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Abstract: Due to the number of severe traffic collisions involving motorcycles, a comprehensive
investigation is required to determine their causes. This study analyzed Texas crash data from 2017
to 2021 to determine who was at fault and how various factors affect the frequency and severity of
motorcycle collisions. Moreover, the study tried to identify high-risk sites for motorcycle crashes.
Utilizing bivariate analysis and logistic regression models, the study investigated the individual
and combined effects of several variables. Heat maps and hotspot analyses were used to identify
locations with a high incidence of both minor and severe motorcycle crashes. The survey showed
that dangerous speed, inattention, lane departure, and failing to surrender the right-of-way at a stop
sign or during a left turn were the leading causes of motorcycle crashes. When a motorcyclist was at
fault, the likelihood of severe collisions was much higher. The study revealed numerous elements as
strong predictors of catastrophic motorcycle crashes, including higher speed limits, poor illumination,
darkness during the weekend, dividers or designated lanes as the principal road traffic control, an
increased age of the primary crash victim, and the lack of a helmet. The concentration of motorcycle
collisions was found to be relatively high in city cores, whereas clusters of severe motorcycle collisions
were detected on road segments beyond city limits. This study recommends implementing reduced
speed limits on high-risk segments, mandating helmet use, prioritizing resource allocation to high-
risk locations, launching educational campaigns to promote safer driving practices and the use of
protective gear, and inspecting existing conditions as well as the road geometry of high-risk locations
to reduce the incidence and severity of motorcycle crashes.
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1. Introduction

In the United States, a substantial portion of the total traffic-crash-associated cost
comes from motorcycle crashes, representing the total monetary value of fatalities, injuries,
property damages, and vehicle damages [1]. Motorcycle riders are typically less protected
and exposed to the environment (cold, heat, and adverse weather conditions) than other in-
volved motor vehicle drivers, putting them at a higher risk of fatal or incapacitating injuries.
Motorcyclist injuries are overrepresented in overall crashes for several reasons. Motorcycles
are more difficult to operate than other motor vehicles because they require balance on two
wheels, as well as sharp awareness, traction management, and the coordination of actions
and senses. The National Highway Traffic Safety Administration (NHTSA) includes two-
and three-wheel motorcycles, minibikes, off-road motorcycles, motor scooters, mopeds,
and pocket bikes in the motorcycle category.

In 2020, a total of 5579 motorcyclists were killed (11% increase from 2019) in the United
States, accounting for about 14% of all fatalities on roadways, while about 82,528 motorcyclists
were injured (2% decrease from 2019). About 3% of all registered vehicles in the United States
are motorcycles, and about 0.6% of all vehicle miles driven in 2020 were on motorcycles [2].
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Almost 28 times as many people died on motorcycles as in passenger cars [2]. Alcohol
impairment contributed to about 27% of all fatal motorcycle crashes, and the number of
fatal crashes caused by alcohol impairment was higher at night (roughly three times higher
than during the day). Motorcyclists aged 45 to 49 years had the highest alcohol impairment
(35%). In 2020, approximately 34% of all fatal motorcycle riders were speeding, with
motorcyclists aged 25-29 years having the highest speeding involvement (45%). Given the
relatively susceptible nature of motorcyclists toward severe injuries in traffic crashes, the
effects of different crash characteristics and driver-behavior-related variables on motorcycle
crashes in Texas need to be thoroughly analyzed.

1.1. Literature Review

As per previous research, motorcycle crash frequency and the associated injury sever-
ity of involved persons could be substantially dependent on different variables (e.g., crash-,
roadway-, weather-, and driver-related variables). One prior study in Texas used 2003-2008
data from the Crash Records Information System and concluded that alcohol use, light-
ing condition, gender, and curved alignment (both horizontal and vertical) significantly
increased motorcyclist-injury-severity likelihood in urban areas. In addition to the afore-
mentioned factors, the age of motorcyclists, single-vehicle and angular crashes, and divided
highways are significantly affecting motorcyclists’ crash severity in rural areas [3]. Another
study in Wyoming used binary logistic regression and classification tree models to identify
the most significant contributing factors and found that the posted speed limit, highway
class, age, and speed compliance were common predictors between the models [4]. The
motorcycle crash risk increases during the night, especially during merging or diverging
on expressways and turning at intersections [5]. Alcohol use and speeding were the most
common factors associated with motorcyclists, while left turns and failure to yield were
common factors associated with drivers of other vehicles involved in motorcycle crashes [6].
One study in Calgary, Canada, adopted the heterogeneous choice model, ordered logit
model, and partially constrained generalized ordered logit model and identified that the
type of street (loop or lollypop type), crash type (right-angle and left-turn-across-path),
speeding, alcohol use, and collision with a truck increased the likelihood of injury severity
for involved motorcyclists [7]. A multivariate probit model was adopted by one study in
Ohio, which used police-reported crash data for the 2006-2010 period and concluded that
younger motorcyclists, motorcyclists under the influence of alcohol, motorcyclists without
helmets, and motorcyclists without insurance were more likely to be the party at fault
in a motorcycle crash [8]. Another study adopted machine learning methods (multilayer
perceptions, rule induction, and classification and regression trees), and the results implied
that the location type, time of the crash occurrence, settlement type, and collision type are
the most significant factors in predicting severe motorcycle crashes [9].

One study used a logistic regression model to look at crash data from the Kansas De-
partment of Transportation database (2012-2015) and found that lighting, alcohol use, and
crash location were significant predictors of fatal crashes, while roadway speed limit, age,
and average annual daily traffic (AADT) were significant predictors of injury crashes [10].
Another study in Tanzania used a Bayesian multinomial logit model and found that speed-
ing, the weekend, off-peak hours, and head-on collisions made the injuries from motorcycle
crashes worse [11]. As the number of people living in Texas grows, it is likely that the
number of motorcycle crashes and deaths will also rise. Using data from the Fatality
Analysis Reporting System (FARS) database in the U.S. from 2000 to 2016, one study found
that the number of motorcycle deaths per 100,000 people has been increasing [12].

The information on 30,379 horizontal curves in Ohio (which included 225 motor-
cycle crashes during the 2002-2008 period) was used in a study that found the radius
and length of horizontal curves, shoulder width, AADT, and the location of the road seg-
ment to be the most significant factors affecting motorcycle crash frequency [13]. Another
matched case—control study used a total of 1601 crashes (with 16,010 matched controls)
over the 2005-2015 period to evaluate the risk of single-motorcycle crashes associated
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with horizontal curve type and radius and suggested that the sharp non-reverse curves
(radius < 1500 ft) had the highest risk of single-motorcycle crashes, followed by sharp re-
verse curves (radius < 1500 ft) and moderate reverse curves (1500 ft < radius < 3000 ft) [14].
At four-legged signalized intersections, the presence of a wide median and uncontrolled
left-turn lanes increased the likelihood of motorcycle crashes, whereas uncontrolled left-
turn lanes and exclusive right-turn lanes increased the likelihood of motorcycle crashes at
signalized T-intersections [15].

Age and length of riding experience have an impact on how motorcyclists perceive the
state of roads and how they drive. One study in Florida looked at police reports from 2016
and found that the age of the motorcyclists had a major effect on how safe they thought
they were and how well they could spot dangerous situations [16]. It was found that the
risk of a motorcycle crash increases when the rider has less experience and when the road
conditions encourage speeding and passing [17]. The type of motorcycle a motorcyclist
drove had a major effect on how they behaved (such as drinking and speeding) and how
often they died in motorcycle crashes. For instance, the death rate of riders of supersport
motorcycles was about four times higher than that of standard motorcycles [18]. One
study used hospital data from the 2011-2014 period to compare motorcycle and moped
crashes and suggested that the mortality rate was similar for both moped and motorcycle
riders [19].

The type of injury sustained by a motorcyclist is highly correlated with the severity
of the injury, and some injury types are more prevalent than others. A study that used
logistic regression models on hospital data from the Yorkshire region of the U.K. from 1993
to 1999 found that head injuries had the highest likelihood of resulting from a serious crash,
with chest and abdominal trauma coming in second and third, respectively [20]. When
comparing single-vehicle collisions to multiple-vehicle collisions, the risk of lower extremity
injuries was higher in multiple-vehicle collisions. For motorcyclists, the risk of lower-
extremity injuries was highest in broadside collisions [21]. Thoracic spine injuries were the
most frequent type of spinal injury, with lumber spine and cervical spine injuries coming in
second and third, respectively, according to one study that compared 1121 motorcycle crash
records [22]. Another study analyzed the severity and nature of disablement resulting from
traffic and non-traffic motorcycle crashes using a randomly selected sample of 250 victims
(from a total sample of 1510 victims) and concluded that “skeletal”, “disfiguring”, and
“generalized” impairments were the most commonly occurring impairments [23]. When
compared to the “no helmet” motorcyclist group, motorcyclists who wore helmets had
a lower risk of cervical spine injury and motorcycle fatality [24]. One study analyzed
immediate fatal crashes using data for the 2007-2016 period in Michigan and found that
traumatic brain injury and rib fracture were the most common injury types associated with
these crashes. Furthermore, about 63% of all fatally injured motorcyclists did not wear
helmets [25].

