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ARTICLE INFO ABSTRACT

Keywords: This paper examined the accident risk factors associated with highway traffic and roadway design, for each of
Highway safety three highway classes in the United States using a bivariate modeling framework involving two levels of accident
ROaC? _Cl‘_iss severity. With regard to the highest class (Interstates), the results suggest that, compared to no-casualty acci-
Sensitivity dents, casualty accidents are more sensitive to traffic volume and average vertical grade, but less sensitive to the
g&aadri::lgn inside shoulder width and the median width. For US Roads, it was determined that, compared to no-casualty
Casualty accidents, casualty accidents are more sensitive to traffic volume, outside shoulder width, pavement condition,

and median width but less sensitive to the average vertical grade. For the relatively lowest-class roads (State
Roads), it was determined that, compared to no-casualty accidents, casualty accidents are more sensitive to the
traffic volume, lane width, outside shoulder width, and pavement condition. Compared to the relatively lower-
class highways, accidents at higher-class highways are more sensitive to: changes in traffic volume, average
vertical grade, median width, inside shoulder width, and the pavement condition (no-casualty accidents only);
but less sensitive to changes in lane width, pavement condition (casualty accidents only), and the outside
shoulder width. This variation in sensitivity across the different road classes could be attributed to the differ-
ences in road geometry standards across the road classes, as the results seem to support the hypothesis that these
standards strongly influence accident occurrence. It is hoped that the developed bivariate negative binomial
models can help highway engineers to evaluate their current design standards and policy, and to assess the safety
consequences of changes in these standards in each road class.

1. Introduction on the relationships between highway accidents, and road geometry

and traffic. It is expected that such knowledge will facilitate effective

In 2014, the U.S. Center for Disease Control ranked highway acci-
dents as the fourth leading cause of death in the United States. Also,
highway accidents were ranked as the leading cause of death for people
1-44 years of age (U.S. Department of Health, Human Services, 2016).
On a global scale, highway accidents are the ninth major cause of death,
accounting for over 1.4 million deaths (World Health Organization,
2015). The cost of highway accidents is monumental — in the United
States, the total economic and societal costs amounted to $836 billion
in 2015; of this, the $242 billion in economic costs translates to $800
for each person or 1.6% of the Gross Domestic Product (Blincoe et al.,
2015). Given the significant economic and social costs of highway ac-
cidents and the potential for their avoidance using cost-effective safety
countermeasures, highway agencies continue to seek further knowledge

* Corresponding author.

identification of hazardous areas and overall, will enhance decision-
making based on strategic safety-related performance indicators
aligned with a clear vision of the societal benefits of safety improve-
ments (Qin et al., 2010; Dolan et al., 2016; Aguero-Valverde et al.,
2016; Carhart et al., 2016).

There is a wide range of factor categories that affect highway ac-
cidents — attributes of the driver, vehicle, enforcement levels, natural
environment, and road engineering features (Radwan and Sinha, 1978;
Sinha et al., 1981; Sinha and Labi, 2007) as well as the complex in-
teractions among them (Most et al., 2014; Park et al., 2016; Mannering
et al., 2016; Tang et al., 2018). Unfortunately, the information con-
tained in accident databases do not span this entire spectrum of acci-
dent factors. As such, efforts to model accident frequency and severity
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have often proceeded with tacit or explicit admission that the data is
missing some accident factor information, thus often precluding a more
revealing narrative and explanation of the accident experience. This
problem of unobserved heterogeneity is further exacerbated by the
spatial and temporal correlation of accident data and the correlation
across the different levels of accident severity. Failure to account for
these correlations may lead to invalid inferential statistics and unreli-
able parameter estimation (Guo et al., 2010; Huang and Abdel-Aty,
2010).

In this paper, the fatal and injury are combined as one level: “ca-
sualty,” and property-damage-only accidents are termed “no-casualty”.
This is consistent with the views of past researchers who recommended
combining fatal and injury crashes for modeling purposes (Bedard
et al., 2002; Braver and Trempel, 2004 Ouimet et al., 2010; Deublein
et al., 2015 Hall, 2017; Labi et al., 2017). Bivariate represents a special
case of multivariate where the number of levels is 2; in the context of
this paper, casualty (injury + fatal) and no-casualty (property damage
only). Cross-severity correlation emerges from a variety of sources. For
example, in an accident that was recorded as “multiple occupant in-
juries” accident, it may be the case that the different occupants actually
experienced different levels of injury severity; there are often no data
on the factors that capture these differences in injury. Secondly, there
exists some correlation across these injury severity levels (Abay et al.,
2013; Eluru et al., 2010; Yasmin et al., 2014). Efforts to estimate se-
parate univariate models using the data can be expected to cause sta-
tistical problems because for a given roadway, the unobserved factors
may possibly be impacting multiple accident counts (of different se-
verity levels) simultaneously (Mannering et al., 2016). For such data,
the use of a traditional fixed-parameter model or a univariate modeling
approach (that is, modeling each severity level separately not ac-
counting for any correlation between the accident counts across the
accident severity levels) often leads to incorrect inferences and biased
parameter estimates (Washington et al., 2011).

