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Roadside barriers have proven effective in preventing run-oft-road accidents that occurred in mountainous areas. Nonetheless, the
influence of variables impacting the severity of injuries resulting from collisions involving distinct types of roadside barriers may
diverge. This study delves into the factors that influence the severity of driver’s injuries in crashes encompassing three specific
varieties of roadside barriers in mountainous regions, namely, W-beam barriers, flexible barriers, and roadside trees. The
evolution of these factors over time is examined through the application of a random parameters logit modeling approach with
heterogeneity in means and variances (RPLHMVs). By employing injury-severity data from 2016 to 2019 for the mountainous
regions of a city in Southwest China, various potential influencing factors encompassing driver-, vehicle-, road-, and
environment-specific characteristics are subjected to statistical analysis. The extent of the impact of identified statistically
significant factors on driver’s injury severity is assessed through the computation of pseudoelasticities. The findings reveal
distinctions in the outcomes of driver’s injury severity contingent upon the type of roadside barrier encountered during vehicle
impacts. To illustrate, collisions involving W-beam barriers are more prone to result in severe injuries. Moreover, the influence of
variables determining driver’s injury severity displays noteworthy temporal shifts. Notably, the pseudoelasticities of numerous
explanatory variables remain temporally consistent for incidents involving flexible or roadside barriers. In contrast, crashes
involving W-beam barriers highlight that solely the speeding indicator demonstrates temporally stable pseudoelasticities. The
insights garnered from this investigation offer the potential to contribute to the formulation of fresh guidelines for the design and
selection of roadside barriers aimed at mitigating the severity of injuries incurred in crashes within mountainous regions.

1. Introduction

Over 15% of traffic incidents transpired within mountainous
terrains during the period spanning 2012-2016 in China, as
delineated by [1]. Of these incidents, approximately 68% led
to grave injuries. A parallel scenario is observed in Western
nations, exemplified by mountainous highways like the
segment of I-70 freeway in Colorado, USA, as highlighted by
[2]. This underscores a pervasive safety concern prevalent
across mountainous terrains.

In this context, roadside barriers are found to effectively
reduce driver’s injury severity in mountainous regions [3-8].
In the recent past, numerous investigations have delved into
the correlation between median barriers and the magnitude
of collisions on highways [3, 4, 9, 10]. The impacts of
roadside barriers on highway crash-injury severities have
also been investigated [4, 7, 11-13]. The study of [11]
showcased a decline in injury severity when comparing road
barriers (including guardrails, cable barriers, and concrete
barriers) with other objects situated at the roadside along
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Indiana highways. Similarly, the study of [12] highlighted the
enhanced safety of freeway segments in Florida attributed to
W-beam guardrails and concrete barriers. Another study of
[7] underscored the significant influence of barrier height
and offset distance on crash-injury severity within two-lane
roads in Wyoming. The study of [5] employed ordered logit
models to explore crash severity, incorporating three distinct
roadside barriers (guardrail, rigid, and cable barriers). Their
findings unveiled incongruities in the impact of influencing
factors across varied types of roadside barriers. Furthermore,
the study of [13] developed random parameters logit models
to explore the impacts of barrier-specific attributes on crash-
injury severity, particularly focusing on high-tension cable
barriers and strong-post guardrails within interstate high-
ways in Alabama.

However, a significant number of accidents are still
associated with roadside barriers. According to the annual
statistical report of traffic accidents in China, a total of
212,846 traffic accidents occurred in 2016, of which ap-
proximately 14.15% was associated with roadside trees and
3.69% was associated with W-beam barriers [1]. In addition,
the beneficial effect of different types of roadside barriers
may vary in magnitude. For example, the W-beam barrier is
less sturdy as compared to the concrete barrier, which is
more prone to causing a rollover crash when vehicles run off
the road on mountainous roads. In addition, roadside trees
increase the risk of crash due to blocking the line of sight of
drivers, more so in curvy roads. Therefore, it is necessary to
investigate the differences in the injury severity of crashes in
mountainous regions involving different types of roadside
barriers. Furthermore, temporal instability gains intensive
attention from researchers [14, 15], As discussed compre-
hensively by [14], ignoring such instability issues may
contribute to ineffective estimation results, wrong findings,
or even converse safety countermeasures. Thus, it is worth
exploring the temporal instability as sources of unobserved
heterogeneities while analyzing the injury severities of
mountainous fixed-objects-related crashes.

In this paper, the most commonly utilized roadside
barriers (W-beam barriers, flexible barriers, and roadside
trees) in the mountainous regions of China are explored. The
contribution of this paper is threefold as follows.

First, the random parameters logit model with hetero-
geneity in means and variances is employed to statistically
analyze the injury severity of barrier-related crashes that
occurred in mountainous regions. The application of this
advanced modeling framework enables accounting for the
multilayered unobserved heterogeneity of the crash data.