Bicycle and motorcycle crashes have many similarities, and for the majority of bicycle
and motorcycle crashes, the drivers of other vehicles involved in the crashes were at
fault [26]. There are strict laws about driving under the influence (DUI) and wearing
a helmet, and these laws are enforced. This has been shown to reduce the number of
motorcycle crashes and the severity of injuries. The death rate of motorcyclists was lower
when there were administrative license-revocation laws and laws that made driving with
a blood alcohol level of more than 0.08 g/dL a crime [27]. FARS data for the 1999-2015
period were used in a study to evaluate the effect of helmet laws on motorcycle fatality rates
(for motorcyclists aged >16 years), and results suggested a 36-45% decline in mortality
rate across all age groups [28]. One study used the matched-pair method to evaluate the
association of fatal motorcycle crashes with the use of helmets and concluded that the
relative risk of fatality was reduced by about 40% when motorcyclists used helmets [29]. In
July 2000, Florida changed its universal helmet law to exclude riders who were 21 or older
and had at least USD 10,000 in insurance coverage. One study in 2006 compared 1998-1999
crash data with 2001-2002 crash data and concluded that the change in the law increased
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the likelihood of fatalities by 25% and that an estimated 117 deaths (of motorcyclists) could
have been avoided in 2001-2002 [30]. The use of helmets by motorcyclists reduces fatal
crash rates, decreases lethal head-injury incidents, and reduces the severity of non-lethal
head injuries [31].

Overweight and obesity among motorcycle taxi drivers were linked with an increased
likelihood of overall crash risk and injury crash risk, as concluded by a study in Vietnam,
which used random effect binary logistic regression [32]. Another Vietnam-based study
that used a multiple logistic regression model found that unlicensed drivers and crashes
during the nighttime were significantly associated with severe motorcycle injuries [33].
A study from Taiwan focused on junior college students observed that motorcycle crash
risk decreased with increasing age, experience, and the licensing of drivers [34]. Another
Taiwan-based study that analyzed motorcycle crashes in a university neighborhood using
multivariate analysis concluded that female gender, rider age over 45 years, driving under
the influence of alcohol, single-motorcycle crashes, and early-morning driving increased
the likelihood of severe injury [35]. Male motorcyclists were far more likely to drive under
the influence of alcohol compared to female motorcyclists, as observed in a Thailand-based
study analyzing 969 randomly sampled collisions [36]. One study in Malaysia concluded
that factors related to human behavior had the highest contribution to motorcycle crashes,
while environmental factors had the lowest [37]. Another study in Malaysia analyzed
9167 fatal motorcycle crashes using multinomial and mixed models and concluded that
the severity of motorcycle crashes was significantly dependent on the number of vehicles
involved in the crash [38]. When only single-motorcycle crashes were considered, collisions
with fixed objects or trees, running off the road, inclement weather conditions, and urban
areas increased the risk of fatal injuries, as found by a study in India using an ordered
logit model [39]. Human-related factors such as alcohol impairment and not wearing a
helmet were found to increase motorcycle crash severity in a study conducted in Dhaka,
Bangladesh, using a binary logistic model [40].

Several studies have studied and rated the safety techniques that are available for
motorcyclists to understand how well they work. One study examined how well the
autonomous emergency braking (AEB) systems of motorcycles reduced the severity of head
injuries in helmeted motorcyclists. It found that AEB systems could reduce head impact
velocity by 10-18%, which in turn reduced the severity of head injuries [41]. The presence
of an antilock braking system (ABS) was found to be about 37% more effective in reducing
motorcycle fatalities compared to non-ABS in a study that used 2003-2008 motorcycle-
fatality data [42]. One study evaluated the effectiveness of three technologies that help
drivers avoid crashes: lane maintenance, frontal crash prevention, and blind-spot detection.
It was found that frontal crash prevention was the best way to keep two motorcycles from
colliding [43]. Another study in Florida studied motorcycle crash data on curves from 2005
to 2015 and found that dynamic speed feedback signs might help motorcyclists pay more
attention and slow down on curves [44].

1.2. Economic Impact and Study Area

The proportion of fatalities and incapacitating injuries sustained by motorcyclists
is substantially greater compared to drivers of other motor vehicles, and these crashes
are often associated with high medical treatment costs and other associated costs. The
fatalities or injuries may also have long-term consequences, such as morbidity, for those
involved. In 2013, the total cost of medical bills and lost wages due to fatal crashes in
Texas was USD 4.89 billion, with fatal motorcycle crashes accounting for approximately
USD 665 million [45]. In 2018, the total monetary loss associated with fatal motorcycle
crashes slightly reduced to USD 658 million, representing approximately 12% of the total
monetary loss resulting from all fatal traffic crashes. [45]. Motorcycle crashes constitute a
small proportion of overall crashes, but fatal-crash-related costs associated with motorcycle
crashes constitute more than half of the total cost associated with other motor vehicles [45].
The costs of a motorcycle crash would be much higher if the economic loss of those involved
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was considered over their lifetimes. About half of all motorcycle crash victims had personal
health insurance, and the government pays a significant portion of uninsured patients’
medical costs [46]. One study in Ontario, Canada, found that for each motorcycle crash, the
public health-care system had to pay about six times the cost of each automobile crash [47].
Given the substantial costs associated with motorcycle crashes in addition to the loss of
lives, diligent efforts are required to reduce motorcycle crash frequency as well as the
resulting fatalities and injuries.

Texas is the chart leader for pedestrian, bicycle, and overall motor vehicle crashes
and one of the chart leaders for motorcycle crashes in the United States. The proportion
of motorcycle crashes that result in fatality is substantially higher than the proportion of
motorcycles in the overall number of operational motor vehicles in Texas [1]. The number
of registered motorcycles in Texas has been increasing over the last few decades, and
when the number of registered motorcycles in 2000 and 2014 are compared, the number
of registered motorcycles almost doubled in 14 years. The counties with relatively more
population (e.g., Bexar, Dallas, Harris, El Paso, Collin, Denton, and Travis) have relatively
more registered motorcycles [1]. Texas had the third highest number of motorcycle fatalities
(483 fatalities) in the United States in 2020, and about 48% of all motorcyclists killed in
traffic crashes did not wear helmets, according to FARS data. In 2020, the BAC of fatal
motorcycle crashes in Texas was equal to or greater than 0.01 g/dL for 38% of motorcyclists,
0.08 g/dL for 31% of motorcyclists, and 0.15 g/dL for 18% of motorcyclists [2]. One study
in Texas used data from 2012 to 2017 and found that the collision type, functional system,
and driving under the influence of alcohol were the most prominent factors affecting fatal
crashes [48]. Another Texas-based study concluded that the absence of helmets, DUI, dark
unlit roads, curved roads, and inclement weather conditions increased the likelihood of
fatal motorcycle crashes [49]. Single-motorcycle crashes resulted in relatively fewer severe
crashes in rural areas. However, single-vehicle crashes were more likely to result in fatalities
when they occurred in urban areas in Texas [3].

1.3. Scope of Study

The main goals of this study are to investigate and evaluate the causes and risk factors
of motorcycle crashes in detail, to look at how motorcycle crashes are related to other factors,
and to find out what the main causes of motorcycle crashes in Texas are. The research team
developed heat maps of motorcycle crashes occurring in Texas; calculated the total, fatal-,
serious-, possible-, and no-injury crash counts for each class of all variables; and identified
the locations with substantially high motorcycle crash concentrations. Additionally, this
study also assessed the variables related to riders” and primary persons’ behaviors. The
research team conducted discussions to determine ways to address crash-hotspot-associated
safety issues and suggested relevant recommendations involving existing technologies.

2. Materials and Methods

The Crash Records Information System (CRIS) database of the Texas Department of
Transportation (TxDOT) was mined for crash statistics between January 2017 and December
2021. According to Texas Transportation Code Section 550.062, a report on a crash must be
forwarded to TxDOT by the officer in charge by the 10th day after the crash’s occurrence if
any involved person is injured or killed. Furthermore, if a crash results in property damage
of USD 1000 or more, it must be reported to CRIS after an investigation. The CRIS data
include the geographical coordinates, crash occurrence time, and other crash-associated
information (e.g., environmental, vehicle, and driver characteristics).