Safety researchers have risen to this challenge, as highway safety
research has continued to advance the state of the art regarding ana-
lytical methods that characterize and address the effect of such un-
observed factors. For example, over the past few decades, there has
been a gradual upsurge in the development and application of the
statistical multivariate techniques and approaches for joint modeling of
accident frequencies (Hauer, 1980, 1992, Hauer and Persaud, 2001 El-
Basyouny and Sayed, 2009; Sayed and Abdelwahab, 1998; Bijleveld,
2005; Ma and Kockelman, 2006; Ma et al., 2008; Song et al., 2006;
Wang et al., 2011; Nashad et al., 2016; Chen et al., 2017a, b). Also, a
number of research studies have used a variety of statistical tools to
address other sources of possible error in modeling accident data (Qin
and Reyes, 2011; El-Basyouny and Sayed, 2011; Abdel-Aty et al., 2013;
Barua et al., 2016; Chen and Tarko, 2014; Park et al., 2015; Dinu and
Veeraragavan, 2011; El-Basyouny et al., 2014a; Garnowski and Manner,
2011; Dong et al., 2014; El-Basyouny et al., 2014b; Lee et al., 2015a;
Wang and Qin, 2014; Barua et al., 2016).These efforts have gradually
led to substantial improvements in model predictive capability and
reliability.

This paper examines the sensitivity of accident frequency and se-
verity to different levels of the accident factors and assesses the varia-
tion in the sensitivities of the factors across the different highway
classes and across the accident severities. In attempting to contribute to
existing knowledge in this domain and to throw more light on this issue,
the paper uses a bivariate modeling framework. The framework is in-
tended to account for possible error correlation across the different
levels of accident severity thus reducing the estimation error and en-
hancing the precision of estimates. It is hoped that addressing the issue
will help highway engineers in evaluating their current design stan-
dards and policies with respect to the various design features (including
those related to the highway cross section), and in assessing the safety
consequences of changing (or not changing) these standards.
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2. Methodology

The study methodology used a bivariate negative binomial frame-
work that was implemented to investigate the impact of roadway
geometric features on highway safety while accounting for the corre-
lations across the two accident types (casualty accidents and no-ca-
sualty accidents). In contrast with the more common single-equation
negative binomial framework (which estimates the models separately),
the bivariate framework estimates the models for the different accident
severity levels simultaneously. This is accomplished by introducing a
shared error term matrix to account for the correlation between acci-
dent severity levels. The bivariate negative binomial (BNB) framework
is a generalization of the multivariate framework that was described by
Winkelmann (2000,2008). The paragraph below presents the Wink-
leman framework, modified to address the BNB problem in this paper.

Let z; represent a J-dimensional vector, each element of which is
Poisson-distributed with parameter 4,

Where: z; is a vector of counts for the number of accidents in the i
level of accident severity, on

h

zi = 2, Ziz-Ziy)" (€9)]

i=1,2,..,Landj=1,2,..,J

In this paper, there are two levels of accident severity: casualty and
no-casualty; therefore, I = 2. In addition, the number of observations,
J, is different for each category of models (that is, each level of accident
severity, and for each road class).

The expected number of accidents of the i severity level in j road
segment is given by:
Ay = e @
x; = vector of independent variables associated with the geometric
design, traffic volume, and pavement condition; ,6’1 is a vector of coef-
ficients for the corresponding independent variables.

To account for the presence of error term in the model, let z;lv; a be
Poisson distributed random variable with parameter 1;v;. Then Eq. (2)
becomes:

Aguy = 1A+ 3
vy is gamma distributed with mean 1 and variance o~

The marginal distribution of z;; after integration over vj; is negative
binomial with mean E (z;) = 1; and variance Var(zy) = Aj + a~ 'A%

In order to develop the probability generating function for the ne-
gative binomial distribution, the parameter a is parameterized as fol-
lows:

Where symbols have meanings as explained above.

The parameterization will not affect the mean; however, the var-
iance Var (z;) = 1;(1 + o) becomes a linear function of the mean. After
the parameterization, the negative binomial distribution has the fol-
lowing probability generating function:

B(s) = [1+ 01 — )4/

BRE)=[1+0c@-9)]7° 4

P(s)=[1+0Q — s)[Wtnie

Where: u; represents a scalar random variable with negative binomial
distribution and mean y. y; = g + w;, si = minQy, Yp--Yy)
The covariances between ); and y, are
Cov(y,-j, Vo) =vQ +o0)
The framework allows for overdispersion on the condition that
o > 0. The joint probability function of the multivariate negative bi-
nomial framework is expressed as:

given by
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F(ﬂ.ij/O’ + Z,‘j) 1

)A,-j/a( c )Z,-j
IF'(Aj/o)L(zj+1) 1+0

fNB (ZU) = 1+0

Where: fyg is the negative binomial probability function. Winkelmann
(2000,2008) provided further details on the framework. If a is sig-
nificantly different from O, then the negative binomial framework is
preferred. The Akaike Information Criterion (AIC) and Bayesian In-
formation Criterion (BIC) (Friedman et al., 2001) were used for select
the final set of variables. These concepts help choose the best set of
variables that provide the best fit to the data while penalizing model
overfitting that is often associated with the use of a large number of
variables. A large number of sets of potential variables (each set re-
presenting a given combination of these variables) was investigated.
The AIC and BIC were calculated for the model corresponding to each
set of potential variables, and the model which yielded the smallest AIC
and BIC was selected as the final model.

In addition, the proposed framework was applied separately for
each of the three road classes (i.e., Interstates, US roads and State
roads). Due to the similarity of State Roads and US Roads (as will be
observed subsequently in the data description section of this paper), a
likelihood ratio test for parameter transferability was carried out in
order to test if a single model or two separate models should be used to
describe these two road classes. The likelihood ratio test for parameter
transferability is given as (Washington et al., 2011):

XZ = —Z[LL(ﬁU) - LL(ﬁl) - LL(ﬁ])]

where, LL(§;) is the log-likelihood at convergence of the model esti-
mated with the data from both of the road classes i and j; LL(S,) is the
log-likelihood at convergence of the model estimated with data from
road class i; and LL(f)) is the log-likelihood at convergence of the model
estimated with data from road class j.

