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higher crash rate magnitudes. Collectively, these plots demonstrate the relationship between 

traffic volume, access point proximity, and crash rate.  

 

4.4.2 SPF Development 

To discern the effects of the distance an access point is from the ramp bifurcation point, 

two models were estimated to determine how the crash risk changes as the distance to the first 

access point changes. The first model is focused on developing guidelines regarding access point 

spacing through the use of a series of binary indicators representing the location of the first 

access point in 100 feet increments. The second model was estimated using the distance as a 

continuous variable, along with the volume of traffic on the crossroad and the volume of traffic 

for the access point.  

These SPFs take the form of generalized linear models.  As crash data are comprised of 

non-negative integers, traditional regression techniques (e.g., ordinary least-squares) are 

generally not appropriate. Given the nature of such data, the Poisson distribution has been shown 

to provide a better fit and has been used widely to model crash frequency data. In the Poisson 

model, the probability of intersection i experiencing yi crashes during a one-year period is given 

by Equation 22, 

𝑃(𝑦) =
ா(ିఒ)ఒ





௬!
  (22)        

where P(yi) is probability of intersection i experiencing yi crashes and i is the Poisson 

parameter for intersection i, which is equal to the segment’s expected number of crashes per 

year, E[yi]. Poisson models are estimated by specifying the Poisson parameter i (the expected 
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number of crashes per period) as a function of explanatory variables, the most common 

functional form being given by Equation 23, 

 𝜆 = 𝑒𝑥𝑝 (𝛽𝑋)  (23) 

 where Xi is a vector of explanatory variables and β is a vector of estimable parameters. 

A limitation of this model is the underlying assumption of the Poisson distribution that 

the variance is equal to the mean.  As such, the model cannot handle overdispersion wherein the 

variance is greater than the mean. Overdispersion is common in crash data and may be caused by 

data clustering, unaccounted temporal correlation, model misspecification, or ultimately by the 

nature of the crash data, which are the product of Bernoulli trials with unequal probability of 

events (Lord 2006).  Overdispersion is generally accommodated through the use of negative 

binomial models (also referred to as Poisson-gamma models).   

The negative binomial model is derived by rewriting the Poisson parameter for each 

intersection as shown in Equation 24, 

 𝜆 = 𝑒𝑥𝑝 (𝛽𝑋 + 𝜀)  (24)  

where EXP (e i) is a gamma-distributed error term with mean 1 and variance α. The addition of 

this term allows the variance to differ from the mean as shown in Equation 25:

[ ] [ ] [ ]2iii yEyEyVAR a+   (25) 

The negative binomial model is preferred over the Poisson model since the latter cannot 

handle overdispersion and, as such, may lead to biased parameter estimates (Lord and Park 

2008). Consequently, the HSM recommends using the negative binomial model for the 

development of SPFs. 

If the overdispersion parameter (α) is equal to zero, the negative binomial reduces to the 

Poisson model. Estimation of 𝜆 can be conducted through standard maximum likelihood 
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procedures. While alternatives, such as the Conway-Maxwell model, have the advantage of 

accommodating both overdispersion and underdispersion (where the variance is less than the 

mean) (Lord and Mannering 2010), the negative binomial model remains the standard in SPF 

development.  

Due to the presence of repeated observations resulting in temporal correlation among 

observations, random-effect models were estimated. Random effects are considered by re-writing 

the constant term in Equation 26 as follows: 

𝛽 = 𝑋𝛽 + 𝜔    (26)      

where ωi is a randomly distributed random effect for intersection j and all other variables are as 

previously defined. 

In contrast to intersection SPFs, where the measures of exposure are vehicle and/or non-

motorized road user volume, length is typically included, commonly as an offset variable 

(coefficient restricted to equal 1) as an additional measure of exposure in models for roadway 

segments. The principal characteristic of interest in this study was the segment length (the 

distance between the ramp bifurcation point and the first access point), therefore a unique 

functional for SPFs was utilized and is shown in the following equation: 

𝜆 = 𝑒𝑥𝑝 (1 ∗ 𝑙𝑛(𝐿𝑒𝑛𝑔𝑡ℎ) + 𝛽 ∗ 𝑙𝑛(𝐿𝑒𝑛𝑔𝑡ℎ) +  𝛽ோ் ∗ 𝑙𝑛(𝐶𝑅𝐴𝐴𝐷𝑇) + 𝛽் ∗

𝑙𝑛(𝐴𝑃𝐴𝐴𝐷𝑇) + 𝜷𝑿)  (27) 

where Length is the distance between the ramp terminal intersection and the nearest access point, 

βLength is the coefficient associated with Length, CRAADT is the traffic volume of the crossroad 

running perpendicular to the freeway, βCRAADT is the coefficient associated with the crossroad 

volume, APAADT is the volume of traffic entering the roadway from the access point, βAPAADT is 

the coefficient associated with access point volume, β is the vector other model coefficients, and 

X is the vector of the remaining explanatory parameters.  
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4.5 Results and Discussion 

In order to develop useful guidance for road agencies, two crash prediction models were 

estimated. In an effort complimentary to the series of crash prediction model previously 

described, a detailed crash prediction model was developed treating the distance to the first 

access point as a continuous variable. While the interval based model is beneficial for identifying 

distance thresholds, the continuous model captures the true relationship of the data (e.g., there is 

not necessarily a huge difference between distances of 399 feet and 401 feet). Data was collected 

on an individual year basis for this analysis, therefore to account for correlation between 

repeated observations at individual sites, a random-intercept negative binomial model was 

estimated. The results of the model estimation are given in Table 43. 

Table 43. Crash prediction model with distance as a continuous variable 

Parameter Estimate Std. Error z-Value p-Value 
Intercept -10.049 0.484 -20.770 0.000 
Natural log of crossroad AADT 0.786 0.052 15.120 0.000 
Natural log of 1st access point AADT 0.082 0.024 3.410 0.001 
Natural log of distance to first access point -0.659 0.038 -17.250 0.000 
First access point on right side -0.335 0.096 -3.500 0.000 
First access point is terminal intersection -0.654 0.355 -1.850 0.065 
Signalized first access point 0.374 0.131 2.860 0.004 
Signalized ramp 0.833 0.119 6.980 0.000 
Yield controlled ramp 0.384 0.194 1.970 0.048 
Overdispersion parameter 0.049 0.015   

 

The variance associated with the random intercept was estimated to be 0.5975. 