Factors that contributed to traffic crashes were used in the selection of motorcyclist-
at-fault crashes. The police officer in charge could report up to three contributing fac-
tors after analyzing any crash, and the first contributing factor is considered the most
relevant one. This study divided the injuries sustained by the motorcyclists into two
categories: KA (i.e., fatal or incapacitating) injuries and KAB (i.e., fatal, incapacitating, or
non-incapacitating) injuries. In short, severe injuries are denoted by KA injury and any
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confirmed injury (severe/non-severe) is denoted by KAB injury. In addition to the dataset
for all motorcyclist-related crashes, subsets of the dataset were prepared based on the party
at fault.

Motorcycle crashes with available coordinates were used to prepare a heat map that
represents the motorcycle crash density over the study area. A heat map includes a
color scheme that incorporates a smoothly varying color set and helps to represent crash
occurrences [50]. The kernel density method provides a continuous surface and was
adopted during density calculation as it offered suitability in the visualization process of
crash data [51]. This method takes the summation of all the crashes for a location during
the density estimation process and the highest value of the density is observed at the center.
The magnitude of the density decreases gradually away from the center [52,53]. The kernel
density estimation employs this quartic formula:

31— xTx)2 if xTx <1
P = 1
2(%) { 0 otherwise M
where P, (x) is the kernel function for 2-dimensional x. Generally, P is the radially symmet-
ric unimodal probability density function.

The predicted density at a (x,y) location is determined by the following formula:

2
) 1 n 3 distance; 2 . .
Density = ——= ) .| —-popi| 1 - | —— For dist j d 2
ensity (radius)2 lel p popl< ( adins ) or distance; < radius  (2)

where i =1,...,n are input points or point crashes; pop; is the population field value of
point i; and distance; is the distance between point i and the (x, y) location.

This study used hotspot analysis (Getis-Ord Gi*) to identify spatial clusters containing
statistically significant high values (i.e., hotspots) and low values (i.e., cold spots). In this
process, an output feature is produced containing a z-score, a p-value, and a confidence
level bin for each of the input features. This study assumed complete spatial randomness
(CSR) of the features (or the associated values) as the underlying null hypothesis. The null
hypothesis could be rejected if statistically significant clustering or dispersion (based on
the z-score and p-value) of the associated features occur. In this method, the probability of
randomness in clustering is expressed by the p-value, while the z-score stands for standard
deviation. The combination of a very small p-value with a relatively high/low z-score
suggests that the probability of a cluster resulting from the random distribution is very low.
The false discovery rate (FDR) correction was used to accommodate the spatial dependence
of data. When the search bandwidth is set too high, the resultant pattern becomes too
smooth, making the differentiation between local hotspot locations difficult. Contrarily,
a spiky density pattern that highlights individual hotspot locations results from setting
a narrow search bandwidth. Such outcomes could result in false conclusions, and hence
the “trial and error” method was adopted in this study as recommended by previous
studies [54-56].

The crash-density-based heat maps do not show where serious motorcycle crashes are
likely to happen, and the identification of hot/cold spots requires a weight to be attached to
each motorcycle crash. The value of this weight is determined based on the severity of the
crash. One of the most popular approaches in determining the weight is the compromise
approach (greater weight for more severe crashes); however, these is no standard for the
weighting system [57]. A New South Wales-based study performed by the Roads and
Traffic Authority used 3.0, 1.8, 1.3, and 1.0 as the respective weights for fatal, serious-
injury, other-injury, and property-damage-only crashes [58]. Another study classified injury
severities into three categories and used 5.0, 3.0, and 1.0 as the weights for fatal, serious,
and light-injury crashes, respectively [59]. This study attempted to identify the high-risk
locations associated with motorcycle crashes by providing relatively higher weights to
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severe motorcycle crashes, and the following equation was used in computing the severity
index (SI) of a location:

SI=50x X1+3x X2+1.8 x X3+ 13 x X4+ X5 )

where the total number of fatal crashes is represented by X1, the total number of serious-
injury crashes is represented by X2, the total number of non-serious-injury crashes is
represented by X3, the total number of possible-injury crashes is represented by X4, and
the total number of no-injury or property-damage-only crashes is represented by X5.

A thorough literature review was performed to identify the most relevant crash-
associated variables (Table 1) to analyze how these variables affect the severity of motorcy-
cle crashes. To obtain an initial impression about how the selected variables individually
affected the severity and frequency of motorcycle crashes, the numbers and percentages
of each class within a variable were calculated. This study adopted bivariate analysis, an
exploratory tool which could be used to test the association between two variables (one
dependent, one independent), to explore how the standalone variables associated with
motorcycle crashes were related to crash severity. This study used a chi-square test in the
distribution of a categorical variable to analyze the statistical significance in the differences
of two or more groups. In the process of the chi-square test, the possible confounding
factors are not controlled, and the established causal relationship in this process could not
be definite. To further explore the relationship between the severity of motorcycle crashes
and crash-associated variables (lighting condition, weather condition, road alignment, road
class, surface condition, speed limit, period of the week, time of the day, month, traffic
control, and intersection presence), as well as primary-person-characteristics-related vari-
ables (age and gender of primary person, helmet status, and ethnicity), logistic regression
models were developed. The logistic regression model offers a few advantages over the
bivariate analysis as the effect of a predictor on the severity of motorcycle crashes could be
determined in this method while controlling for other predictors.

Table 1. Description of the study variables.

Num. Description Values Num. Description Values
1 Day of Week Weekend 9 Intersection Yes
Weekday Presence No
.. Highway/Field to
<
2 Speed limit <25 mph 10 Road Class Market (FM) Road
>25 mph Other Roads
3 Time of Day 8 p.m.—6 a.m. 1 Gender Male
6 am.-8 p.m. Female
4 Lighting Cond. Daylight .. Hispanic
Dark 12 Ethnicity Non-Hispanic
5 Weather Condition Rain 13 Hel S Worn
Clear/Cloudy elmet Status Not Worn
6 Road Alignment Straight/Curve (Level) 14 Winter
Straight/Curve (Grade/Hillcrest) Spring
Season
7 Traffic Control Divider/Marked Lane 15 Summer
Crosswalk/Stop/Signal/None Fall
8 Surface Condition Wet Age <18
Dry 19-64
>65

This study used RStudio (Version 1.3.1073) for performing logistic regression analysis [60],
and the evaluation of the overall performance of each prepared model was performed
based on the deviance values (null and residual) along with their respective degrees of
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freedom. The null deviance indicates the efficiency of the model to predict the response
using only an intercept. On the other hand, the residual deviance shows how effective the
model is for response prediction when other predictors are included. In short, the deviance
reduction by the inclusion of the predictor variables in the null model is represented by the
difference between the null and the residual deviance. The logit was taken as the natural
logarithm of the odds where the response variable Y was severe (Y = 1) versus non-severe
(Y =0), as shown by Equation (4):

Logit (Q) =In (Q/1 - Q) =Po+ B1*Z1 + ... . + Bi*Zi (4)

where Zi is the independent variable, (i is the model coefficient which directly determines
the odds ratio, and Q is the probability of severe crashes.

3. Results and Discussion
3.1. Spatial Analysis

The spatial distribution of motorcycle crashes was evaluated using a heat map and
hotspot analysis (Figures 1-5). The heat map helps identify zones with high concentrations
of crashes, whereas the hotspot analysis helps identify zones with clusters of statistically
significant severe crashes. The geographic coordinate system used was the World Geodetic
System (WGS 1984, EPSG 4326) in the spatial analysis, with the World Street Map as the
base map. The major roads and intersections around the downtown areas of the major
cities (Houston, Dallas, Fort Worth, San Antonio, Austin, and El Paso) had the highest
motorcycle crash density due to the relatively higher volume of motorcycle activity in those
areas. In Houston, the intersections at Interstate 610 and Interstate 69, Interstate 610 and
Westheimer Rd., Interstate 69 and Interstate 45, highway 1093 between Manis Rd. and
Fountain View Dr., and Interstate 45 between Interstate 8 and Parker Rd. had relatively
high motorcycle crash frequencies. Motorcycle crashes were common in San Antonio near
the intersections of Interstate 10 and Interstate 35, Interstate 37 and Interstate 35, Interstate
35 and McCullough Ave., and Interstate 10 and SH 536. In Austin, the intersections at
SH 343 and Congress Ave., W 24th St. and Rio Grande St., W 29th St. and Guadalupe St.,
and Interstate 35 between 5th St. and 12th St. had high densities of motorcycle crashes.
For Dallas, segments of Elm St., Main St., Commerce St., and Canton St. at the center and
eastside of the downtown area and the segment of Interstate 35 between Interstate 30 and
State Highway Spur 366 had a high concentration of motorcycle crashes. For the Fort Worth
area, the intersections of major roads (notably State Highway 183 and U.S. 287, Interstate
35 and State Highway 280, and Forest Park Blvd. and West Fwy.), a segment of N Main
St. between State Highway 183 and Northside Dr., and Main St. in the city center had a
high concentration of motorcycle crashes. For El Paso, road segments on Interstate 10 and
Gateway Blvd. near the intersections at Interstate 10 and Lee Trevino Dr., Interstate 10
and Lomaland Dr., Interstate 10 and McRae Blvd., Interstate 10 and Hawkins Blvd., and
Interstate 10 and Trowbridge Dr. had relatively high motorcycle crash concentrations.