The paper’s methodology also includes an analysis of the elasticity
of the crash frequency to the key explanatory factors. As defined in the
literature, the elasticity of an accident outcome to an explanatory factor
is the percentage change in the accident outcome in response to a 1%
change in that factor. For continuous variables such as the shoulder
width and average vertical grade, the elasticity, E, is given by:

y _ 9
xik — TI

Xik
axik

Where: E = Elasticity of accident frequency with respect to the factor X,

Xk is the value of the kth explanatory factor. ; is the expected count
(frequency) for observation i. Elasticities are computed for each ob-
servation, and a single, average elasticity is typically reported across all
i

In the literature, a variety of functional forms have been used for the
accident prediction equation: linear, product, and exponential
(Forkenbrock and Foster (1997). These have been used in the context of
negative binomial or Poisson regression. For non-continuous variables
such as indicator variables that take on values of one or zero, a pseudo-
elasticity is used (Washington, et al., 2011). From the elasticity equa-
tion given above, it is clear that the elasticity of safety outcome with
respect to a given factor is a dimensionless value but depends on the
existing value of the factor as well as the functional form used to model
the accident frequency. The concept of elasticities help to acquire in-
sight into the implications of parameter estimation results, particularly,
to measure the effects of the explanatory factors. Elasticities provide an
estimate of the impact of a variable on the expected frequency and are
interpreted as the effect of a 1% change in the variable on the expected
frequency Ai. For example, an elasticity of -3.4 is interpreted as follows:
a 1% increase in the variable reduces the expected frequency by 3.4%.

In the literature, the efficacy of highway safety countermeasures has
been measured in terms of their accident reduction or accident mod-
ification factors, and in certain studies, elasticities. A crash reduction
factor (CRF) is the percentage crash reduction that might be expected
after implementing a given countermeasure at a specific site (Davis,
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Table 1
Summary statistics for the key variables.
Mean Std Dev.  Minimum Maximum
Interstates
Total number of casualty accidents 4.506 3.959 0 19
per year
Total number of no-casualty 18.030 15.206 O 79
accidents per year
Segment length in miles 5.130 2.241 0.560 11.310
Average annual daily traffic (in 3.271 1.600 1.181 12.865
10,000s)
Lane width in ft. 12.030 0.784 8.750 14.46
Outside shoulder width in ft. 10.335  0.981 2.800 12
Pavement condition (PSI units) 3.618 0.401 2.031 4.864
Average vertical curve grade (%) 1.639 1.950 0 6.179
Road segments with inside shoulder ~ 100% 0 1
or median
Road segments with inside shoulder 100% 0 1
Inside shoulder width in ft. 4.562 1.765 3 8
Median width in ft. 61.236 14.308 2 99
Number of lanes on road segment 5.037 0.269 5 7
Road segment with more than 2 100% 0 1
lanes
US Roads
Total number of casualty accidents 3.913 3.966 0 41
Total number of no-casualty 12.644 11.129 0 110
accidents
Segment length in miles 5.852 2.495 0.620 16.610
Average annual daily traffic (in 0.883 0.629 0.116 3.829
10,000)
Lane width in ft. 12.755 2.175 9.060 16.21
Outside shoulder width in ft. 6.330 3.052 0.600 14
Pavement condition (PSI units) 3.326 0.573 1.119 4.788
Average vertical curve grade (%) 1.160 1.708 0 7.421
Road segments with inside shoulder  44.23% 0 1
or median
Road segments with inside shoulder  32.37% 0 1
Inside shoulder width in ft. 1.337 2.061 0 6.85
Median width in ft. 16.345 23.067 0 75.870
Number of lanes on road segment 3.006 1.414 2 5
Road segment with more than 2 33.65% 0 1
lanes
State Roads
Total number of casualty accidents 3.177 3.575 0 21
Total number of no-casualty 10.587 11.052 0 94
accidents
Segment length in miles 5.947 2.620 1 15.140
Average annual daily traffic (in 0.646 0.649 0.027 3.737
10,000)
Lane width in ft. 12.202  2.179 8.290 16.36
Outside shoulder width in ft. 4.678 3.319 0 13
Pavement condition (PSI units) 3.341 0.574 1.438 4.790
Average vertical curve grade (%) 1.112 1.605 0 5.948
Road segments with inside shoulder  23.79% 0 1
or median
Road segments with inside shoulder  15.86% 0 1
Inside shoulder width in ft. 0.647 1.614 0 6.21
Median width in ft. 8.834 19.643 0 81.560
Number of lanes on road segment 2.503 1.115 2 5
Road segment with more than 2 17.24% 0 1

lanes

2000; Shen and Gan, 2003; Kim et al.,, 2012; Oh and Park, 2014).
Elasticities are generally applicable if the change of the road factor (due
to the countermeasure implementation) is small (Washington et al.,
2011).