Additionally, the log-likelihood associated with the random intercept model was determined to 

be -3515.15. In comparison to the log-likelihood of the same model estimated using naïve-

pooled negative binomial framework (-3778.05), the random intercept model provides superior 

fit. An analysis of deviance test was subsequently performed, which confirmed that the random-
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intercept model is a significantly better fit than the naïve-pooled model. This information 

suggests that while a wide variety of parameters was found to significantly affect the crash rate at 

these sites (and are discussed in the following paragraphs), there are still unobserved site-specific 

parameters that also have an impact on crash rate. 

The model estimated for this study examined the volume of the crossroad as well as the 

volume at the first access point. As one would expect, both of these volumes were found to have 

a substantial impact on crash frequency along the corridor. It is interesting to note that the 

parameter associated with the first access point traffic volume is relatively small. This suggests 

that the effect of access point volume increases rapidly at low volumes and then plateaus as 

access point volume increases. This is noteworthy because it implies that access points present 

crash risk to the corridor with relatively little regard for the amount of vehicles that utilize them. 

The primary variable of interest in this study was the distance to the first access point 

from the point of ramp bifurcation. This site characteristic was included in the model as an offset 

term, as well as a separate estimable parameter. The offset term is constrained to a value of one, 

effectively resulting in the estimation of crash rates on a per mile basis. The estimated parameter 

associated with this characteristic was negative, which indicates that by increasing the distance to 

the first access point, the expect crash rate between the ramp bifurcation point and first access 

point decreases. 

A variety of access point configurations were examined to ascertain best practices with 

regards to movement restrictions. Two approach configurations, driveways and three-leg 

intersections on the right side (right turn for vehicles traveling away from the highway on the 

crossroad) as well as three-leg terminal intersections (the crossroad ends in a t-intersection) were 

shown to have lower crash rates in comparison to the base scenario of the first access point being 
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a four-leg intersection. Movement restrictions, such as right-in, right-out were also considered in 

the model estimation, but were not found to have a significant effect on crash rate. This is 

potentially due to this data set focusing explicitly on the first access point, while full corridor 

investigations could find that roadways with higher densities of restricted movement access 

points perform better than corridors with full-movement access points. 

Finally, traffic control was shown to play a substantial role in crash rate. Signalized 

ramps and first access points were both associated with elevated crash rate. This is fairly 

intuitive, as these scenarios are most commonly present at locations with high traffic volumes, 

and therefore, the highest crash risk. Somewhat counterintuitively, yield controlled ramps (slip 

ramps) were found to be associated with higher crashes as well. This again is likely due to these 

being in locations where a large volume of vehicles are exiting the highway. 

There were two principal foci behind this investigation that can be addressed graphically 

using the estimated crash prediction model: 1) illustrate the relationship between the spacing 

between the ramp bifurcation point and the first access point, and 2) illustrate the role that 

crossroad traffic volume plays on the rate or crashes at a given location. Figure 35 is the 

graphical interpretation of the crash prediction model with crossroad volume plotted on the x-

axis. 
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Figure 35. Crashes per mile versus crossroad traffic volume by distance to access point, 
access point volume of 100 vehicles per day 

Figure 35 demonstrates that as traffic volume on the crossroad increases, crash rate also 

increases. This figure again demonstrates that the rate of traffic crashes increases much more 

rapidly with respect to traffic volume when the first access point is near to the ramp bifurcation 

point. The differences in crash frequency attributable to the distance between the ramp terminal 

intersection and first access point beyond 1,100 feet are not very pronounced. 

Figure 36 is a zoomed version of Figure 35 emphasizing the low end of the volume 

spectrum and provides critical insight into a low-volume threshold at which was not able to be 

addressed with the previous plots.  
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Figure 35. Low crossroad volumes, crashes versus crossroad volume 

Figure 36 illustrates that from a practical sense, there is still a marked difference in crash 

rate between a corridor with crossroad volumes of 100 vehicles per day when the access point is 

located at 100 feet versus 300 feet (0.3 crashes per mile). The difference in crash rate when the 

distance between the ramp terminal intersection and first access point is increased from 300 feet 

to 500 feet (0.08 crashes per mile) is not nearly as pronounced. This figure further illustrates that 

the crash rate on a roadway is more sensitive to traffic volume when the distance between the 

ramp terminal and first access point is smaller, suggesting that high volume access points should 

generally be located further from the ramp terminal. Figure 37 again presents the SPF 

graphically, however, this the distance to the first access point is plotted on the X-axis. 
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Figure 36. Crashes per mile versus distance to the first access point for various cross road 
volumes 

Figure 37 is based on a right-side access point with a volume of 100 vehicles per day. 

Each bar represents a specific cross road traffic volume. This plot is useful for identifying 

inflection points in the curve which represent a substantial change in safety performance. For 

instance, the lowest curve (200 crossroad vehicles per day) is relatively unaffected by increasing 

the distance to the access point beyond 100 feet. As crossroad traffic volume increases, a wider 

range of access point distances have a pronounced effect on crash rate. Collectively, these plots 

and figures provide insight into the relationship between crash rate, the distance between the 

ramp intersection and the first access point, and the traffic volume present at the first access 

point.  

The second model was developed on aggregated crash data for the five years of the study 

period. This model utilized a series of indicator variables for the distance between the ramp 

bifurcation point and the first access point. These ramp distance indicators were estimated as 

interaction terms with access point volume, as intuitively, one might expect that the effect of 

access point volume is highly related to the distance to the access point, i.e., locating a high-

volume access point close to the ramp bifurcation point would have a much more pronounced 
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effect than locating a low-volume access point at the same location. Results of the model are 

shown in Table 42. 