Figure 4 shows the places where there is a statistically significant high or low risk
of serious motorcycle crashes. The locations with a high density of motorcycle crashes
and the locations with statistically significant clusters of severe motorcycle crashes were
very different. Cold spots were mostly found in major cities” downtown areas. The
frequency of motorcycle crashes is relatively high at the city center, and the road speed
limits are relatively low, which might result in clusters of non-severe crashes. Hotspots were
primarily observed outside the city limits of Dallas, San Antonio, Houston, Austin, and
Tyler (Figure 5), and they are mostly segments of state highways or city streets. However,
some high-risk segments were also on interstate roads. A segment of State Highway 155
near the intersection of State Highway 155 and State Highway 49 southwest of Tyler, a
segment of State Highway 146 near Seabrook (located in southeast Houston), segments
of Interstate 75 and Interstate 635 in Dallas around their intersection, and segments of
S Hampton Rd. and W Illinois Ave. in Dallas around their intersection are some of the
notable high-risk severe motorcycle crash zones.
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Figure 4. Hotspots of motorcycle crashes in Texas.

Motorcycle crashes accounted for a total of 41,434 crashes (involving 68,408 motorcy-
clists) from 2017 to 2021, or 1.35% of the total crashes in Texas during this period, and were
responsible for 13.1% of all fatal crashes (2316), 13.8% of all incapacitating-injury crashes
(9495), and 4.9% of all non-incapacitating-injury crashes (13,758). The proportions of differ-
ent types of motorcycle injury crashes caused by the party at fault are shown in Figure 6.
Motorcyclists were at fault for 19,646 crashes (47.4%). Crashes in which motorcyclists
were at fault resulted in a substantially higher proportion of fatalities and incapacitating
injuries. Motorcyclists are relatively less protected than other motor vehicle drivers in
traffic crashes, and faulty maneuvering behaviors from motorcyclists might give other
motor vehicle drivers less time to react, thereby increasing the chance of severe collisions.
Figure 7 shows the annual proportions of motorcycle crashes and the associated KA and
KAB injury proportions over the study period. The extreme vulnerability of motorcyclists
to severe crashes is evident from the proportions.



Sustainability 2023, 15, 10377

13 of 26

5 AWALLS
& Bayview Dr :
E Meyer Av
Lis '
S § Qoad 122 &
CR-196 o 2 ®
i ¢ S Rex |
5 RS & @
2 & & ]
3 3 3
9 = =)
& Q »
é 3 o 2
584t > o‘
- A §Qabrook
Noonday CR-167 ®
[} ° ®
® & Greshan ® ®
2
R4 %%
CR-168 00 X
-/ o
o . S
0 0.5 il 2 Miles ~
“ Lonn (b nnn | 5 AN
2 >
6o N . i S
%pe,. | <0 02 04 0.8 Miles W
) Y T T T Y S T T B | S
7103 % “, L >
) ~
6‘0 i
T —
e 4 e RorATe. Brandon St N
0 & ve Wa
@“Z Blvd i Elmwood A
/ 19(, o tn +\3* i z é g Bentley A:/e Parkway E i
57 [ J&T S 3 59 Texas = P, 1117 z T < g
SWIE= < & Instruments & 2 3 S w2E e
S 5 S & = 5 & £ 3304
s 3 o <« <> s ials Olames % Berkley Ave T
histle Ln @ & g
® RoCKford DY Wilbur st Al ° Wilbur S\‘Aoumam o7 \;V(;lhur St o
e = o C ) L g\ = * @ s Ae & W Illinois Ave
L,ffq. ‘anon 3 Re “é Engle Ave
5. = /0/7% Glenfield Ave & s ' SpaAe ot
s g QR 2 Crash Hotspots 5
& % S & ¥ Hansboro Ave 2 LI 2 © R
r e &3 = = Gi_Bin
< A @ o > -
o ¥ 3 wsanerave s * Cold Spot with 99% Confidence
o St David Dr. .
] 4 ¢ Cold Spot with 95% Confidence
s 0 02 04 0.8 Miles 3 Cold Spot with 90% Confidence
X | | Markd Groveviel Dr Kid S
o 3D BN\ Five Mile Not Significant
2 o 3 nstruments-Sou Greenbelt =
2= A s 4 Campus 4oy 2 Hot Spot with 90% Confidence
r . S
8 0 O 0.8 Miles ¢ Hot Spot with 95% Confidence
Fo i ‘ S 5
e e T e Hot Spot with 99% Confidence
e = J 2O

Figure 5. Locations with statistically significant clusters of motorcycle crashes near the intersections at
State Highway 155 near the intersection of SH 155 and SH 49 in Tyler (top left), State Highway 146
near Seabrook (top right), around the intersection of Interstate 75 and Interstate 635 in Dallas (bottom

left), and around the intersection of S Hampton Rd. and W Illinois Ave. in Dallas (bottom right).
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Figure 6. Injury severity in motorcycle crashes by party at fault.
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Figure 7. Motorcycle crashes and injuries as proportions of the total traffic crashes and injuries.

3.2. Bivariate Analysis

The frequencies and proportions of motorcycle crashes for different crash severity
levels and for different crash-associated variables (Tables 2—4) provide a preliminary idea
of how the crash-associated variables might be related to the different levels of motorcycle
crash severity and crash frequency. The following variables have the greatest association
with motorcycle crashes resulting in any type of confirmed injury: “dark, not lighted”
lighting condition, clear/cloudy weather condition, dry surface condition, FM roads, a
higher speed limit, the weekend period, nighttime, curved road alignment, “no passing
zone” as a traffic control, male and white primary persons, and absence of helmet use. For
almost all crash-associated variables, the risk of severe injury related to motorcycle crashes
was substantially higher when the motorcyclists were at fault. Less striking differences in
proportions among the classes of variables based on the party at fault were observed for
non-severe injury.

Table 2. Proportions of motorcycle-related severe-injury (KA) and any-injury (KAB) crashes in Texas
from 2017 to 2021 for environmental-, temporal-, and vehicle-related variables.

All Motorcyclists Motorcyclist at Fault Motorcyclist not at Fault
Variable n=41434 KA% KAB% n=19,646 KA% KAB% n=21788 KA% KAB%
Lighting Condition: Daylight 26,827 25.9 60.6 12,603 30.0 65.1 14,224 223 56.6
Dark, not lighted 4723 41.3 70.4 2461 45.0 73.1 2262 37.3 67.4
Dark, lighted 8520 29.2 60.6 3983 34.9 66.4 4537 25.3 55.5
Weather Condition: Clear 34,937 28.6 61.7 16,429 33.3 66.5 18,508 245 57.5
Rain 1122 19.3 51.6 576 21.7 56.1 546 16.7 46.9
Cloudy 5044 29.7 64.2 2510 34.0 67.9 2534 254 60.6
Day of Week: Saturday 8134 313 63.6 3984 35.8 68.1 4150 27.1 59.3
Sunday 6801 31.9 64.7 3557 37.3 69.4 3244 259 59.5
Monday 4613 26.3 59.7 2154 30.4 65.0 2459 22.7 55.1
Tuesday 4913 25.9 59.9 2239 30.0 63.6 2674 22,5 56.7
Wednesday 5027 26.5 59.2 2202 31.0 63.7 2825 23.0 55.7
Thursday 5401 26.7 61.5 2553 30.4 65.7 2848 23.3 57.8
Friday 6545 28.1 61.2 2957 32.2 66.1 3588 247 57.1
Time: 8 p.m. to 6 a.m. 11,257 34.5 65.0 5678 39.7 70.0 5579 29.1 60.0
All other hours 30,177 26.3 60.5 13,968 30.3 64.9 16,209 22.8 56.7
Season: Winter 7108 27.1 57.9 3271 32.2 63.1 3837 229 53.3
Spring 11,461 28.3 61.9 5493 33.1 66.8 5968 23.9 57.5
Summer 11,675 29.3 63.8 5560 33.7 68.6 6115 254 59.4
Fall 11,190 28.7 61.8 5322 32.8 65.7 5868 25.0 58.2

Note: The total percentage for a variable might not reach 100% due to the unavailable information for some crashes.
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Table 3. Proportions of motorcycle-related severe injury (KA) and any injury (KAB) crashes in Texas
from 2017 to 2021 for different road characteristics.