Second, we investigate the differences among crash-
injury severities involving three different roadside barrier
types in the mountainous regions in China. We examine
whether the crash-injury severities and the corresponding
effects of explanatory factors vary across different roadside
barrier types. The variation among different barrier types
may provide valuable insights for the design consideration
and selection of roadside barriers to reduce crash-injury
severity, especially on mountainous roads.

Third, we examine how these differences among crash-
injury severities involving different barrier types change over
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time. The average pseudoelasticity of the identified factors
affecting the driver’s injury severity is computed to quantify
their impact. A pseudoelasticity gives the change in the
injury-severity outcome probability due to changes in in-
dicator variables from 0 to 1 [16]. Among the identified
factors, the ones demonstrating temporally stable pseu-
doelasticities would be more important for formulating
strategies to enhance traffic safety on mountainous roads.

Given this, this study comprehensively estimates the
injury severities of drivers using advanced statistical models
given the types of fixed objects involved in the crash. The
research flowchart is shown in Figure 1. The data used for
this study are described, followed by an introduction to the
methodological approach. Then, a detailed discussion of the
model estimation results is presented. Finally, the last sec-
tion summarizes the findings of this study and discusses
potential future directions.

2. Data Description

In the pursuit of this analysis, a dataset spanning four years
(2016-2019) has been employed. This dataset encompasses
information concerning collisions involving fixed objects
within a city in Southwest China. The severity of injuries has
been categorized into three classes as follows: no injury,
minor injury, and severe injury. Among the fixed objects,
specific attention has been given to W-beam barriers, flexible
barriers, and roadside trees. Notably, other categories of
barriers (such as concrete and metal barriers) have been
omitted from the analysis due to their limited representation
in the dataset (constituting less than 3% collectively). Their
inclusion could potentially introduce biases that are ex-
cessively data specific. The dataset consists of 5,319 fixed-
object crashes in mountainous areas, i.e., 1,556 crashes in-
volving W-beam barrier, 1,489 crashes involving cable
barrier, and 2,274 crashes involving roadside tree. It is
pertinent to underline that this study also incorporates an
investigation into the stability of injury severity models
pertinent to fixed-object collisions over time. In line with
this objective, the dataset has been partitioned into two
subsets as follows: one spanning the years 2016-2017 and the
other covering the years 2018-2019. A comprehensive
breakdown of the frequency and proportionate distribution
of crash-related injury severity categories is presented in
Table 1. For W-beam barrier collisions, these proportions
stand at 66.97% for no injury, 17.67% for minor injury, and
15.36% for severe injury. In the case of cable barrier colli-
sions, the figures are 65.08% for no injury, 26.39% for minor
injury, and 8.53% for severe injury. Lastly, for collisions
involving roadside trees, the proportions equate to 71.94%
for no injury, 21.33% for minor injury, and 6.73% for severe
injury. Table 2 presents the descriptive statistics of ex-
planatory variables in injury severity models.

3. Methodology

Separate random-parameter logit models with heterogeneity
in means and variances (RPLHMVs) were estimated to
identify the factors influencing the driver’s injury and
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FiGure 1: Flowchart of the study.
TaBLE 1: Fixed-object crashes observations on mountainous roads.
Severe injury Minor injury No injury Total
Years W-beam  Flexible W-beam  Flexible W-beam  Flexible W-beam  Flexible
. . Trees . . Trees . . Trees . . Trees
barriers barriers barriers barriers barriers barriers barriers barriers
2016-2017 155 69 80 122 189 187 561 452 830 838 710 1097
2018-2019 84 58 73 153 204 298 481 517 806 718 779 1177

severity involved in different fixed-object crashes. The ap-
plication of this modeling framework enables accounting for
the multilayered unobserved heterogeneity of the crash data
in terms of (a) factors varying across the observations, (b)
factors affecting the mean of the parameter density function
of the random parameters (and thus shifts in the peak of the
distribution of the betas), and (c) factors affecting the
variance of the parameter density function of the random
parameters (and thus changes in the tails of the distribution
of the betas). To begin with, an injury-severity function, Y;,,,
that determines the driver’s injury-severity level i in crash n,
is specified as follows [16-21]:

Yin = BiXin + &in> (1)
where vectors X, represent the explanatory variables
influencing the level of driver injury severity i (no injury: NI,
minor injury: MI, or severe injury: SI) in crash n, B; com-
prises estimable parameters associated with the respective
variables, and ¢;, denotes the error term assumed to conform
to an independent and identically distributed pattern with
a mean of zero and a variance of ¢”. To account for un-
observed heterogeneity, random parameters with hetero-
geneity in means and variances (RPLHMVs) are introduced
as follows [16, 22-25]:

B =B+ 0,7,

mTin

+ O-inE)(P (‘Vinwin) + Upn» (2)

where f; represents the average parameter estimate
encompassing all collisions, Z;, signifies arrays of explan-
atory variables exerting influence on this average, @;,
represents corresponding estimable parameters, W;, sym-
bolizes arrays of explanatory variables capturing variability
in variances, 0,,, V;, denotes estimable parameters linked to
this variability, and v;, stands for the perturbation term.