Table 44. Five-year aggregated SPF results 

Parameter Estimate 
Std. 
Error z-Value p-Value 

Intercept -14.205 0.413 -34.418 <0.001 
Natural log of crossroad AADT 0.801 0.052 15.476 <0.001 
First access point on right side -0.347 0.092 -3.757 <0.001 
First access point is terminal intersection -0.626 0.343 -1.825 0.068 
Signalized first access point 0.357 0.123 2.912 0.004 
Signalized ramp 0.793 0.116 6.835 <0.001 
Yield controlled ramp 0.340 0.188 1.805 0.071 
Interaction: Natural log of access point volume vs access distance intervals  

50 feet 0.729 0.039 18.597 <0.001 

100 feet 0.569 0.131 4.340 <0.001 
200 feet 0.358 0.029 12.306 <0.001 
300 feet 0.171 0.030 5.629 <0.001 
400 feet 0.155 0.021 7.435 <0.001 
500 feet 0.116 0.022 5.199 <0.001 
600 feet 0.097 0.023 4.299 <0.001 

600-1000 feet 0.070 0.017 4.178 <0.001 
Overdispersion parameter 0.601 0.057   

 

Ultimately, the results presented in Table 43 provide guidance as to appropriate distance 

thresholds for access point location, due to distance threshold indicator variables. Speaking 

generally, when access points are located further away from the ramp bifurcation point, crash 

rate is reduced. This affect is first noticeable at 1000 feet from the ramp intersection. The effect 

is relatively consistent between 1000 feet and 600 feet, with a noticeable increasing trend as the 

distance becomes less than 600 feet.  

4.6 Conclusions 

The results of the analysis of the distance between ramp intersections and the nearest 

access point provide valuable guidance for road agencies. Perhaps the most valuable contribution 

of this project to the extant literature is the incorporation of access point volume into the 
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functional form of the crash prediction model. Several previous studies have used loosely 

defined, arbitrary terms such as “major intersection” and “minor intersection” to define the 

access points in lieu of volume metrics (Rakha et al. 2008, Rakha et al. 2010), however, the 

framework utilized in this approach provides road agencies with a more flexible, robust basis for 

decisions as it relates to granting roadway access to the crossroads adjacent to ramp 

intersections. Model results were intuitive in that four-leg access points and left-turn access 

points were more dangerous in comparison to the base case of access points on the right side 

only (as a vehicle travels away from the freeway). Additionally, signalized ramp terminals and 

signalized access points were associated with higher crash rates on the corridors. Traffic volume 

on the crossroad was shown to play a significant role in the crash rate on a per mile basis, while 

the relatively small coefficient for traffic volume from the access point is indicative access point 

presence, regardless of the volume of vehicles, is associated with reduced safety performance. 

These findings provide road agencies and transportation safety researchers with useful 

information pertaining to the safety of roadway corridors adjacent to freeway ramp intersections. 

This paper demonstrates that will almost always be adversely impacted by the introduction of 

access points along a corridor, these effects can be mitigated by locating access points as far 

from the ramp bifurcation point as possible. Crash rate is significantly impacted when the 

distance between the ramp terminal and access point is less than 1000 feet, with the most 

pronounced effects being observed when the distance is 600 feet or less. 
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CHAPTER 5.  SUMMARY 

This document investigated traffic safety in three specific areas: vehicular crashes at 

intersections, pedestrian and cyclist crashes at intersections, and crashes on corridors adjacent to 

ramp terminal intersections. The results documented in the preceding chapters provide useful 

insight into approaches to effectively evaluate safety at these facility types.  

5.1 Safety Performance Functions for Vehicular Crashes 

SPFs for four intersection types (three-leg signalized, three-leg stop-controlled, four-leg 

signalized, and four-leg stop-controlled) were developed at a variety of complexity levels. In 

order to accomplish this task, a dataset containing a wide range of geometric and operational 

characteristics was developed. Three types of “fully specified” negative binomial SPFs: five-year 

aggregated, five-year aggregated with regional indicators, and a five-year disaggregated random 

intercept, were estimated and compared to volume-only and volume with regional indicator 

models. Ultimately this study provides researchers with information that is useful in ascertaining 

some of the pros and cons of various modeling frameworks and approaches. The series of models 

estimated in this study provide documentation that the inclusion of regional indicators provides 

insight on location-specific phenomena associated with crash frequency without overriding the 

potential to make inferences about various geometric characteristics for this data set. The 

regional indicators utilized in this study represent the Michigan Department of Transportation’s 

operational/maintenance regions. These seven regions are relatively diverse in terms of traffic 

volume, which is largely reflective of the underlying population density of each region. The 

Metro region (which includes Detroit and its suburbs) was used as a basis to which the other 

regions were compared. Typically, the regional indicators for the non-Metro regions had positive 

coefficients associated with them. This is largely reflective of two things: the non-linear 
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relationship between traffic volume and crashes at intersections (where the rate at which traffic 

crashes increase decreases as volume increases) and generally higher volumes in the Metro 

region. Simultaneously considering the volume-crash relationship and the higher traffic volumes 

of Metro region explains why for a specific volume, other regions would expect more crashes. 

This finding is supported by the fact that proximity to DNR non-motorized paths (a variable that 

is indicative of lower traffic volumes) was associated with increased crash frequency. In addition 

to the effects of volume captured by the regional indicators, several of the regions (notably the 

Superior, North, and Southwest) experience relatively severe winters in terms of snow fall which 

likely also plays a role in the effects of the regional indicators.  

In terms of the wide array of geometric characteristics considered in each of the models, 

the fully specified models possess a great deal of similarity between the coefficients estimated in 

the five-year aggregated, five-year aggregated with regional indicators, and 5-year disaggregated 

random intercept model framework.  

Generally speaking, the fully-specified models with regional indicators outperform the 

fully specified models without regional indicators in terms of the model goodness of fit metrics 

Mean Absolute Deviance (MAD) and Mean Square Predictive Error (MSPE). When the site-

specific intercept terms were excluded from the crash prediction estimates, the random-effect 

models performed similarly to the aggregated five-year models, however, the models 

dramatically outperformed  

Finally, the efforts put provides support for selecting a modeling framework for SPF 

development if the end goal is to utilize empirical-Bayes methodology to account for site specific 

crash history. Models were estimated for four facility types, each with its own unique data 

characteristics, most notably sample mean. This research illustrates the relationship between 
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sample mean, the magnitude of the variance of random (effects) intercept negative binomial 

models, and the associated overdispersion parameter. As sample mean decreases, the amount of 

variation of the data explained random intercept, quantified in terms of the variance, increases. 