All Motorcyclists Motorcyclist at Fault Motorcyclist Not at Fault

Variable n=41,434 KA% KAB% n=19646 KA% KAB% n=21788 KA% KAB%
Road Class: Interstate 5316 28.5 61.6 2835 32.8 66.1 2481 23.6 56.3
U.S./State Highway 10,734 31.2 65.1 5119 33.7 67.8 5615 28.9 62.7
FM Roads 5952 37.0 69.7 3144 40.7 73.0 2808 329 66.0
City Streets 14,709 23.7 58.3 6159 28.2 62.4 8550 20.5 55.3
Non-trafficway 1256 11.2 33.1 394 23.6 58.1 862 5.6 21.7
Surface Condition: Dry 38,780 29.0 62.1 18,336 33.6 66.8 19,110 25.5 58.7
Wet 1970 21.7 55.6 1014 24.9 58.7 894 19.1 53.1
Road Alignment: Straight, Level 29,687 25.5 58.5 12,508 28.5 61.9 16,085 23.9 56.8
Straight, Grade/Hillcrest 4176 328 67.6 2009 35.6 71.1 2032 30.8 65.3
Curve, Level 4644 38.6 715 3262 42.9 74.6 1318 28.7 64.3
Curve, Grade/Hillcrest 2582 40.1 73.9 1757 447 77.6 770 30.7 66.6
Traffic Control: None 8022 23.9 56.9 3838 29.6 63.9 3647 19.6 52.2
Signal Light 4899 23.1 54.3 1859 24.7 57.5 2839 22.5 52.8
Stop Sign 3911 28.6 59.8 1245 328 62.7 2550 27.2 58.8
Warning/Yield Sign 847 34.7 66.5 531 443 74.4 300 18.3 53.7
Divider/Center Stripe 3563 35.7 68.8 1844 38.2 715 1665 334 65.8
No Passing Zone 1470 48.7 80.1 1012 49.8 80.2 456 46.5 80.0
Marked Lanes 17,474 28.9 64.0 8800 327 67.1 8289 254 61.3
Speed Limit: 25 mph or less 1178 15.9 42.8 490 23.9 58.8 688 10.2 314
Over 25 mph 38,087 29.5 63.0 18,411 33.6 66.9 19,676 25.6 59.3
At Intersection: Yes 11,470 28.5 59.9 4150 317 62.8 7320 26.7 58.3
No 29,964 28.5 62.4 15,496 334 67.4 14,468 23.3 57.1

Note: The total percentage for a variable might not reach 100% due to the unavailable information of some crashes.

Table 4. Proportions of motorcycle-related severe-injury (KA) and any-injury (KAB) crashes in Texas
from 2017 to 2021 for human-related variables.

All Motorcyclists Motorcyclist at Fault Motorcyclist not at Fault
n = 68,408 KA% KAB%  n=29,756 KA% KAB%  n=238,652 KA% KAB%
Gender: Male 52,732 21.0 46.1 23,902 25.4 52.0 28,830 17.3 41.3
Female 12,345 5.2 14.5 4925 7.0 17.8 7420 4.0 12.3
Age: 18 or less 2422 11.1 31.1 1043 16.3 42.6 1379 7.3 224
19 to 64 57,333 18.7 41.6 25,723 22.9 47.2 31,610 15.2 37.1
65 or older 4716 14.9 30.4 1790 18.8 38.3 2926 12.5 25.6
Ethnicity: White 36,706 21.1 45.8 16,809 254 51.3 19,897 17.6 41.2
Hispanic 15,906 14.0 329 6639 18.9 39.5 9267 10.5 28.3
Black 9313 14.5 34.6 4072 17.6 40.0 5241 12.1 30.3
Asian 1381 10.1 25.9 582 13.8 33.0 799 7.5 20.7
Other 1161 13.7 32.3 499 17.2 36.7 662 11.0 29.0
Helmet Status: Yes 23,040 25.4 59.9 10,863 28.3 63.0 12,177 22.7 57.3

Note: The total percentage for a variable might not reach 100% due to the unavailable information of some crashes.

Tables 5-7 contain the results from the chi-square tests along with the respective odds
ratio (OR) values for all motorcyclist, motorcyclist-at-fault, and motorcyclist-not-at-fault
crashes, respectively. Modifications were performed for a few variable classes (compared
to Tables 2—4) during the preparation of these tables to obtain a better grasp of their effects
on different levels of crash severity. For instance, “dark, lighted” and “dark, not lighted”
classes were combined and labeled as “dark” after modification. Some of the inclement
weather conditions (snow, fog, and hail) had very few observations and were excluded from
the chi-square test. Interstate roads, FM roads, and U.S./state highways were combined
into one group (Highway/FM Road), and the rest were labeled as Other Roads. The
road alignment variable was regrouped into two new classes: Straight/Curve (Level) and
Straight/Curve (Grade/Hillcrest). The primary person’s ethnicity was regrouped into two
classes: Hispanic and non-Hispanic.
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Table 5. Chi-square test results and OR for KA and KAB injury risks (all motorcyclists).
KA KAB
Chi-Square Chi-Square

Factor df Stat?stic OR Stat?stic OR
Lighting Condition: Daylight 1 288.7 *** 0.68 722 %% 0.82
Dark 1.00 1.00
Weather Condition: Rain 1 47.9 *** 0.59 50.3 *** 0.65
Clear/Cloudy 1.00 1.00
Road Class: Highway/FM Road 1 29.3 *** 1.00 28.9 #** 1.00
Other Roads 0.89 0.89
Speed Limit: <25 mph 1 61.2 *** 1.00 84.4 1.00
>25 mph 1.89 1.79
Day of Week: Weekend 1 111.0 *** 1.27 63.9 *** 1.19
Weekday 1.00 1.00
Intersection Presence: Yes 1 1.0 0.98 41.8 *** 0.86
No 1.00 1.00
Season: Winter 3 10.3 * 0.93 66.1 *** 0.85
Spring 0.98 1.01
Summer 1.03 1.10
Fall 1.00 1.00
Time of Day: 8 p.m.—6 a.m. 1 304.6 *** 1.00 111.7 *** 1.00
All other hours 0.66 0.78
Alignment: Straight/Curve (Level) 1 188.0 *** 0.68 220.5 *** 0.65
Straight/Curve (Grade/Hillcrest) 1.00 1.00
Surface Condition: Wet 1 457 *** 0.69 29.9 *** 0.77
Dry 1.00 1.00
Traffic Control: Divider/Marked Lane 1 111.1 *** 1.00 204.5 *** 1.00
Crosswalk/Stop/Signal/None 0.78 0.74
Gender: Male 1 100.7 *** 1.26 151.5 *** 1.28
Female 1.00 1.00
Age: <18 2 17.5 *** 1.00 3.8 1.00
19-64 1.13 1.08
>65 1.25 1.10
Ethnicity: Non-Hispanic 1 41.5 1.14 81.6 *** 1.18
Hispanic 1.00 1.00
Helmet Status: Worn 1 292.6 *** 0.68 185.1 *** 0.74
Not Worn 1.00 1.00

Note: ** means p < 0.001; * means p < 0.05.

Table 6. Chi-square test results and OR for KA and KAB injury risks (motorcyclist at fault).

KA KAB
Chi-Square Chi-Square

Factor df Stat?stic OR Stat?stic OR
Lighting Condition: Daylight 1 168.5 *** 0.66 47.2 *** 0.79
Dark 1.00 1.00
Weather Condition: Rain 1 345 *** 0.55 29.6 *** 0.63
Clear/Cloudy 1.00 1.00
Road Class: Highway/FM Road 1 0.2 1.00 6.4* 1.00
Other Roads 0.99 0.96
Speed Limit: <25 mph 1 15.8 *** 1.00 7.3 %% 1.00
>25 mph 1.54 1.30
Day of Week: Weekend 1 67.6 *** 1.29 32.8 *** 1.20
Weekday 1.00 1.00
Intersection Presence: Yes 1 51* 0.92 35.5 *** 0.80
No 1.00 1.00
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Table 6. Cont.