3. Data description

Table 1 presents the summary statistics of the model’s key variables
for all the segments investigated in this paper. The table does this se-
parately for three highway classes (also referred to as route types):
Interstates, US Roads, and State Roads. Interstates generally have the
highest levels of design standards regarding pavement quality and road
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geometrics; on the other hand, state roads generally have the lowest
levels. For example, Interstates tend to have thicker pavements, fewer
surface defects such as potholes, multiple lanes, wider lanes and
shoulders, paved shoulders, gentle horizontal and vertical curves, and
access control. On the other extreme, state roads tend to have relatively
thinner pavements, more frequent or severe surface defects, single
lanes, shoulders that are narrow, unpaved, or non-existent, less-gentle
horizontal and vertical curves, and poor access control due to inter-
sections and driveways.

As the table indicates, 100% Interstates have multiple lanes (no two-
lane road section) while 66% and 82% of US Roads and State Roads,
respectively, have two-lane sections. Multiple lanes generally provide
the motorist with greater passing opportunities thus generally provide a
safer environment in that regard. In addition, 100% of Interstates have
an inside shoulder and a median; for US Roads, 44% and 32%, and for
State Roads, 24% and 16% have an inside shoulder and a median, re-
spectively. The pavement condition is expressed in terms of the present
serviceability index which ranges from 0 (failed) to 5 (condition). The
table shows that the Interstates generally have superior pavement
condition (2.03-4.86 PSI), compared to US Roads (1.12-4.79 PSI) and
State Roads (1.44-4.79 PSI).

Fig. 1 presents, for the three road classes, the overall safety per-
formance (accident experience) and the key factors that generally in-
fluence the safety performance (geometrics and traffic volume). The
mean values for each road class is shown. Also, for all segments in the
state (all road classes), the mean and a fraction of standard deviation
(band) are shown for each design factor or operational attribute. The
figure confirms the marked differences in the geometric characteristics
and accident experience across the road classes and provides some in-
dication of their relative overall safety performance and design per-
formance compared to each other. With regard to accident experience,
state roads and US roads were similar but very distinct from Interstates.
With regard to lane width and shoulder (inside and outside), the traffic
volume, and the number of lanes, these two non-Interstate road classes
seem to be somewhat similar but again much distinct from Interstates.
With regard to the vertical alignment and the fraction of multiple-lane
roads, all three road classes seem to be rather distinct from each other.
Due to the relative closeness of the locations of State Roads and US
Roads on the quadrant charts in Fig. 1, it may be hypothesized that the
state of safety at these two classes are not significantly different from
each other and that this could be described using a single rather than
separate models. In order to test this hypothesis of similar state of safety
at the US and the State roads, this article also carried out a likelihood
ratio test for road class transferability. This test was performed to as-
certain whether the hypothesis should be rejected.

Fig. 2 presents the accident frequency distributions by severity
level, for each road class. As expected, the frequency of no-casualty
accidents exceeds that of casual accidents for all road classes. In addi-
tion, the distributions of the frequency charts seemed to be generally
similar across the road classes: a preponderance of zero-accident seg-
ments, then a sharp drop in frequency for low accident counts, followed
by an increasing function to some maximum point after which the
frequency decreases gradually, yielding an approximately right-skewed
shape. The exact location of the inflexion points and the distribution
curve slopes differ across the road classes and accident severity levels:
relatively gentle for Interstates and relatively less gentle for the two
non-Interstate classes.

4. Results and discussion

First, the hypothesis that the parameters for the US roads and State
roads are significantly similar was postulated and tested.

X* = —2[LL By siare) — LL(Bys) — LL (Bsyqre) | = 262.58

Xloo1s = 29-14123774 (DOF = 14)
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2 2
X* > Xeo01,00F

Hence, the null hypothesis is rejected at 99% confidence level.
Therefore, the results of the likelihood ratio test for parameter trans-
ferability indicated that two separate models should be estimated to
describe accident occurrence at US roads and State roads.

Next, the bivariate negative binomial models developed separately
for Interstate, State roads and US roads, and the results are presented in
Table 2. The table presents only the variables that were found to be
statistically significant at the given level of significance. It is important
to state that in some of the models, certain variables were not found
statistically significant not necessarily because they play no role in
accident occurrence but because they exhibited little or no variation in
the dataset. As such, it should not be interpreted broadly that for these
variables, changes in their values do not influence accident frequency.
Rather, the results discussed herein are applicable only for the range of
each variable in the data (see Table 1). Table 3 presents the goodness-
of-fit values of the models.

4.1. Traffic volume

Researchers have often cautioned that traffic volume must be in-
cluded in accident models only with a great deal of circumspection due
to possible correlation with other explanatory variables such as the
shoulder, number of lanes, and lane width. Some of the earliest studies
on this topic were by Lundy (1965); Gwynn (1967); Kihlberg and Sharp
(1968), and Satterly and Cleveland (1969) who developed relationships
between accident rates on one hand, and traffic volume or volume-ca-
pacity ratios on the other hand. Subsequent studies by Cedar and
Livneh, (1982),; TRB (1985), and Frantzeskakis and Iordanis (1987),
threw more light on the issue using data spanning wider range of traffic
conditions. More recently, Hall and Pendleton, (1990) analyzed traffic
count and accident data and determined that when the hourly traffic
volumes are far lower than capacity, the accident rates decreased with
increasing traffic volumes and with increasing volume/capacity ratios.
Duivenvoorden (2010) suggested that as traffic volumes increase, the
number of accidents seems to increase but the accident rate seems to
decrease.