When the variance associated with the random intercept term increases, which results in a 

decrease in the overdispersion parameter. Consequently, if a researcher wishes to utilize the 

empirical-Bayes approach to incorporate crash history into crash prediction, data sets with low 

sample means will put higher weight on the model results than a comparable aggregated crash 

model.  

Future work on this topic will include exploration of other modeling frameworks, such as 

the generalized Poisson, which is equipped to handle under- and overdispersion. An additional 

topic that warrants investigation is a meta-analysis, particularly focusing on studies that initially 

calibrated the HSM and then found it appropriate to estimate jurisdiction specific models. Such 

an analysis may provide insight as to specific characteristics that may be associated with 

discrepancies between specific locations and the data used in the HSM. Given that investigating 

the predictive ability of the SPFs was developed using the various frameworks was a focus of 

this study, splitting the data into training and testing subsets to investigate the out of sample 

predictive ability of the model types used is also an area of interest.  

5.2 Safety Performance Functions for Pedestrian and Cyclist Crashes 

Pedestrian and cyclist exposure measures are not commonly maintained by road agencies, 

and as such, it is difficult for researchers to effectively model crashes for these types of road 

users on a large scale.  Subsequently, studies sometimes forgo pedestrian and/or cyclist exposure 

measures (Lee and Abdel-Aty, 2005) in crash frequency estimation or approach the problem in 

terms of a risk factor-based analysis (Bergh and Ray 2014, Bergh et al 2015).  The HSM 
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provides a rough framework for the estimation of pedestrian activity at an intersection 

(AASHTO 2010). Various studies in pedestrian and cyclist safety have utilized study-specific 

counts (Moreno, and Morency; 2013; Strauss, Miranda-Moreno, and Morency; 2014; Strauss, 

Miranda-Moreno, and Morency, 2015), and estimated data (Grembek et al 2014), and proposed 

exposure measures (Lee and Abdel-Aty, 2005), however, the methodologies used to capture 

pedestrian activity in these studies is not necessarily simple for other researchers or safety 

professionals to replicate. The methodology outlined in Chapter 3 serves to form a template with 

which road agencies can feasibly begin to evaluate intersections for pedestrian and cyclist safety 

through incorporation of the American Community Survey. Separate SPFs were estimated for 

three crash categories: pedestrian crashes, cyclist crashes, and non-motorized crashes. Models for 

each crash type were estimated for three-leg signalized intersections, four-leg signalized 

intersections, and combined signalized intersections. 

In addition to demonstrating the usefulness of a publicly available data source to improve 

the crash prediction efforts for pedestrians and cyclists, this section serves to document how 

pedestrian and cyclist crashes are affected by various infrastructure components, at least at urban 

and suburban intersections in Michigan. Similarities between the factors affecting pedestrian and 

cyclist crashes were observed, beginning with the fact that essentially no pedestrian or bicycle 

crashes occur at intersections without sidewalks. In addition to the volume components that are 

traditionally expected to have a large influence on the frequency of crashes, this research 

demonstrates that in general, median presence, one-way roads, increasing skew angle, and 

increasing census tract age are associated with decreased crash risk while parking and driveways 

are associated with lower crash risk. Additionally, certain MDOT regions performed differently 
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from the rest of the state in terms of pedestrian and cyclist safety, which is likely reflective of the 

actual number of pedestrians and cyclists in that area. 

This study presents several approaches to modeling traffic crashes involving pedestrians 

and cyclists which were compared using MAD and MSPE. Two modeling approaches tended to 

outperform the others: estimating separate models for each crash type (pedestrian and cyclist) 

and intersection type (three-leg signalized, four-leg signalized), and estimating separate models 

for each crash type but simultaneously considering each intersection type with the use of an 

indicator variable. The worst predictive performance of the models estimated for this study 

considered pedestrian and cyclist crashes combined into non-motorized crashes and then used the 

proportion of pedestrian commuter density and cyclist commuter density relative to the 

combined non-motorized road user density to determine the number of predicted crashes for each 

separate crash type.  

This study is limited in that no actual pedestrian or cyclist data was available to serve as a 

means to verify the effectiveness of the ACS data as exposure measure. Future work in this area 

could attempt to estimate similar models using observed pedestrian and cyclist volumes, 

estimated volumes using land use data or other sources, and the ACS data to contrast the 

differences in results and provide insight into the explanatory and predictive capabilities of each 

model. Additionally, pedestrian and cyclist crashes could be aggregated at the census tract level, 

rather than the intersection level to provide another perspective as to the factors affecting these 

types of crashes. 

5.3 Access Point Proximity to Crossroad Ramp Terminals 

Corridors adjacent to ramp terminal intersections are a focal point in the access 

management policies of many road agencies. While the extant literature clearly demonstrates that 
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higher access point density is associated with increased crash risk, the issue of locating an access 

point near to a ramp terminal intersection is not often approached as a pure access point density 

issue. This paper substantially adds to the extant literature in this area. Several previous studies 

have used loosely defined, arbitrary terms such as “major intersection” and “minor intersection” 

to define the access points in lieu of volume metrics (Rakha et al. 2008, Rakha et al. 2010), 

however, this is one of the first studies to incorporate access point volume into the analysis 

framework. The utilization of access point volume estimated based on existing roadway 

information where available, in conjunction with driveway volume from the ITE Trip Generation 

Manual in the model instead of access point classifications, which can be arbitrary, provides road 

agencies with a flexible structure on which they can base their specific access management 

policy. 

The analysis approach utilized in this study was two-pronged. First a thorough visual 

inspection of the data was undertaken to gain high-level insight into the underlying relationships 

between traffic volume, distance between the ramp intersection and first access point, and the 

crash rate (in vehicles per mile). The visual inspection of the data revealed an inverse 

relationship between crashes per mile and distance between the ramp intersection and access 

point. When separate traffic volume intervals were examined, an increasing relationship between 

traffic volume and crash rate became visible, as one would expect. 