KA KAB
Chi-Square Chi-Square
Factor df Stat?stic OR Stat?stic OR
Season: Winter 3 2.5 0.98 30.6 *** 0.90
Spring 1.01 1.05
Summer 1.05 1.15
Fall 1.00 1.00
Time of Day: 8 p.m.—6 a.m. 1 183.7 *** 1.00 69.8 *** 1.00
All other hours 0.64 0.75
Alignment: Straight/Curve (Level) 1 40.8 *** 0.81 128.2 *** 0.63
Straight/Curve (Grade/Hillcrest) 1.00 1.00
Surface Condition: Wet 1 31.7 *** 0.66 26.4 *** 0.71
Dry 1.00 1.00
Traffic Control: Divider/Marked Lane 1 31.9 *** 1.00 57.5 *** 1.00
Crosswalk/Stop/Signal/None 0.50 0.78
Gender: Male 1 75.5 *** 1.35 133.0 *** 1.45
Female 1.00 1.00
Age: <18 2 12.3 ** 1.00 5.7. 1.00
19-64 1.27 1.17
>65 1.31 1.19
Ethnicity: Non-Hispanic 1 5.8 % 1.1 21.7 *** 1.15
Hispanic 1.00 1.00
Helmet Status: Worn 1 209.5 *** 0.64 132.1 *** 0.69
Not Worn 1.00 1.00

Note: ** means p < 0.001; ** means p < 0.01; * means p < 0.05; “.” means p < 0.1.

Table 7. Chi-square test results and OR for KA and KAB injury risks (motorcyclist not at fault).

KA KAB
. Chi-Square Chi-Square
Variable df Stat?stic OR Stat?stic OR
Lighting Condition: Daylight 1 113.7 *** 0.70 27.0 *** 0.85
Dark 1.00 1.00
Weather Condition: Rain 1 17.3 *** 0.62 24.6 *** 0.65
Clear/Cloudy 1.00 1.00
Road Class: Highway/FM Road 1 42.7 #** 1.00 29.6 *** 1.00
Other Roads 0.81 0.85
Speed Limit: <25 mph 1 47.8 *** 1.00 93.6 *** 1.00
>25 mph 2.39 2.31
Day of Week: Weekend 1 29.0 *** 1.20 20.2 *** 1.14
Weekday 1.00 1.00
Intersection Presence: Yes 1 19.2 *** 1.16 0.1 0.99
No 1.00 1.00
Season: Winter 3 9.1* 0.89 35.8 *** 0.83
Spring 0.95 0.98
Summer 1.02 1.06
Fall 1.00 1.00
Time of Day: 8 p.m.—6 a.m. 1 101.7 *** 1.00 33.2 *** 1.00
All other hours 0.70 0.83
Alignment: Straight/Curve (Level) 1 57.3 *** 0.72 64.5 *** 0.72
Straight/Curve (Grade/Hillcrest) 1.00 1.00
Surface Condition: Wet 1 19.8 *** 0.69 9.5 ** 0.81
Dry 1.00 1.00
Traffic Control: Divider/Marked Lane 1 43.5 *** 1.00 113.8 *** 1.00
Crosswalk/Stop/Signal/None 0.80 0.73
Gender: Male 1 20.5 *** 1.15 30.0 *** 1.16

Female 1.00 1.00
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Table 7. Cont.
KA KAB
. Chi-Square Chi-Square
Variable df Statistic OR Statistic OR
Age: <18 2 23,9 *** 1.00 1.6 1.00
19-64 1.00 1.02
>65 1.23 1.07
Ethnicity: Non-Hispanic 1 42.7 *** 1.20 50.6 *** 1.19
Hispanic 1.00 1.00
Helmet Status: Worn 1 73.3 *** 0.76 49.2 *** 0.81
Not Worn 1.00 1.00

Note: *** means p < 0.001; ** means p < 0.01; * means p < 0.05.

3.2.1. Environmental and Temporal Characteristics

The effects of some of the motorcycle-crash-associated variables on crash severity are
intuitively apparent. Dark lighting conditions reduce visibility and increase the reaction
time of the driver, often resulting in more lethal collisions. The effect of dark lighting
conditions is more prominent in severe motorcycle crashes and crashes where motorcyclists
were at fault. Similar effects under dark lighting conditions were observed for pedestrian
and bicycle crashes in previous studies [61,62]. Although inclement weather conditions
and wet road surfaces make vehicle maneuvering difficult, severe motorcycle crashes sub-
stantially reduced under these conditions, probably due to more focused driving and less
speeding by the motorcyclists. The likelihood of a severe motorcycle crash almost halved in
rainy weather conditions when motorcyclists were at fault in crashes. These observations
suggest relatively safer maneuvering practices among motorcyclists in inclement conditions
and increased faulty driving behaviors among drivers of other motor vehicles in rainy
weather conditions.

Reduced visibility and relatively higher proportions of speeding, distraction, and
driving under the influence (DUI) crashes during the nighttime (8 p.m.—6 a.m.) might be
the factors responsible for an increased likelihood of severe motorcycle crashes during this
period. About 27.1% of all motorcycle crashes occurred during the night and were responsi-
ble for 34.5% of all severe motorcycle crashes. Motorcyclists exhibited slightly more faulty
driving behavior during the night compared to other vehicle drivers (28.9% vs. 25.6%) in
severe motorcycle crashes. In general, the proportion of drunk drivers is relatively higher
during the weekend period [63,64]. About 36.1% of all motorcycle crashes occurred during
the weekend, resulting in a substantially higher proportion of severe motorcycle crashes,
especially when the motorcyclists were at fault. The winter season (December—February)
was associated with a substantially lower proportion of motorcycle crashes (probably due
to relatively lower motorcycling practice in cold temperatures) and relatively lesser propor-
tions of severe and non-severe crashes (probably due to relatively safer clothing practices
and helmet use).

3.2.2. Road Characteristics

A higher posted speed limit of the road increased the risk of serious injury for motor-
cyclists, especially when they were not at fault. The posted speed limit of the road had
a greater impact on severe crashes than non-severe crashes. The odds of a severe or a
non-severe crash on roads with a higher posted speed limit were 2.39 and 2.31, respectively,
when motorcyclists were not at fault and 1.54 and 1.30, respectively, when motorcyclists
were at fault. Although higher posted road speed limits generally increased severe crash
risk, FM roads had the highest probability of severe crashes among all road classes. The
effect of the road class on motorcycle crash severity differed substantially based on the
party at fault. When motorcyclists were at fault, the differences in crash-severity odds were
minuscule between high-speed roads (interstate roads, U.S. and state highways, and FM
roads) and low-speed roads (city streets, non-trafficways), as observed from the chi-square
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test (Table 6). However, when motorcyclists were not at fault, low-speed roads were as-
sociated with substantially lower crash odds (OR 0.81 for severe crashes and OR 0.85 for
non-severe crashes) compared to high-speed roads.

Intersections are the converging locations for vehicles and other road users, and vehicle
maneuvering at intersections requires greater focus and attention from drivers. About
27.7% of all motorcycle crashes occurred at intersections, slightly less compared to other
motor vehicles in Texas [65]. Overall, the severe and non-severe motorcycle crash risks at
intersections were slightly lower compared to non-intersection crashes. However, severe
crash risk at intersections increased (OR 1.16) when motorcyclists were not at fault in
crashes (Table 7). When compared to straight road alignment and level road alignment,
curved road alignment and graded /hillcrest road alignment had a higher risk of severe
crashes. This observation is intuitive, as maneuvering a motorcycle becomes relatively
difficult at curved road segments, and grade or hillcrest alignment might contribute to
over-speeding, thus resulting in more severe crashes. When the motorcyclists were at fault,
crashes at curved alignments (both level and grade/hillcrest) resulted in a substantially
higher proportion of severe crashes. The risk of a severe motorcycle crash was the highest
when “no passing zones” were the primary road traffic control. With the “no passing zone”
as the primary traffic control measure, about 50% of all motorcycle crashes resulted in
severe injury, and about 80% of all motorcycle crashes resulted in any type of injury. With
“dividers”, “center stripes”, or “marked lanes” as the primary traffic control, the proportions
of severe crashes were also noticeably higher. When the traffic was primarily controlled
by a warning or stop sign, motorcyclist-at-fault crashes resulted in a substantially higher
proportion of severe crashes (44.3%) compared to motorcyclist-not-at-fault crashes (18.3%).

3.2.3. Motorcyclist Characteristics

According to crash proportions and chi-square test results, motorcyclist helmet status
and the gender of the primary persons involved were strongly associated with severe mo-
torcycle crashes. Male motorcyclists were the predominant victims in motorcycle crashes,
which is consistent with the higher proportion of male motorcyclists on roadways [66].
The probability of severe and non-severe motorcycle injuries quadrupled and tripled,
respectively, when the crash-associated primary person was male. This substantial dif-
ference might be indicative of relatively safer driving and less risk-taking practices by
female motorcyclists, as well as the difference in purpose of motorcycling. Male riders
were slightly more likely to be involved in motorcycle-at-fault crashes compared to female
drivers. About 59.3% of all motorcycle crashes involved riders wearing helmets, and the
proportion of severe injuries was substantially higher for motorcyclists who did not wear
helmets. The practice of wearing a helmet was less common among motorcyclists who were
at fault in crashes (57.2% vs. 61.3%). The use of a helmet was more effective in preventing
severe injuries compared to non-severe ones, especially when the motorcyclist was at fault
in a crash.

