implementing a combined treatment of the combined crash
modification factors for the different crash severity types. Notably, interventions combining
reductions in speed limits with modifications to exit widths consistently demonstrate
promising results in reducing both total and PDO crashes across several roundabouts.
Similarly, treatments targeting entry angle combined with adjustments to entry radius and
weaving length exhibit notable effectiveness in reducing severe crashes, particularly at
specific roundabouts. The effects of implementing several combined treatments on the
combined CMF are discussed below.

Table 5. Estimated CMFs from combined appropriate treatments at identified roundabouts.

P Combined CMF
Crash Type Combination of Avg. CMF Applicable
Treatments Method 1 Method 2 Method 3 (S.E.)
R_WW + L_ExW 0.627 0.751 0.797 (0.005) 0.725 Rou.2, Rou.4
Rou.1, Rou.2,
Total crashes R_SL + I_ExW 0.519 0.679 0.657 (0.003) 0.618 Roud, Rous
R_SL + R WW 0.472 0.648 0.641 (0.003) 0.587 Rou.2, Rou.3, Rou.4
R—SLIJ'E%:]N W+ 0.392 0.594 0.667 (0.003) 0.551 Rou.2, Rou.4
LEXW + R_EnW 0.704 0.803 0.850 (0.006) 0.786 Rou.3
PDO R_SL + L_ExW 0.549 0.669 0.732 (0.005) 0.660 Rou.1, Rou.2,
Rou.4, Rou.5
R_SL + R_EnW 0.523 0.682 0.674 (0.005) 0.626 Rou.3
R_SL + I_ExW + REnW 0.449 0.633 0.743 (0.004) 0.608 Rou.3
R_WL + R_EnR 0.953 0.968 0.976 (0.006) 0.966 Rou.1, Rou.4
s N R_EnA + R_EnR 0.810 0.874 0.935 (0.008) 0.873 Rou.2, Rou.4
cvere crashes R_EnA + R WL 0.804 0.869 0.930 (0.008) 0.868 Rou.4
R—Er‘?{ +‘AI;EE“R * 0.788 0.859 0.950 (0.006) 0.866 Rou.4

5. Analysis of the Impact of Variables on Road Safety
5.1. Change Speed Limit

The connection between the CMF and speed limits is depicted in Figure 3. The graph
displays the data plotted for total crashes (solid blue line) and Property Damage Only
(PDO) crashes (dashed red line). As the speed limit increases from 35 km/hr to 70 km /hr,
the CMF significantly increases, indicating a higher likelihood of crashes at faster speeds.
Notably, the trends for total crashes and PDO crashes are closely aligned, suggesting a
consistent impact of speed on both types of incidents. The graph clearly shows a positive
correlation between the speed limit and crash risk, emphasizing the importance of carefully
evaluating speed limit settings in traffic safety management to reduce crashes.



Urban Sci. 2024, 8, 109 10 of 17

1.2 —— usngwotalcrashes
— — Using PDO crashes

1.0
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0.6+

0.4+
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Speet limit (km/hr)

Figure 3. CMFs for speed limit treatments.

5.2. Modify Both Exit Width and Weaving Width

The connection between the Crash Modification Factor (CMF) and alterations in road
geometry, specifically the expansion of exit width and the diminution of weaving width, has
been investigated. The results are shown in Figure 4. Results indicate that the enhancement
of exit width (I_ExW) and the diminution of weaving width (R_WW) lead to a diminution
in the CME, implying advancements in safety and a reduction in the probability of crashes.
It is noteworthy that the diminution of weaving width has a more conspicuous impact on
enhancing safety, as evidenced by a more precipitous decline in the CMF, as compared to
the augmentation of exit width. This suggests that tighter weaving areas might reduce
crash occurrences more efficaciously by potentially simplifying driving maneuvers and
diminishing vehicle conflicts.