Following the visual analysis, a detailed statistical analysis was conducted utilizing 

random effects negative binomial regression models. Model results were intuitive in that four-leg 

access points and left-turn access points were more dangerous in comparison to the base case of 

access points on the right side only (as a vehicle travels away from the freeway). Additionally, 

signalized ramp terminals and signalized access points were associated with higher crash rates on 



134 
 

the corridors. In order to facilitate interpretation of the model results, a series of graphical 

representations of the model were created. These figures demonstrate the relationship that exists 

between crash rate, traffic volume, and the distance between the ramp terminal intersection and 

the nearest access point. 

This study was somewhat limited in terms of geometric characteristics present on the 

crossroad, due in part to the rural nature of many interchanges in the state of Iowa. Future work 

could aim to incorporate data from other, more densely populated areas which may provide 

better insight as to specific geometric characteristics effecting safety near ramp terminal 

intersections. Additional information could also be collected for comparable corridors that are 

not ramp-adjacent. This would allow for an analysis to provide insight as to the safety of these 

corridors relative to the broader population of roadways in Iowa which could potentially result in 

the determination of a “base” level of safety to which the ramp-adjacent corridors could be 

compared. Finally, given that one of the most commonly identified reasons for locating access in 

close proximity to ramp terminal intersections is loss of potential revenue, an ideal component 

that could be added to this research in the future would involve approaching the problem from 

economic standpoint utilizing monetary values associated with crash severity. This approach will 

allow road agencies and developers to communicate in terms of the same units.  

5.4 Conclusion 

The research contained in this dissertation represent significant contributions to the body 

of research literature in traffic safety. The findings help to shed light on several under-researched 

areas of transportation safety, specifically intersection safety. In addition to the filling gaps in the 

extant literature, these findings also represent useful approaches to solving problems that 

researchers and road agencies alike must address. This research accomplishes several tasks, most 
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notably: examining the consequences of selecting various model frameworks for the estimation 

of crash prediction models, utilizing existing data sources to improve the ability to model 

pedestrian and cyclist crashes, and providing support to road agencies in addressing access 

management related to the proximity of ramp terminal intersections and access points. 

Collectively, this document adds to the extant body of research in these areas in ways that 

provide utility to road agencies and researchers alike. Additionally, this document provides 

insight into future work that will continue to add value to transportation safety literature 
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Abstract 
On April 13, 2012, Michigan instituted reforms to its long-standing universal helmet law (UHL) and 
thus became the 28th state with a partial helmet law, which requires helmet use by only a subset of the 
riding population. Given continuing increases in motorcycle fatalities, helmet use remains a divisive policy 
issue facing state governments. The existing research literature includes several before-and-after studies 
that evaluate the effects of changes in motorcycle helmet laws on metrics such as helmet use and statewide 
motorcycle fatalities. However, a comprehensive assessment of the effects of helmet use laws on the full 
range of crash injury outcomes is lacking. Important evidence was added to inform the continuing debate 
about the efficacy of UHLs. A detailed, disaggregate-level study was conducted to assess the degree of 
injury severity sustained by motorcyclists involved in crashes before and after Michigan’s transition from a 
UHL to a partial helmet law. By control- ling for various rider, roadway, traffic, and weather characteristics, 
results of the study demonstrate that helmets reduced the probability of fatalities by more than 50%. Injuries 
tended to be less severe in crashes that involved deer, occurred at lower speeds, or occurred in inclement 
weather but more severe in high-speed collisions or when drugs and alcohol were involved. The riders 
who tended to be more susceptible to severe injury were female, younger (age 21 to 30 years), or older 
(age 51 to 70 years). 
 
Introduction 
 
On April 13, 2012, the Michigan legislature amended Section 658 of the Michigan Vehicle Code (PA 
300 of 1949) and weakened a universal helmet law (UHL) for motorcycles that had been in place since 
1969. The resultant partial helmet law (PHL) allows motor- cycle operators more than 21 years of age to 
ride without a helmet if they have had a motorcycle endorsement for at least 2 years or have passed a 
motorcycle safety course and carry $20,000 of insurance per person on the motorcycle. This legislative 
change made Michigan one of 28 states with a PHL, which requires helmet use by only a subset of the riding 
population (1). As of August 2013, only 19 states have UHLs and three have no helmet laws (1). On a map 
of helmet laws by state, Figure 1 shows that UHLs are predominantly in effect along the East Coast and 
the West Coast. 
 
Helmet use laws have been an issue of considerable debate among the motorcycle community and the 
general public, even though helmets have been shown to be 29% effective in preventing motorcycle fatalities 
and 67% effective in preventing brain injuries resulting from motorcycle crashes (2). Research also has 
shown that riders who do not wear helmets also are more likely to require a skilled nursing facility, and 
various studies have shown that fatality rates are lower in states with UHLs (3–5). The existing research 
literature includes numerous studies that have examined the effects of motor- cycle helmet use and UHLs. 
The National Highway Traffic Safety Administration estimates that 17,572 lives were saved by motor- 
cycle helmets from 1984 to 2005, and an additional 11,568 could have been saved by helmet use (6). 
Research has demonstrated that helmets save lives and that helmeted riders have lower hospitalization rates 
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and are 2.4 times less likely to suffer a head injury (7, 8). Furthermore, research has shown that after a 
repeal of helmet laws, the number of drinking-related and unhelmeted fatal crashes increases significantly 
(9). Extensive research also has been conducted to examine how helmet laws affect helmet use, because 
rates can be more than 90% in UHL states versus rates as low as 55% in PHL states (4).  
 
Collectively, these findings are consistent with those of many prior studies, which have shown conclusive 
benefits of helmet use and UHLs (10–22). In fact, PHLs have been suggested to be essentially equivalent 
to a full repeal because of the difficulty of enforcing violations, which usually are based on age and experience 
(11). 
 
However, some studies have drawn conflicting conclusions about UHL efficacy. For example, Stolzenberg 
and D’Alessio found no significant difference in the rate of fatal brain injuries 18 months after Florida 
repealed its UHL in 2000 (23). They also noted that various prior studies had failed to consider temporal 
trends appropriately. Other research has shown that the impacts of helmet laws may be understated if appropriate 
controls (e.g., temperature and weather) are not accounted for (5).  
 