In both casualty and no-casualty models developed in this paper, the
variable representing traffic volume consistently had positive (albeit,
non-identical) coefficients in the models for all three separate road
classes. In other words, the relationship observed between traffic vo-
lume and accident frequency has the same direction but different
magnitudes, across the road classes. This is consistent with findings of
past research as discussed above. With regard to casualty accidents, the
model indicated that a 1% increase in natural logarithm of traffic vo-
lume is associated with 8.0982% increase for Interstate roads, 5.6315%
for US Roads, and 6.8664% for State Roads. With regard to no-casualty
accidents, the model indicated that a 1% increase in natural logarithm
of traffic volume is associated with 7.8605% increase for Interstate
roads, 4.4678% for US Roads, and 5.7549% for State Roads. This sug-
gests that (a) casualty accidents are generally more sensitive to changes
in traffic volume compared to no-casualty accidents, for each road class,
(b) for a given accident severity level, there is an ambiguous trend of
the magnitude of the relationship from higher class to the lower class
roads: the highest class of highways are most sensitive to changes in
traffic volume, and the middle class of highways are least sensitive.

4.2. Vertical alignment

It is intuitive that steeper grades are generally more hazardous from
a safety perspective. Therefore, gentle slopes are generally preferable in
highway design. However, this is costly due to the amount of earthwork
involved in designs that yield gentle slopes, particular on rolling ter-
rain. Researchers including Miaou et al. (1993) and Harwood et al.
(1998) have investigated the effect of vertical grade on accidents.
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Fig. 1. Design and operational characteristics across the road classes (a) Interstate Roads, (b) US Roads, (c) State Roads.

In this paper, the average vertical curve grade was determined to
have positive coefficients in the models for Interstate and US Roads. For
each of these road classes, the effect of vertical grade on safety was
different for each accident severity level. With regard to casualty ac-
cidents, a 1% increase in vertical grade is associated with 0.1019%
increase for Interstate roads and 0.0432% for US Roads. With regard to
no-casualty accidents, the model indicated that a 1% increase in ver-
tical grade is associated with 0.0771% increase for Interstate roads and
0.0568% for US Roads. These results lead to a number of inferences.
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First, for a given road class, casualty accidents are more sensitive to
changes in the vertical grade compared to no-casualty accidents.
Second, for both levels of accident severity, higher-class highways are
more sensitive to changes in vertical grade, compared to lower-class
highways.

4.3. Shoulder width

The road shoulder can influence safety directly (by serving as a
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Fig. 2. Accident Frequency Distributions by Road Class and Accident Severity.

refuge area to avoid an accident) or indirectly (by increasing capacity
thus reducing the v/c ratio which has been shown to affect accident
occurrence). The shoulder, whose width is measured as the distance
between the pavement edge to the start of the side-slope, and may be
paved fully or partially, or unpaved. Empirical studies on the re-
lationship between shoulder width and safety include those by Zegeer
and Deacon, 1987; Vogt and Bared, 1998; Harwood et al., 1998;
Fitzpatrick et al., 2000; Hauer, 2000). We provide below, separate
discussion for the inside and outside shoulder widths.

4.4. Inside shoulder width

The impact of inside shoulder width on accident frequency, exhibits
a clear curve form (Fig. 3). The figure suggests that this design feature is
the most sensitive compared to all other design features. The plot is
developed for Interstates only because the results showed that the
presence or width of the inside shoulder has a significant impact on the
number of casualty and no-casualty accidents for this road class only.
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As Table 4 indicates, for Interstate roads, a 1% increase in the inside
shoulder width is associated with 1.7248% decrease in casualty acci-
dents and a 2.9666% decrease in no-casualty accidents. This seems to
suggest that for that class of highways, no-casualty accidents are more
sensitive to changes in the inside shoulder width, compared to casualty
accidents.

4.5. Outside shoulder width

The curves in Fig. 4 suggest that no-casualty accidents, compared
are casualty accidents, are generally less sensitive to outside shoulder
width. This figure is for the US roads but the general trend was found to
be similar for State Roads. For US Roads, a 1% increase in the outside
shoulder width is associated with a 0.2975% decrease in casualty ac-
cidents and a 0.0550% decrease in no-casualty accidents. For State
Roads, a 1% increase in outside shoulder width is associated with a
0.3896% decrease in casualty accidents and a 0.2343% decrease in no-
casualty accidents. These trends also suggest that for a given accident
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Table 2
The Estimated Bivariate Negative Binomial Models.

Road class Variables coefficient estimates standard error p-value

Interstates Casualty Accidents
Bo -12.8332 2.2625 < 0.0001
Segment length in miles 0.1582 0.0250 < 0.0001
LN(average annual daily traffic) 0.7870 0.1432 < 0.0001
Average vertical curve grade 0.0622 0.0289 0.0316
Inside shoulder width in ft. -0.3781 0.0571 < 0.0001
Median width in ft. -0.0082 0.0050 0.0979
Number of lanes on the road segment 1.4570 0.4227 0.0006
No-casualty Accidents
Bo -18.9604 2.4805 < 0.0001
LN(average annual daily traffic) 0.7639 0.1273 < 0.0001
Pavement condition (PSI units) -0.0738 0.0317 0.0198
Average vertical curve grade 0.0471 0.0266 0.0777
Inside shoulder width in ft. -0.6503 0.0646 < 0.0001
Median width in ft. -0.0106 0.0044 0.0158
Number of lanes on the road segment 3.2660 0.4923 < 0.0001