Reducing the weaving width, (m)

0 5 4 6 8 10
10 X | L 1 1 1
Treatment type: |__ExXwW
._\. ~ -+~ Treatment type: R__WW
0.84
L
=
(@]
0.6 4
..
0.4

0 2 4 6 8 10
Increasing the exit width, (m)

Figure 4. CMFs for exit width and weaving width treatments (using total crashes).

5.3. Modify Both Entry and Exit Width

Changing both entry and exit width affects the CMF, as shown in Figure 5. Results
indicated that both reducing the entry width and increasing the exit width decreases the
CME. Notably, wider exit width helps in safer lane changing and deceleration; conversely,
a narrower entry width reduces vehicle speed and requires more attention by a driver
in merging.
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Reducing the entry width, (m)

o] 2 4 6 8 10
1.0 L 1 1 1 1 1
Treatment type: |_ExW
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0.4 Tl
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Increasing the exit width, (m)
Figure 5. CMFs for exit width and entry width treatments (using PDO crashes).

5.4. Modify Entry Path Radius and Weaving Length

Modifying both entry radius and weaving length affects crash modification factor
results, as shown in Figure 6. In essence, reducing the length of the weaving area and the
radius of the entry path reduces CMF. Specifically, a shorter weaving length leads to a more
significant reduction in CMF, indicating a larger impact on safety compared to reducing
the entry path radius. This suggests that shorter weaving sections might limit high-speed
weaving maneuvers and potential conflict points, thus enhancing safety. Meanwhile, re-
ducing the entry path radius also lowers CMF, possibly by forcing slower entry speeds and
reducing aggressive merging behaviors. These findings highlight important considerations
for road design aimed at reducing crash likelihood and enhancing overall traffic safety.
It should be mentioned that a roundabout’s geometric design influences the application
of these treatments, and we also estimated the safety effect only on severe crashes, so the
results are not applicable to other crash types.

Reducing the entry path radius, (m)
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Reducing the weaving length, (m)

Figure 6. CMFs for weaving length and entry path radius treatments (using severe crashes).
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5.5. Multiply Treatment Effect on CMF

Figure 7 shows the impact of various combined road safety treatments on the Crash
Modification Factor (CMF) for PDO. Results indicate the effectiveness of strategies that
modify entry and exit widths alongside other interventions. Notably, the treatment that
combines reducing the entry width with reducing the speed limit (represented by the green
dash-dot line) shows the most significant reduction in CMF, indicating a superior safety
benefit. Other combinations, such as increasing exit width while reducing speed limits
(blue dotted line) and others involving variations of entry and exit width adjustments,
also effectively lower the CMF, albeit to varying degrees. This analysis underscores that
multi-faceted approaches to road design and regulation, which address several aspects of
road geometry and traffic control simultaneously, can substantially enhance traffic safety.

Reducing the entry width, (m)
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1.0 L 1 1 1 1 1
N Combined (|_ExW +R_EnW +R_SL)
N ==+~ Combined (|_ExW+R_SD
~ ==« Combined ( R_EnW +R_SL)
0.94 5 = = Combined (| ExW+R_EnW)
~
hY
~
N
0.8 “.  LBwW+R_SL ammor
‘\ safety effective than
I_Ex +R_ENW
N ~
w 0.7+ T ~ L_Exti +R_EnW are more safety
- el ~ effective than |_ExW +R_SL
= [ ~
~— N
s} Lo
0.6 . Rt Y
. P
o Tl
~ Tl
. ~. e
0.5 -— e N
R_EnW +R_SL are more e T
safsty eflecive than L_ExXW +R_EnW +R_SL are more safety T~
0.4 otertreatments effective than other treatments. N
0.3 T T T T T T
0 2 4 6 8 10

Increasing the exit width, (m)

Figure 7. Combined CMFs for exit width, entry width, and speed limit treatments (using PDO
crashes). (In this figure, the speed limit treatment is adopted as a speed reduction of 10 kph).