Opponents of helmet use legislation frequently cite potential economic benefits that increased tourism would 
generate as a result of fewer riding restrictions. However, a 2012 study estimated that the weakening of 
Michigan’s helmet use law would result in increases of 42% in monetary costs and 54% in non- monetary 
costs resulting from motorcycle-involved crashes (24). On average, initial medical costs were $5,000 higher 
for unhelmeted riders than for helmeted riders (25); after the weakening of Florida’s motorcycle helmet law, 
the medical costs of motorcyclists being admitted to hospitals with head, brain, or skull injuries more than 
doubled from $21 million to $44 million (26). Compounding this rise was a parallel increase in treatment 
costs for such injuries from $34,518 to roughly $40,000. 
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Despite these economic benefits, which are well supported, debate continues about the efficacy of helmet use 
laws in reducing motor- cycle fatalities (27–32). The principal objective of this study was to determine the 
impacts of the recent weakening of Michigan’s UHL on injury outcomes in crashes that involve motorcycles. 
A detailed, disaggregate-level assessment was developed for motorcyclist crash injury outcomes before and 
after the weakening of Michigan’s helmet use law. A random effects ordered probit model was estimated to 
ascertain the effects of helmet use while controlling for other important factors. Collectively, the results 
provide important evidence to guide subsequent policy decisions in Michigan and other states. 
 
To assess the effects of helmet use on the degree of injury sustained as a result of motorcycle crashes in the 
state of Michigan, an ordered probit model was developed. The ordered probit is an appealing analytical 
framework in that it accounts for the ordinal nature of injury data, which can be ranked in ascending order 
of severity from property damage only (no injury) to fatal injury. For the ordered probit model, a latent 
variable (z) is specified as a linear function for each crash observation (33, 34), such that 
 
 𝑧 = 𝛽𝑋 + 𝜀                                                                                                                           (1) 
 
where,  
 
𝛽 = vector of estimable parameters, 
𝑋 = vector of variables determining discrete ordering for each crash observation, and 
𝜀 = disturbance term 
 
The, observed ordinal-injury data (y) for each observed crash are defines as 
 

𝑦 =

⎩
⎪
⎨

⎪
⎧

1      𝑖𝑓 𝑧 ≤ 𝜇                        
2      𝑖𝑓 𝜇 < 𝑧 ≤ 𝜇ଵ              
3      𝑖𝑓 𝜇ଵ < 𝑧 ≤ 𝜇ଶ              
…                                               
𝑖       𝑖𝑓 𝑧 > 𝜇ିଵ                    

                  (2) 

 
where µ are estimable threshold parameters that define y (which corresponds to integer ordering) and i is 
the highest integer-ordered response. The µ parameters are estimated jointly with the model parameters β, 
and µ0 can be set to 0 without loss of generality. The estimation problem then becomes one of determining 
the probability of i-specific ordered responses for each crash injury (n). If the error term ε is assumed to be 
normally distributed across observations with a mean of 0 and variance of 1, then an ordered probit model 
results.  
 
Setting the lower threshold µ0 equal to 0 results in the outcome probabilities  
 
𝑃(𝑦 = 1) = 𝛷(𝜇 − 𝛽𝑋) − 𝛷(𝜇ିଵ − 𝛽𝑋)                                                                                      (3) 
 
where Φ equals the standard normal cumulative density function; and 𝜇 and 𝜇ିଵ represent the upper and 
lower thresholds, respectively, for injury severity i. For the purposes of this study, one potential concern in 
analyzing injury severity data is that the rider and pillion passenger on the same motorcycle probably share 
common unobserved effects, for example, being exposed to similar impact forces, wearing similar gear, or 
sharing other similarities that cannot be captured by the available data from the crash report form. Failure 
to account for this correlation potentially can result in inefficient or biased parameter estimates. To address 
this issue, a motorcycle-specific disturbance term (𝜑) is added to account for the random unobserved 
effects z that are specific to each crash-involved motorcycle c as follows: 
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𝑧 = 𝛽𝑋 + 𝜀 + 𝜑                                                                                                          (4) 
 
The random effects ordered probit model is estimated by standard maximum likelihood methods. 
 
Data Summary 
 
Summary statistics for all motorcycle crashes occurring in the state of Michigan over two periods (April 13 
to December 31, 2011, and April 13 to December 31, 2012) are listed in Table 1. The April 13 date coincides 
with enactment of the PHL and, as such, enables a direct comparison of changes in motorcycle crashes 
before and after the helmet law change.  
 
During this period in 2011(when the UHL was in place), 2,979 motorcycles were involved in crashes in the 
state of Michigan, of which 105 resulted in motorcyclist fatalities. During the same period in 2012 (under 
the PHL), motorcycle crashes increased by 6.3% to 3,166 and fatalities increased by 11.4% to 117; 
incapacitating injuries also increased by 11.2% (from 544 to 605), thus providing general data that crash 
severity increased after the helmet law change.  
 
Over the 2011 period, the helmet use rate among all crash-involved motorcyclists in Michigan was 94.3%. 
During the same period in 2012, the rate dropped to 72.5%. The latter rate is close to the estimated statewide 
use rate of 73.0% determined in a recent direct observation survey (35). The variables in Table 1 other than 
helmet use and injury severity were largely consistent between the two periods. 
 
Results and Discussion 
 
Results of the random effects ordered probit model that was estimated as part of this study are presented in 
Table 2. They show that various motorcyclist, crash, roadway, and temporal factors influence the severity 
of injuries sustained as a result of motorcycle crashes. In interpreting model results from Table 2, a positive 
coefficient implies that as that variable is changed from 0 to 1, the probability of a fatal injury increases 
while the probability of the motorcyclist sustaining no injury decreases (and vice versa for negative 
coefficients).  
 
The interpretation of changes on interior injury categories is not intuitive but requires the calculation of 
elasticities. As presented in Table 3, elasticities indicate the percentage of change in the probability of each 
injury outcome as each variable is increased from 0 to 1. In practical terms, these values represent the 
percentage change in the probability of a specific severity level due to the effects of a specific indicator 
variable. For example, the results indicate that the probability that a crash results in property damage only 
(O) increases by 27.2% when a rider is wearing a helmet (versus not wearing a helmet); similarly, the 
probability of a possible (C) injury increases by 10.7% when a helmet is used. Conversely, the likelihood 
of nonincapacitating (B), incapacitating (A), and fatal (K) injuries decrease by 5.4%, 26.1%, and 51.6%, 
respectively. Collectively, these findings provide additional evidence to demonstrate that helmet use leads 
to consistent, pronounced reductions in injury severity.  
 