US Roads Casualty Accidents
By -4.5535 0.5534 < 0.0001
Segment length in miles 0.1255 0.0129 < 0.0001
LN(average annual daily traffic) 0.6349 0.0635 < 0.0001
Outside shoulder width in ft. -0.0470 0.0170 0.0059
Pavement condition (PSI units) -0.0916 0.0447 0.0406
Average vertical curve grade 0.0373 0.0191 0.0511
Inside shoulder (1 if exist, 0 otherwise) -0.3066 0.1289 0.0174
Median width in ft. -0.0069 0.0023 0.0029
No-casualty Accidents
By -2.7617 0.4469 < 0.0001
Segment length in miles 0.1238 0.0115 < 0.0001
LN(average annual daily traffic) 0.5037 0.0533 < 0.0001
Outside shoulder width in ft. -0.0087 0.0049 0.0751
Average vertical curve grade 0.0490 0.0167 0.0035

State Roads Casualty Accidents
Bo -6.3659 0.4980 < 0.0001
Segment length in miles 0.1249 0.0136 < 0.0001
LN(average annual daily traffic) 0.8253 0.0582 < 0.0001
Lane width in ft. -0.0381 0.0179 0.0338
Outside shoulder width in ft. -0.0833 0.0194 < 0.0001
Pavement condition (PSI units) -0.0894 0.0539 0.0989
Inside shoulder (1 if exist, 0 otherwise) -0.5604 0.3166 0.0767
Number of lanes on the road segment 0.2128 0.1247 0.0879
No-casualty Accidents
Bo -3.9423 0.3833 < 0.0001
Segment length in miles 0.1285 0.0116 < 0.0001
LN(average annual daily traffic) 0.6917 0.0458 < 0.0001
Lane width in ft. —-0.0365 0.0157 0.0206
Outside shoulder width in ft. -0.0501 0.0154 0.0011
Inside shoulder (1 if exist, 0 otherwise) -0.2264 0.0841 0.0072
Number of lanes on the road segment 0.1134 0.0569 0.0465

Table displays model with only those variable that are statistically significant at 90% degree of confidence.

Table 3
AIC and BIC for developed bivariate negative binomial models.

Interstates US Roads State Roads
Akaike information criterion (AIC) 3929.32 7127.97 5950.96
Bayesian information criterion (BIC) 3996.43 7199.78 6031.86
Number of observations 311 624 576

severity level, US Roads are less sensitive to changes in the outside
shoulder width compared to their relatively lower-class counterparts
(State Roads).

4.6. Lane width

The lane width of a two-lane road is the distance between the
centerline of the roadway to the pavement edge. Lanes of adequate
width increase the opportunity for recovery of errant vehicles and also
provide increased lateral separation between passing and opposing
vehicles. Several studies have been carried out to relate lane width to
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accident experience (Zegeer and Deacon, 1987; Tarko and Sinha, 1997
Harwood et al., 1998; Stamatiadis et al., 2009). Zegeer and Deacon,
1987 determined that widening a lane by 4 ft., for example, could yield
as much as 40% reduction in accidents.

In this paper, the segments with wider lanes were generally found to
have fewer accidents compared to those with narrower lanes: within
the range of lane widths studied, the number of accidents on state roads
reduces with increase in lane width (Fig. 5). The figure suggests that the
sensitivity of accident reduction to lane width is generally higher for
high volume segments compared to low volume counterparts. This
observation is similar across the two severity levels (casualty vs. no-
casualty), except that the accident frequency for the latter exceeds that
for the former by a factor of approximately four, all other factors re-
maining the same.

For state roads, the lane width was found to be strongly associated
with the accident experience: a 1% of increase in lane width will reduce
the expected accident frequency by 0.4649% and 0.4453% for casualty
and no-casualty accidents on state roads, respectively. For Interstate
and US highways, no strong association was found between lane width
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Fig. 3. Safety Impact of Inside Shoulder Width, Typical Interstate Segment.

Table 4
Sensitivity of the estimated bivariate negative binomial model parameters.

Variables Interstates  US Roads  State Roads

Casualty Accidents

Segment length in miles 0.8115 0.7344 0.7427

Natural logarithm of average annual daily =~ 8.0982 5.6315 6.8664
traffic

Lane width in ft. -0.4649

Outside shoulder width in ft. -0.2975 -0.3896

Pavement condition (PSI units) -0.3046 -0.2986

Average vertical curve grade 0.1019 0.0432

Inside shoulder width in ft. -1.7248

Median width in ft. -0.5021 -0.1127

No-casualty Accidents

Segment length in miles 0.7936 0.7244 0.7641

Natural logarithm of average annual daily  7.8605 4.4678 5.7549
traffic

Lane width in ft. -0.4453

Outside shoulder width in ft. -0.0550 -0.2343

Pavement condition (PSI units) -0.2670

Average vertical curve grade 0.0771 0.0568

Inside shoulder width in ft. —2.9666

Median width in ft. —-0.6491

ft = 0.3048 m.

and accident experience. This does not necessarily mean that for the
higher road classes, lane width is inconsequential to safety; rather, this
result could be explained by the lack of variability in lane widths across
Interstate segments and across US Road segments. In other words, for
higher classes of highways, the lane width appears to be uniform
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compared to the lowest class (State Roads).

As we discuss in the future work section of this paper, a gamut of
opportunities exists for further research inquiry regarding the impacts
of lane width on highway safety. For example, it is intuitive that lane
width affects certain accident patterns (such as run-off-road, head-on,
and sideswipes) but not necessarily other accident patterns (such as
angle and rear end accidents).