Figure 8 shows the effects of various combinations of road design modifications on
the CME, focusing on reducing the weaving length and entry path radius along with
adjusting the entry angle. The results demonstrate that all combinations lead to a decrease
in CME, signifying improved safety with each treatment. Notably, the combination that
includes reducing weaving length, entry radius, and adjusting the entry angle (depicted
by the purple line) shows the most significant reduction in CMF, highlighting its superior
effectiveness in enhancing road safety. This suggests that a comprehensive approach to
modifying multiple aspects of road geometry can substantially decrease the likelihood of
crashes, providing critical insights for optimizing traffic safety through road design.

However, the traffic volume influences the application of these treatments because a
reduction in weaving length negatively affects roundabout capacity. Additionally, a shorter
weaving length makes it less comfortable for drivers to weave in a crowded environment. In
the same manner, reducing the entry angle at the roundabout is associated with reducing the
entry width. Therefore, road engineers must implement any changes in these parameters
with care and a high degree of accuracy.

Figure 9 demonstrates the effectiveness of various combinations of roadway design
modifications on the CMF with a focus on reducing weaving width. It highlights that
the most substantial safety improvements are observed with combinations that include
reducing weaving width, increasing exit width, and lowering speed limits (represented
by the green line). These results underscore the importance of a holistic approach to road
safety interventions. Specifically, the graph shows that strategies combining geometrical
adjustments of the road with speed control measures are more effective in reducing crash
occurrences than strategies focusing on a single type of modification. This analysis is crucial
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for traffic engineers and planners aiming to enhance road safety through comprehensive,
multi-faceted roadway design improvements.

Reducing the entry path radius, (m)

0 2 4 6 8 10
1 1 1 1 1 1
1.00 _
~ Combined (R_WL+R_EnA+R_EnR)
= == Combined (R_WL+R_En4
- < - - - Combined (R_EnR+R_EnA
0.95 - . - - — Combined (R_WL+R_EnR
- -~
- -~
-
-~
- -
-
0.90 ~ .
-
o -
=TE - -~
e . s
LEL h h‘“"‘-—‘."“--._ ‘-‘--.
O 0.85 4 _""--.__- -"‘--.__ e,
R__WL +R__EnA are morg el
1 safety effective than el
otherteatments - el
0.80 R_WL+R_EnA +R_EnRare more safety e
effective than other treatments
0.75 4
0.70 T T T T T T
0 2 4 6 8 10

Reducing the weaving length, (m)

Figure 8. Combined CMFs for weaving length, entry path radius, and entry angle treatments (using
severe crashes). (In this figure, the entry angle treatment is adopted as an entry angle reduction of 5°).
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Figure 9. Combined CMFs for weaving width, exit width, and speed limit treatments (using total
crashes). (In this figure, the speed limit treatment is adopted as a speed reduction of 10 kph).

6. Discussion

In this section, we discuss the results and findings by grouping as follows:

6.1. Roundabout Safety Performance

Roundabout Rou.1 demonstrates the highest total crash rate per million vehicles and
the highest rate of property-damage-only (PDO) crashes, indicating a potential area of
concern. However, it also displays promising results with some treatment combinations,
such as R_WL + R_EnR, which yield a combined crash modification factor (CMF) of 0.976,
suggesting a significant reduction in severe crashes. Roundabouts Rou.2, Rou.3, and Rou.4
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exhibit varying degrees of crash risk, with specific treatments showing effectiveness in
reducing total, PDO, and severe crashes. For example, combinations like R_WW + I_ExW
and R_EnA + R_EnR exhibit high combined CMFs, indicating substantial reductions in
crash risks. Roundabout Rou.5 generally shows lower crash rates across all categories, with
specific treatment combinations demonstrating effectiveness in further reducing crash risks,
particularly in total and PDO crashes.

6.2. Treatment Effectiveness

Combinations involving reductions in speed limits (R_SL) combined with modifi-
cations to exit widths (I_ExW) consistently display promising results across multiple
roundabouts, suggesting their effectiveness in reducing both total and PDO crashes.