Including helmet use, a total of 22 explanatory variables significantly affect the injury severity outcomes 
of motorcyclists involved in a crash. Age has a significant influence on the severity of injuries sustained by 
motorcyclists. The model shows that motorcycle riders from 21 to 30 years of age and from 51 to 70 years 
of age had similar injury outcome characteristics and were more likely to experience severe crash-related 
injuries. The younger motorcyclists may be inherently riskier drivers and engage in reckless behavior while 
riding, and the finding that they are at greater risk of injury is consistent with past studies (20). Older drivers 
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may be at greater risk of injury or fatality due to the effects of aging, such as reduced reaction time or 
frailty; this finding also is consistent with past findings (36). Gender also had an effect on injury outcomes 
because females were at greater risk of severe or fatal injury.  
 
Alcohol use and drug use significantly increase the likelihood of a motorcyclist sustaining a fatal injury (by 
112.9% and 237%, respectively). These results are not surprising, because alcohol and drug use can affect 
cognitive abilities in many ways, potentially leading to slower reaction times, poor judgment, and a false 
sense of confidence. These findings are consistent with previous studies and strengthen the argument for 
continuing education and enforcement campaigns aimed at reducing impaired riding (20).  
 
Riders involved in collisions with a deer were less likely to experience fatal injuries and more likely to 
experience no injury, probably because the mass of a deer is smaller than that of a motor vehicle. 
Motorcyclists involved in collisions with large trucks were 208.9% more likely to experience a fatal injury. 
This finding is not surprising because of the sheer size and mass differential between a motorcycle and a 
large truck.  
 
Crash type also significantly affected injury severity levels of crash-involved motorcyclists. Riders involved 
in single-vehicle, rear-end, or same-direction-sideswipe crashes were less likely to experience severe 
injuries, whereas those involved in head-on or head-on, left-turn collisions were more likely to experience 
severe injuries. These results are consistent with past studies and are related to the speed differential and 
crash force characteristics associated with each crash type (36). Riders who crashed at a stop-controlled or 
signalized intersection were less likely to experience severe injuries. This finding may be related to the 
speed of travel when the crash occurred; motorcyclists stopped or moving slowly may be less likely to be 
injured than those traveling at full speed, especially on a freeway.  
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Table 1. Michigan Crash Severity Analysis: Summary Statistics 

Factor 
Number 

Observed 
Percentage 

of Total 
Factor 

Number 
Observed 

Percentage 
of Total 

Driver motorcycle endorsement   Month   
Endorsed 3,118 49.5 April 247 4 
Not endorsed 2,842 45.1 May 953 15.5 
Unknown 343 5.4 June 1,184 19.3 
Driver's license (state)   July 1,147 18.7 
Michigan 5,807 92.1 August 1,146 18.6 
Other 283 4.5 September 749 12.2 
Unknown 213 3.4 October 502 8.2 
Driver helmet use   November 186 3 
Yes 4,908 77.9 December 31 0.5 
No 838 13.3 Day of the week   
Unknown 557 8.8 Weekday 4,030 65.5 
Driver age (years)   Weekend 2,115 34.4 
<16 22 0.3 Time of day   
16 to 29 1,493 23.7 Midnight-3 a.m. 313 5.1 
30 to 59 3,608 57.2 3-6 a.m. 215 3.5 
≥60 986 15.6 6-9 a.m. 380 6.2 
Unknown 194 3.1 9 a.m.-noon 548 8.9 
Driver gender   Noon-3 p.m. 1,133 18.4 
Male 5,783 91.7 3-6 p.m. 1,596 26 
Female 388 6.1 6-9 p.m. 1,185 19.3 
Unknown 132 2.4 9 p.m.-midnight 771 12.5 
Driver injury severity   Unknown 4 0.1 
Fatal (K) 203 3.2 Weather   
Incapacitating (A) 1,000 15.9 Clear 4,966 80.8 
Nonincapacitating (B) 2,069 32.8 Cloudy 925 15.1 
Possible (C ) 1,459 23.1 Other 254 4.1 
None (O) 1,419 22.5 Light   
Unknown 153 2.4 Daylight 4,425 72 
Driver impairment   Dark lighted 616 10 
Drugs 16 0.3 Dark unlighted 756 12.3 
Alcohol 395 6.3 Other 175 2.8 
Both 6 0.1 Unknown 3 0.1 
Neither 5,886 93.4 Road condition   
Passenger helmet use   Dry 5,690 92.6 
Yes 516 79.9 Wet  300 4.9 
No 81 12.5 Other 152 2.5 
Unknown 49 7.6 Speed limit (mph)   
Passenger gender   <30 802 13.1 
Male 55 8.5 30-50 2,743 44.6 
Female 580 89.8 >50 2,544 41.4 
Unknown 11 1.7 Unknown 56 0.9 
Passenger injury severity    Crash type   
Fatal (K) 19 2.9 Single motor vehicle 3,154 51.3 
Incapacitating (A) 149 23.1 Head-on 374 6.1 
Nonincapacitating (B) 257 39.8 Angle 828 13.5 
Possible (C ) 123 19 Rear-end 992 16.1 
None (O) 91 14.1 Sideswipe 464 7.6 
Unknown 7 1.1 Unknown 333 5.4 
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Table 2. Random Effects Ordered Probit Model: Parameter Estimates 
Parameter Estimate SE t-Statistic p-Value 
Constant 1.479 0.098 15.1 <0.001 
Helmet use -0.298 0.054 -5.52 <0.001 
Age 21-30 years 0.146 0.055 2.65 0.008 
Age 51-70 years 0.131 0.048 2.71 0.007 
Female 0.322 0.057 5.65 <0.001 
Alcohol use 0.547 0.086 6.32 <0.001 
Drug use 0.893 0.356 2.51 0.012 
Deer involved collision -0.53 0.078 -6.81 <0.001 
Large truck involved collision 0.822 0.191 4.32 <0.001 
Single-vehicle collision -0.318 0.07 -4.52 <0.001 
Rear-end collision -0.857 0.08 -10.73 <0.001 
Same-direction sideswipe collision -0.654 0.101 -6.51 <0.001 
Head-on collision 0.369 0.149 2.48 0.013 
Head-on or left-turn collision 0.519 0.103 5.04 <0.001 
Stop controlled intersection -0.219 0.075 -2.92 0.004 
Signalized intersection -0.408 0.068 -6.02 <0.001 
Horizontal curve on nonfreeway 0.16 0.065 2.45 0.014 
Speed limit 40-45 mph 0.25 0.059 4.22 <0.001 
Speed limit 50-55 mph 0.218 0.065 3.37 0.001 
Speed limit >55 mph 0.297 0.067 4.41 <0.001 
Rain or snow -0.306 0.123 -2.48 0.013 
November or December -0.273 0.123 -2.21 0.027 
Weekend 0.104 0.044 2.35 0.019 
Thresholds     