4.7. Median width

The primary role of a median is to provide traffic separation. A
median is also useful in serving as a recovery area for errant drivers
(Stamatiadis et al., 2009) or a refuge area for drivers seeking to avoid
insipient danger. Other uses include accommodation of left-turn
movements and the provision of an area of emergency stops. The
median width variable is valid for divided highways only. 100% of
Interstates are divided highways while less than 50% of US Roads and
State Roads are divided. Hadi et al. (1995) showed that the median
width of multi-lane roadways has a significant effect on safety. Hauer
(2000) observed that wider medians reduced cross-median accidents
involving opposing vehicles, median-related accidents increase as the
median width increases, peaking at approximately 30 ft and decrease
with widths beyond this point; the researcher also stated that the effect
of median width on total accidents is questionable. Stamatiadis et al.,
2009 developed accident modification factors for median width on 4-
lane divided roads, and determined that every added ft. of median
width yields a 0.9% reduction in injury accident frequency.

Figs. 6 and 7 present the impact of median width on accidents.
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Fig. 5. Safety Impact of Lane Width, Typical State Road Segment.

Similar to the case of the other design features, the figure suggests that
the sensitivity of accident reduction to median width is generally higher
for high-volume segments compared to low-volume counterparts, for a
given road class. This observation is similar across the two categories of
accidents (casualty vs. no-casualty). Unlike the other design features,
the accident sensitivity to median width is higher for no-casualty ac-
cidents compared to casualty accidents. The model found that for In-
terstates, a 1% increase in the median width is associated with a
0.5021% decrease in casualty accidents and a 0.6491% decrease in no-
casualty accidents. For US Roads, a 1% increase in the median width is
associated with a 0.1127% decrease in casualty accidents, but no sig-
nificant correlation between no-casualty accidents and median width
was found. For state roads, no significant correlation was found be-
tween accidents and median width. These trends suggest that (a) no-
casualty accidents are more sensitive to changes in the median width
compared to casualty accidents (for Interstates), (b) for a given accident
severity level, higher-class highways are more sensitive to changes in
the median width compared to their lower-class counterparts.

4.8. Pavement condition

In general, a poor pavement condition is likely to cause drivers lose
control of their vehicles and may lead to a crash, and such hazard is
exacerbated if the driving situation has adversities associated with the
operator (e.g., inebriation), vehicle (e.g., brake problems), environment
(e.g., fog), and so on. A number of studies have investigated the in-
fluence of pavement condition on accidents using mechanistic or em-
pirical models. Studies that used the former type of models include that
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Fig. 7. Safety Impact of Median Width on Casualty Accidents, Typical US Road
Segment.

by Velinsky and White, (1980) which measured the dissipation of ve-
hicle energy due to a rough pavement, Wambold, (1985) who evaluated
the effects of a rough pavement on vehicle dynamics, and McLean and
Foley, (1998) who assessed the effect of rough pavements on highway
operations. Other mechanistic studies were by Miege and Popov, (2005)
and Jackson et al. (2011) who addressed the effects of rough pavement
surfaces on the rolling resistance of tires under dynamic vertical loads,
and Gagnon et al. (2014) who simulated energy dissipation due to
rough pavements. Researchers who have analyzed the effect of pave-
ment condition using empirical models include Sattaripour, (1977),
Harwood et al. (2003) and Lamptey, (2004), and Labi (2006). Other
researchers that have made significant contributions to this area in-
clude Chan et al. (2008), Labi (2011), Dong and Huang, (2012), and Lee
et al., 2015b; Sarwar and Anastasopoulos, 2017). The safety risks of
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pavement surface friction, in particular, has been studied by Wallman
and Astrom (2001) and Colonna et al. (2016).

The pavement condition is generally expressed in terms of present
serviceability index (PSI), international roughness index (IRI) or road
friction. In this paper, we use PSL. The results suggest that for both
accident severity levels, the impact of pavement condition on roadway
safety is the same in direction but not in magnitude, across various road
classes. Specifically, the results indicate that pavement condition has a
significant impact on the frequency of casualty accidents on the non-
Interstates and on the frequency of no-casualty accidents on Interstates
only. For each road class, the effect of pavement condition on safety
was different for each accident severity level: For Interstates, a 1% in-
crease in PSI is associated with a 0.2670% decrease in no-casualty ac-
cidents and no significant impact on casualty accidents. This suggests
that for Interstates, the higher the level of accident severity (from no-
casualty to casualty), the lower the sensitivity to changes in pavement
condition. On the other hand, a 1% increase in PSI is associated with a
0.2986% and a 0.3046% decrease in casualty accidents at State Roads
and US Roads, respectively but no significant impact on no-casualty
accidents. This suggests that for non-Interstates, the higher the level of
accident severity, the higher the sensitivity to the pavement condition.

5. Computation of elasticities

Table 4 presents the elasticity of accident frequency to the geo-
metric factors that were found significant in this paper. It is important
to point out that these elasticities may be somewhat different compared
to those in the literature, due (probably) to differences in road class,
topography, driving culture, and other attributes unique to the loca-
tions for which the crash data were collected.

The results suggest that for state roads, the accident propensity is
generally less sensitive to outside shoulder width than it is to the lane
width. This suggests that faced with a road with narrow lanes and
narrow shoulders, it may be more effective, from a safety standpoint, to
widen the lane than the shoulder. Also, the current paper presents
probably the largest elasticity values for the inside shoulder compared
to other studies.