Treatments targeting entry angle (R_EnA) combined with adjustments to entry radius
(R_EnR) and weaving length (R_WL) exhibit notable effectiveness in reducing severe
crashes, particularly at Rou.4. These combinations exhibit high combined CMFs, indicating
significant reductions in crash risks.

6.3. Implications for Road Safety

1. The comprehensive analysis provided by this table enables transportation author-
ities to identify effective strategies for reducing crash risks and improving road safety
at roundabouts.

2. By leveraging insights from treatment effectiveness, authorities can prioritize
and implement targeted interventions tailored to specific roundabout characteristics and
crash types.

6.4. Interventions

Continuous monitoring and evaluation of roundabout safety performance, coupled
with evidence-based interventions, are crucial for fostering safer road environments and
reducing the incidence of crashes.

1.  Entry and Exit Width Modifications: Increasing the exit width and reducing the en-
try width both effectively lower the CMF, indicating improvements in road safety.
This suggests that wider exits allow for safer vehicle maneuvers while exiting, and
narrower entries help control the speed and flow of entering traffic, leading to
fewer crashes.

2. Weaving Length and Entry Path Radius: Reducing both the weaving length and the
entry path radius consistently leads to lower CMFs. This points to the benefit of
limiting high-speed weaving and forcing slower speeds upon entry, which reduces
the potential for crashes.

3. Combined Treatments Involving Speed Limits: Combinations that include reducing
speed limits along with other geometric changes (like reducing weaving length or
modifying entry and exit widths) show a more significant decrease in CMFs. This
underlines the compounded benefits of integrating speed management with physical
roadway adjustments.

4.  Comparative Effectiveness of Combined Treatments: Among various combined treatments,
those involving a reduction in weaving length alongside other modifications (such as
adjusting entry angles and widths) generally yield the most safety benefits. The results in-
dicate that tackling multiple factors—geometric design and speed control—simultaneously
provides the most effective means of reducing crash probabilities.

7. Conclusions

The comprehensive analysis of roundabout safety performance and treatment effec-
tiveness underscores the importance of proactive measures in mitigating crash risks and
improving road safety. Across the studied roundabouts, varying degrees of crash risk were
observed, highlighting the need for targeted interventions tailored to specific roundabout
characteristics and crash types.
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The findings reveal several key insights:

1.  Identified Risk Areas: Roundabouts such as Rou.1 exhibit higher crash rates, empha-
sizing the importance of prioritizing safety improvements in these areas. However,
even roundabouts with lower crash rates require attention to maintain and further
enhance safety standards.

2. Effective Treatments: Certain treatments, such as reducing speed limits combined with
modifications to exit widths, consistently demonstrate promising results in reducing
crash risks across multiple roundabouts. Additionally, interventions targeting entry
angle combined with adjustments to entry radius and weaving length show notable
effectiveness in reducing severe crashes.

3. Synergistic Effects: The analysis of combined crash modification factors (CMFs) high-
lights the synergistic effects of combining multiple treatments. Strategic combinations
of treatments can result in significant reductions in crash risks, emphasizing the
importance of considering holistic approaches to roundabout safety improvement.

4. Continuous Monitoring and Evaluation: Continuous monitoring and evaluation of
roundabout safety performance are essential for identifying emerging trends, evaluat-
ing the effectiveness of implemented interventions, and informing future decision-
making processes.

In conclusion, enhancing roundabout safety requires a multifaceted approach that in-
tegrates data-driven insights, evidence-based interventions, and ongoing evaluation efforts.
By prioritizing targeted interventions based on the identified risk areas and leveraging
effective treatments, transportation authorities can create safer road environments and
reduce the incidence of crashes at roundabouts, ultimately ensuring the well-being of all
road users. Finally, the study recommends conducting additional research to apply and
validate the proposed treatment in other regions, as well as various road characteristics
and different types of severe crashes.
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