White motorcyclists outnumbered Hispanic (24.7%) and Black (14.5%) motorcyclists
in the overall crash sample (56.7%). White motorcyclists had the highest probability of
sustaining a severe or non-severe injury, while Asian motorcyclists had the lowest. The
proportion of faulty driving practices was slightly higher among white motorcyclists and
lowest among Hispanic motorcyclists. When all the motorcyclists were grouped into two
classes (Hispanic and non-Hispanic), Hispanic motorcyclists were slightly more likely
to suffer from a severe or non-severe injury. The young (age 19 years) and older (age
>64 years) motorcyclists showed relatively less faulty driving behavior. However, the older
motorcyclists had the highest likelihood of sustaining a severe injury, irrespective of the
party at fault.

3.3. Logistic Regression Results

For each combination of crash severity level and dataset (either a subset of data based
on who was at fault or all the data), two logit models were made. One model included
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factors related to human characteristics and the other included other factors. The coefficient
estimate, significance, odds ratio, standard error, and respective reference category has been
shown for each variable category in Tables 8 and 9. The coefficient estimates associated with
the categorical variables express their effects on motorcycle crash severity, and a negative
estimate coefficient indicates a decrease in the odds of a severe crash. Contrarily, the odds
of a severe motorcycle crash increase when the estimate coefficient is positive. For example,
as shown in Table 8, the daylight lighting condition is associated with a negative coefficient
estimate (—0.23) when all motorcycle crashes are considered. This implies a decrease in the
log-odds of a severe motorcycle crash (by 0.23) when the lighting changes from the reference
condition (dark lighting) to daylight lighting. The associated asterisks are indicative of
the significance of the variables and, in this case, indicate a significant reduction in severe
motorcycle crashes under daylight lighting conditions. Likewise, when the associated
coefficient is positive (e.g., the coefficient for the weekend period for all motorcycle crashes
is 0.20), higher odds of a severe crash are expected (i.e., a greater likelihood of a severe
crash during the weekend), and the associated asterisks suggest a statistically significant
association between the weekend period and severe motorcycle crashes. The regression
coefficient estimate could be used to determine the odds ratio value. The odds ratio is
representative of the strength of association of a severe or non-severe motorcycle crash with
the predictor variable. For instance, for crashes on roads with a speed limit greater than
25 mph, the odds of a severe motorcyclist-at-fault crash (OR 1.38) were lower compared to
the odds of a severe motorcyclist-not-at-fault crash (OR 1.80).

Table 8. Logistic regression model results for severe motorcyclist injury (KA).

All Motorcyclists Motorcyclist at Fault Motorcyclist not at Fault
Variable Reference Estimates Std OR Estimates Std OR Estimates Std OR
Error Error Error
intercept 1 —0.70 *** 0.11 —0.39 ** 0.14 —1.14**  0.16
Stop/Signal/ Divider/ . ok ot
Crosswalk /None Marked Lane —-0.24 0.03 079 —-0.23 0.04 0.80 —0.24 0.04 0.79
Daylight Dark —0.23 *** 0.05 0.80  —0.23 *** 0.07 079 —025**  0.06 0.78
Rain No—Rain —0.34 ** 0.12 0.71 —-0.36 * 0.16 0.70 0.30 0.19 0.74
Other Roads Highway —0.08 ** 0.03 0.93 —0.003 0.04 1.00 —0.15**  0.04 0.86
Weekend Weekday 0.20 *** 0.03 1.22 0.19 *** 0.04 1.21 0.18 *** 0.04 1.20
Speed Limit > 25 Speed Limit < 25 0.45 *** 0.09 1.56 0.32* 0.13 1.38 0.59 *** 0.14 1.80
Level Grade/Hillcrest —0.33 *** 0.03 072  —0.32** 0.04 072 —027**  0.05 0.76
Wet Dry —0.22* 0.09 0.80 —0.28* 0.12 0.76 —0.21 0.14 0.81
6am.—8 p.m. 8 p.m.—6am. —0.26 *** 0.05 0.77  —0.32** 0.07 0.73 —-0.14* 0.07 0.87
Spring Fall 0.01 0.03 1.01 0.004 0.05 1.00 —0.01 0.05 1.01
Summer Fall 0.03 0.03 1.04 0.004 0.05 1.00 0.07 0.05 1.08
Winter Fall —0.03 0.04 0.97 0.001 0.05 1.00 -0.07 0.06 0.93
Intersection_Yes Intersection_No 0.17 *** 0.03 1.18 0.07 0.05 1.07 0.33 *** 0.04 1.39
intercept 2 —1.17 ** 0.09 —1.05 *** 0.12 —1.37**  0.14
Male Female 0.18 *** 0.05 1.20 0.24 **+* 0.07 1.27 0.13. 0.07 1.14
Age 19-64 Age <18 0.25 *** 0.07 1.28 0.38 *** 0.09 1.46 0.17 0.12 1.19
Age > 65 Age <18 0.43 *** 0.09 1.54 0.45 *** 0.11 1.58 0.48 *** 0.13 1.61
Non—Hispanic Hispanic 0.18 *** 0.03 1.20 0.10* 0.04 1.11 0.25 *** 0.04 1.29
Helmet Worn Helmet Not Worn  —0.39 *** 0.02 0.68  —0.45** 0.03 0.64 —0.29**  0.03 0.75

Note: *** means p < 0.001; ** means p < 0.01; * means p < 0.05; “.” means p < 0.1.

Although the statistical significance of different crash-related variables and their
respective strengths of association with motorcycle crash severity observed from the lo-
gistic regression model and the bivariate analysis were different, the selected variables
and associated motorcycle crash severity mostly provided similar relationship directions
(i.e., positive or negative) for both models, irrespective of the level of crash severity and
the party at fault. The ethnicity and helmet status of the motorcyclist, the road traffic
control, the road alignment, the time of the day, the period of the week, and the road speed
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limit were strong predictors of motorcycle crashes, irrespective of injury severity. The
presence of an intersection, lighting conditions, and the age and gender of the motorcyclist
have a greater association with severe motorcycle crashes, while the weather condition
and the crash season have a stronger association with non-severe motorcycle crashes. Ex-
cept for the road speed limit, the factors that affect the reaction time of the motorcyclist
(e.g., lighting condition, road alignment, road traffic control) were generally strong pre-
dictors of motorcyclist-at-fault crashes resulting in severe injuries. On the other hand,
road-environment-related factors (e.g., road type, intersection presence, road speed limit,
and road alignment) were strong predictors of motorcyclist-not-at-fault crashes resulting in
severe injuries.

Table 9. Logistic regression Model results for any type of motorcyclist injury (KAB).

All Motorcyclists Motorcyclist at Fault Motorcyclist not at Fault
Variable Reference Estimates Std OR  Estimates Std OR  Estimates Std OR
Error Error Error
intercept 1 0.73 *** 0.09 1.20 ** 0.13 0.25* 0.12
Stop/Signal/ Divider/ - ek .
Crosswalk /None Marked Lane —0.26 0.03 0.77 —-0.22 0.04 0.81 —0.28 0.03 0.75
Daylight Dark —0.05 0.04 0.95 —0.07 0.07 0.93 —0.05 0.06 0.95
Rain No—Rain —0.41 ** 0.10 0.66 —0.31* 0.15 073 —050**  0.15 0.60
Other Roads Highway —0.07 ** 0.02 0.94 —0.04 0.04 0.97 —0.09 ** 0.03 0.91
Weekend Weekday 0.14 **+* 0.02 1.15 0.15 *** 0.04 1.16 0.12 *** 0.03 1.13
Speed Limit > 25 Speed Limit < 25 0.44 *** 0.07 1.55 0.17 0.11 1.19 0.66 *** 0.10 1.94
Level Grade/Hillcrest —0.38 *** 0.03 0.69  —0.41** 0.05 0.66 —0.30**  0.05 0.74
Wet Dry —0.001 0.08 1.00 -0.13 0.11 0.88 0.09 0.12 1.10
6 am.—8 p.m. 8 p.m.—6 am. —0.22 *** 0.05 0.81 —0.30 *** 0.07 0.74 —0.10. 0.06 0.90
Spring Fall 0.004 0.03 1.00 0.02 0.05 1.02 —0.01 0.04 0.99
Summer Fall 0.08 * 0.03 1.08 0.12* 0.05 1.13 0.05 0.04 1.05
Winter Fall —0.14 ** 0.04 0.87 —-0.11*% 0.05 090 —0.18**  0.05 0.84
Intersection_Yes Intersection_No 0.03 * 0.03 1.03 —0.05 0.04 0.95 0.13 *** 0.04 1.14
intercept 2 0.62 *** 0.08 0.63 *** 0.11 0.58 *** 0.12
Male Female —0.02 0.05 0.99 0.09 0.07 1.09 —0.10 0.07 0.91
Age 19-64 Age <18 0.08 0.07 1.09 0.23 ** 0.09 1.26 —0.02 0.10 0.98
Age > 65 Age <18 0.18 * 0.08 1.20 0.33 ** 0.11 1.39 0.10 0.12 1.10
Non—Hispanic Hispanic 0.18 *** 0.03 1.20 0.17 *** 0.04 1.18 0.18 *** 0.04 1.20
Helmet Worn Helmet Not Worn  —0.31 *** 0.02 0.73 —0.39 *** 0.03 0.68 —0.23**  0.03 0.79

Note: *** means p < 0.001; ** means p < 0.01; * means p < 0.05; “.” means p < 0.1.