6. Conclusions and future research

Highway geometric factors are found to have variable impacts on
highway safety (across accident severity level and road class). For ex-
ample, it is found that widening outside shoulder by 1% will have no
impact on Interstate highways, but will lower 0.3896% casualty acci-
dents and 0.2343% no-casualty accidents on State roads; will lower
0.2975% casualty accidents and 0.055% no-casualty accidents on US
highways. Reducing the average vertical curve grade on a road segment
will lower the expected accident frequency for Interstate and US
highways, but not for state roads; increasing inside shoulder width has
little impact on State roads and US highways. However, this feature has
significant impacts at Interstate: it is found that a 1% increase of inside
shoulder width will result in 1.7248% and 2.9666% reduction of ex-
pected accident frequency for casualty and No-casualty accidents, re-
spectively. Widening the highway median is found to have no impact on
state roads. However, a 1% increase in median width will expect to
reduce 0.5021% casualty accidents and 0.6491% no-casualty accidents
on Interstate highways; and 0.1127% casualty accidents on US roads.
These results are consistent with past research that shows that lane and
shoulder width have variable impacts on vehicle accidents by severity.
For Interstates, the pavement condition was found to be statically sig-
nificant for no-casualty accidents with an estimated mean value of
-0.0738; while for state roads and US highways, the pavement condi-
tion was found to have significant impacts on more severe accident such
as casualty accidents, the estimated mean values are -0.0894 and
-0.0916 for state roads and US highways, respectively.

Elasticity analysis was carried out to ascertain the percent change in
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the expected values of casualty and no-casualty accidents resulting from
1% change of each variable. For each road class, such crash sensitivities
to the design factors differed across the two levels of crash severity. For
the highest class (Interstates), casualty accidents, compared to no-ca-
sualty accidents, were determined to be more sensitive to traffic volume
and average vertical grade, but less sensitive to the inside shoulder
width and the median width. For the US Roads, it was determined that,
compared to no-casualty accidents, casualty accidents were more sen-
sitive to traffic volume, outside shoulder width, pavement condition,
and median width but less sensitive to the average vertical grade. For
the relatively lower-class roads (State Roads), it was determined that,
compared to no-casualty accidents, casualty accidents were more sen-
sitive to the traffic volume, lane width, outside shoulder width, and
pavement condition, but less sensitive for any design or operational
attribute. Overall, compared to the relatively lower-class highways,
accidents at higher-class highways seemed to be more sensitive to:
changes in traffic volume, average vertical grade, median width, inside
shoulder width, and the pavement condition (no-casualty accidents
only) but less sensitive to changes in lane width, pavement condition
(casualty accidents only), and the outside shoulder width.

The study results shed some light on the safety performance across
the different highway classes, and seems to affirm the efficacy of the
design features that exist at the higher-class highways, such as wider
cross-sectional features (lane, shoulder, and median), superior pave-
ment material and thicknesses (that translate into higher pavement
quality and condition), higher levels of access control, superior vertical
and horizontal alignment, wider and higher bridge clearances, super-
elevation, and other features that “forgive” errant drivers or faulty
vehicles, or alleviates the safety hazards posed by inauspicious weather.

The models developed herein, hopefully, can help highway en-
gineers to assess the safety effects of current geometric design policy or
changes thereto, quantify the safety benefits of prospective road pro-
jects that are intended to improve road geometrics, and to assess the
safety consequences of inaction at geometry-deficient road sections.
Secondly, as more highway agencies embrace the principles of infra-
structure asset management, the development of data-driven decision
support tools supported by information technology systems are be-
coming indispensable. The models developed in this paper help provide
some of the inputs needed for such decision support systems.

There are two issues in this paper that are worthy of discussion.
First, the paper uses three road classes: Interstates, US Roads and State
Roads. As we demonstrate earlier in this paper, with regard to the
number of lanes, there is significant variation across these road classes
to merit their consideration as distinct groups. Within each road class,
there is relatively smaller variation compared to across-class variation:
Interstates have 5 to 7 lanes mostly; 34% and 17% of US Roads and
State Roads, respectively, have multiple lanes. Furthermore, the
number of lanes is not the sole safety-related attribute that differs
across the three road classes. There are other attributes that are not
captured by the set of variables in our dataset, and our paper’s road
class-based grouping may have helped uncover the effects of such
heterogeneity. As such, it can be considered worthwhile to use these
classes as a basis for the analysis as done in this paper. On the other
hand, if it is assumed that the best way to classify road segments, for
safety analysis purposes, is by the number of lanes, then it will be
worthwhile, in future research, to carry out the analysis separately for
multi-lane segments (all interstates, most US roads and a few State
roads) and two-lane segments (no interstate, some US roads and most
State roads). In the course of the research for this paper, this possibility
was considered and the dataset was prepared in this manner. We found
that there were too few observations in some of the categories and
therefore were inadequate for model estimation (the data for this paper
is from Indiana only). Future research could replicate this study using
national-level data that are more plentiful. Secondly, the finding with
regard to horizontal curves, is worth discussing. It is expected that the
(average) horizontal radius of curvature will have significant safety
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impact particularly at the lower-class highways. However, this variable
was not found to be significant (at the 90% confidence level) in the
estimated model. This result is suggestive of lack of variability in hor-
izontal curve attributes in our data and does not suggest that the effect
of horizontal curve attributes to safety are insignificant.

In addition, future work in this domain could address the develop-
ment of separate models for vertical downgrades and upgrades, ex-
amine accidents by accident pattern (for example, the effect of lane
width may be applicable only specific patterns of accidents such as
single-vehicle run-off-the-road accidents), and consider the median
type (for example, grass only, grass with cable, grass with barrier,
concrete, and so on). In addition, the work in this paper could be ex-
tended to account for spatial and temporal heterogeneity in a multi-
variate random parameters framework that accommodates additional
levels of accident severity.
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