Mu(01) 1.021 0.041 25.21 <0.001 
Mu(02) 2.527 0.087 28.94 <0.001 
Mu(03) 4.128 0.145 28.5 <0.001 

SD of random effect                                     
Sigma 1.090 0.070 15.5600 <0.001 
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Table 3. Random Effects Ordered Probit Model: Elasticities 

Variable 
Percentage of Change in Probability of Injury Outcome 

O C B A K 
Helmet use 27.2 10.7 -5.4 -26.1 -51.6 
Age 21-30 years -13.8 -5 3 12.6 23.5 
Age 51-70 years -12.5 -4.4 2.8 11.2 20.4 
Female -29 -11.6 5.6 28.3 56.8 
Alcohol use -45.6 -21.3 6.8 49.3 112.9 
Drug use -64.4 -37.4 3.1 81.6 237.5 
Deer-involved collision 56.9 13.1 -15.1 -40.9 -61.8 
Large truck involved collision -60.9 -34.2 4.2 75.2 208.9 
Single-vehicle collision 30.5 10.5 -6.8 -27 -49.2 
Rear-end collision 94.8 17.9 -25.8 -63 -92.2 
Same-direction sideswipe 
collision 72.6 13.9 -20 -48.3 -69 
Head-on collision -32 -14 5.5 33 70.6 
Head-on or left-turn collision -43.4 -20.2 6.5 46.8 106.5 
Stop controlled intersection 22.2 6.5 -5.5 -17.9 -29.6 
Signalized intersection 42.6 11.1 -10.9 -32.5 -51.3 
Horizontal curve on nonfreeway -15 -5.5 3.2 13.9 26.2 
Speed limit 40-45 mph -23.2 -8.7 4.8 21.7 41.4 
Speed limit 50-55 mph -20.8 -7.2 4.6 18.6 33.9 
Speed limit >55 mph -28.4 -9.8 6.3 25.3 46.1 
Rain or snow 31.9 8.4 -8.2 -24.3 -38.4 
November or December 28.2 7.6 -7.2 -21.9 -35 
Weekend -9.9 -3.4 2.2 8.8 16 

 
 
Crashes that occurred along horizontal curves on nonfreeway roads tended to result in more severe injuries, 
consistent with past studies and probably is a result of restricted sight distances associated with curved road 
segments (20). Higher speed limits also were associated with more severe injury outcomes for 
motorcyclists. Crashes occurring on roads with speeds greater than 55 mph (freeways) resulted in a 46.1% 
increase in the likelihood of a fatal injury, a finding that was not surprising. Crashes occurring in the rain 
or snow tended to result in less severe injuries, consistent with past studies and most likely due to slower 
travel speeds and more cautious riding in poor weather (36). Similarly, crashes occurring in the months of 
November and December tended to result in less severe injuries, most likely due to the winter weather 
conditions Michigan experiences during these months that would result in slower travel speeds and more 
cautious riding. Finally, crashes occurring on a weekend tended to result in slightly more severe injuries 
than crashes occurring on a weekday, maybe because of riskier driving behavior during weekend riding 
than in daily commuting during the standard work week. 
 
Conclusions 
 
This study adds evidence to inform the continuing debate about the efficacy of UHLs. On April 13, 2012, 
the State of Michigan repealed its UHL in lieu of a PHL, which requires helmet use only for inexperienced 
and uninsured riders. After the PHL was enacted, helmet use rates decreased from more than 94% to 
approximately 73% (35). To understand the broader impacts of this helmet use policy, a detailed, 
disaggregate-level study was conducted to assess the degree of injury severity sustained by crash-involved 
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motorcyclists before and after Michigan’s transition from a UHL to a PHL. By controlling for various rider, 
roadway, traffic, and weather characteristics, the results showed helmets to reduce the probability of 
fatalities by more than 50%. Injuries also tended to be less severe in crashes that occurred at intersections, 
at low speeds, and under inclement weather conditions. Conversely, injuries were more severe in high-
speed collisions or when drugs and alcohol were involved in the crash. Female riders, as well as younger 
(age 21 to 30 years) and older (age 51 to 70 years) riders tended to be more susceptible to injury.  
 
Ultimately, the study results provide additional support for UHLs. Detractors of UHLs often posit that riders 
should be free to choose whether to wear a helmet and that safety advocates should focus instead on 
furthering education to encourage helmet use without mandating it by law. Despite evidence to support 
UHLs, a 2012 survey conducted in Florida found the vast majority of riders in favor of the state’s mandatory 
training law but less supportive of a mandatory helmet law (37).  
 
However, sound evidence has been presented to argue that UHLs are necessary to protect individuals from 
their own poor choices (38). A recent analysis found that although other measures could lead to increased 
helmet use rates and fewer injuries, UHLs are the most effective measures for promoting safety and 
mitigating the economic impacts of injuries and fatalities (39). These findings are echoed by a 2010 study 
that suggests legislation may be a more effective and efficient means to increase helmet use than educational 
programs (40).  
 
Helmet use rates in states with UHLs are around 94%, and compliance rates in states without UHLs are 
around 50% (41). Coupled with results from the overwhelming body of evidence from the research 
literature and compelling evidence on the effectiveness of helmets demonstrated in this study, this fact 
suggests that states should carefully consider moving toward UHLs. 
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