The road speed limit was the predictor with the highest odds of a severe motorcycle
crash, especially when the motorcyclist was not at fault. Due to the relatively less pro-
tected nature of motorcyclists on roadways, the speeds of crash-involved vehicles have
a significant impact on the severity of injuries sustained by those involved. When the
motorcyclists are not at fault in a high-speed crash, they usually have a lesser reaction time,
and the perpendicular collisions resulting from the fault of the drivers of other vehicles
make the crashes deadlier. The presence of an intersection was a significant predictor
in determining non-severe motorcycle crashes in the bivariate analysis as a stand-alone
variable and decreased the likelihood of non-severe crashes (OR 0.86). However, for the
logistic regression model, while acting in conjunction with other variables, the presence of
an intersection turned out to be a significant predictor for severe motorcycle crashes and
increased the likelihood of severe crashes (OR 1.18). In the case of KAB motorcycle crashes,
the road traffic control, the weekend period, road alignment, and the helmet status and
ethnicity of motorcyclists were significant predictors regardless of the party at fault.

Adverse weather conditions (rain) reduced the likelihood of both severe and non-
severe motorcycle crashes. Wet surface conditions reduced the likelihood of severe motor-
cycle crashes. Reduced vehicle speed, combined with increased focus while driving, may
reduce the crash severity risk for rainy weather and wet surfaces. Overall, the likelihood
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of severe motorcycle crashes was largely dependent on vehicle speed and maneuvering-
related variables (higher road speed limit, highways, grade/hillcrest road alignment,
divider/marked lane as traffic control, intersection presence), visibility and temporal vari-
ables (8 p.m.—6 a.m. period, dark lighting condition, weekend period), and primary person
characteristics (age, gender, ethnicity, helmet use practice). Wearing a helmet significantly
reduced the likelihood of both severe and non-severe motorcycle crashes, regardless of
who was at fault. Male and older primary persons have higher odds of severe injury, while
female primary persons are more likely to sustain non-severe injuries.

4. Conclusions

Motorcycle riders are the most susceptible to severe injuries among all road users.
Using Texas five-year crash data (including geographical coordinates, chronological in-
formation, environmental and road parameters, and other pertinent information), this
study evaluated the complicated correlations between motorcycle-crash-related elements
and associated crash severity. After splitting the motorcycle collisions into two subgroups
based on the party at fault, bivariate and logistic regression analyses were conducted to
determine the correlations between the severity of injuries and temporal, human, road, and
environmental factors.

The day of the week, time of day, speed limit, road alignment, road traffic control,
ethnicity, and helmet use were significant predictors of motorcycle collisions resulting
in injuries, regardless of severity. Yet only the principal person’s age and gender were
significant predictors of serious collisions. When warning or yield signs were the principal
traffic control on a road, the percentage of motorcyclist-at-fault collisions was much greater
than the percentage of motorcyclist-not-at-fault collisions. Much more serious motorcycle
crashes occurred in no-passing zones compared to other road traffic measures. Campaigns
emphasizing the necessity of correctly respecting road signs, the installation of additional
road signs in no-passing zones, and an increase in police patrol in these areas could
minimize road-traffic-control-related serious motorcycle crashes. As noted in the section on
the literature review, helmets have been found to reduce both severe and minor injuries. In
Texas, however, motorcyclists over the age of 21 who have completed a safety course and
have USD 10,000 in insurance are not obliged to wear a helmet. Several localities in Texas
have passed ordinances requiring helmet use, but there is currently no statewide helmet
law. The implementation of a statewide helmet law or helmet-use ordinances in all major
cities is strongly advocated.

Although adverse weather conditions and wet surfaces reduced the likelihood of
severe motorcycle crashes (due to slower vehicle speeds), the proportion of faulty mo-
torcyclists increased significantly under these conditions, suggesting that motorcyclists
may be less willing to engage in safer maneuvers in these conditions. Motorcyclists are
substantially less likely to be at fault in junction collisions, and when they are not at fault,
the chance of severe injuries is significantly increased. Compared to other motor vehicles,
it is easier to miss a motorcycle approaching a crossroads, and the negligence of other
motorists frequently puts motorcyclists at risk, especially during left turns [67,68]. Reduced
speed limits near unsignalized intersections, the installation of a “stop and go” signal at
unsignalized intersections, the introduction of dedicated left-turn-only lanes at high-risk
intersections, and the installation of advanced intersection conflict warning systems may
all contribute to the reduction in motorcycle collisions at intersections [69].

On city and county highways, motorcyclists were less likely to commit traffic viola-
tions. In addition, on routes with greater speed restrictions, the chance of severe injury was
significantly higher when the motorcyclist was not at fault, perhaps due to the motorcy-
clist’s relatively shorter reaction time and the unpredictability of a collision. During the
day (6 a.m.—-8 p.m.), motorcyclists were found to exhibit somewhat erratic conduct, but
other motor vehicle drivers were more likely to exhibit erratic behavior at night. The use
of speed cameras, educational campaigns, and awareness initiatives directed at drivers
of other motor vehicles so that they can safely use city roadways, particularly at night,
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could aid in the reduction in serious motorcycle crashes on city streets. It is highly likely
that the level of law enforcement inside cities and on highways is different, and ensuring
a sufficient level of law enforcement for both cities and highways might help to reduce
law violations and severe crashes. Drunk drivers account for a significant proportion of
negligent nighttime drivers; hence, increasing the use of ridesharing services after alcohol
intake and implementing anti-drunk-driving technologies (e.g., breathalyzers or touch
sensors) are advocated. Curved road segments are more difficult to navigate, especially
if they have a steep slope. To increase friction and skid resistance, high-friction road
treatments could be applied on curved segments with steep downward gradients, signal-
ized and stop-controlled crossings with frequent motorcycle collisions, and intersection
approaches [70]. Due to the substantially higher use of protective gear (e.g., leather gloves,
coats, and pants) by motorcyclists during the winter season, which minimizes soft tissue
injury [21], the probability of a non-severe motorcycle crash is significantly reduced during
the winter season. While the busier roads and intersections in and around the city centers
of Texas’s major cities had significantly higher motorcycle crash densities, these roads and
intersections were frequently observed to have cold spots, while most of the hotspots were
located outside the city limits of some of the major cities.

This research has a few drawbacks. The severity of crash-related injuries was deter-
mined by the on-duty police officer based on the officer’s discretion (which was subject
to error) and was not cross-verified with hospital data or other external data sources. The
police indicated that contributing variables were considered when determining who was
responsible in a collision, and the reporting was subject to subjective fault. Because crashes
involving principal persons may not be representative of the broader road-user population,
bias in sample selection is frequently linked with crash data analysis, and the findings from
this study are no exception. Due to the unavailability of reliable statewide AADT data,
this study could not incorporate AADT data during the analysis. Almost one-fourth of
the crashes lacked coordinates, hence the heat map analysis and hotspot analysis were
conducted using only the crashes with locations. When the seriousness of a collision
was unable to be determined (e.g., hit-and-run, abandoning the scene), it was listed as
unknown. The findings of this study could assist the city of San Antonio in attaining its
goal of minimizing traffic-related fatalities [71]. Using the results of spatial and statisti-
cal analysis, the stakeholders may make an informed decision by assuring the effective
prioritization of resources for the modification of current facilities and the deployment
of new facilities. Knowing how diverse variables influence severe motorcycle collisions,
particularly the at-fault party, could aid in the organization of effective awareness programs
and the formulation of laws.
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