Consequently, the likelihood of the outcome within the

framework of the RPLHMV model formulation can be
articulated as illustrated by [16] as follows:

. _ exp(BiXin
P,(il¢p) = Jmf(ﬁﬁ‘?)dﬁp

where the likelihood of the injury severity level is 4, p, (i | ¢)
is contingent upon the function f (f; | @), wherein f (; | ¢)
signifies the probability density function associated with f3;,
and in this context, ¢ encompasses a parameter vector
encompassing means and variances.

The RPLHMV model is computed using a simulated
maximum likelihood approach, employing 200 Halton
draws to attain reliable parameter estimations, as proposed
by [26]. The selection of the normal distribution for the
random parameters’ distribution is made to optimize the
model’s goodness of fit [27-33].

Pseudoelasticities are computed to quantitatively de-
scribe the impact of explanatory variables on the driver’s
injury severity. In this paper, all variables used in the esti-
mated models are binary indicator variables. Therefore, the
pseudoelasticities quantify the change in outcome proba-
bility when an explanatory variable changes from “0” to
“1” [16].

(3)

4. Model Estimation Results

The RPLHMYV model estimation results and corresponding
pseudoelasticities for the W-beam barrier crashes are shown
in Tables 3 and 4 for 2016-2017 and 2018-2019, respectively.
In the context of the 2016-2017 model, the dark-lighted
indicator exhibited notable significance as a normally dis-
tributed random parameter, affecting the minor injury se-
verity outcome. Within the dataset, this indicator led to
a heightened likelihood of minor injury in 97.14% of in-
stances, while conversely contributing to a decrease in only
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2.86% of the cases. The improper braking and steering in-
dicator were found to increase the mean of the dark-lighted
indicator, further increasing the likelihood of minor injuries.
This finding is in line with [6] who found that vehicles’
impact with W-beam barriers resulted in severe injuries and
that improper braking and steering were related to severe
injuries in mountainous regions.

W-beam barriers exhibit a notably lower level of rigidity
in comparison to concrete barriers. This heightened flexi-
bility makes them more susceptible to inducing vehicle
rollovers and instances of running off the road following
a collision. As a result, when considering road safety
measures, it may be prudent to opt for sturdier alternatives
like concrete barriers, particularly in mountainous terrains.
Furthermore, the installation of appropriate cautionary
signage before areas with reduced visibility, especially those
lacking adequate lighting, can play a crucial role in assisting
drivers to avert unnecessary and potentially hazardous re-
actions such as abrupt braking or erratic steering.

In the scope of the 2018-2019 model, the indicators
pertaining to cloudy weather and novice driving experience
(spanning 3-10years) emerged as statistically significant
random parameters influencing the minor injury severity
outcome. The majority of the instances demonstrated a low
probability of minor injury occurrence, with rates of 84.68%
for cloudy weather and 80.22% for novice driving experi-
ence. Interestingly, the presence of the dark-lighted in-
dicator exhibited an effect on the mean of the cloudy weather
indicator, leading to an elevated likelihood of minor injuries.
Moreover, the weekend and dark-lighted indicators exerted
an influence on the mean of the driving experience indicator,
thereby contributing to an increased probability of minor
injuries. In a broader context, existing literature indicates
a connection between nighttime crashes, even those under
sufficient lighting conditions, and the occurrence of injur-
ies—often severe ones—in mountainous regions [34, 35].
With the objective of achieving this goal, it is advisable to
contemplate the implementation of highly effective street
lighting along extended stretches of mountainous terrain.
This strategic measure would serve to enhance visibility
levels during nighttime scenarios. The variance of the cloudy
weather indicator is affected by the following two variables:
the road without isolation and the intersection indicators in
the 2018-2019 period (Table 4). Both variables increased the
variance of cloudy weather indicator in the minor injury
outcome, reflecting higher variability.

The model estimation results and corresponding pseu-
doelasticities for the flexible barrier crashes are presented in
Tables 5 and 6 for 2016-2017 and 2018-2019, respectively.

In the context of the 2016-2017 model, the indicator for
roads lacking isolation demonstrated statistical significance
as a random parameter within the context of the no injury
severity outcome. This indicator resulted in an increased
probability of no injury in 89.15% of the recorded crashes,
with the remaining cases experiencing a reduction in this
probability. Notably, the presence of the homogeneous
section indicator led to a reduction in the mean of the road
without isolation indicator, thereby decreasing the likeli-
hood of no injuries. It is worth highlighting that, in the same
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period (as shown in Table 5), the variability of the road
without isolation indicator within the no injury severity
outcome was influenced by the high visibility indicator
(visibility exceeding 200 meters). This influence contributed
to an altered variance, leading to a more uniformly dis-
tributed parameter density function of the betas, flattening
the tail of the distribution. This observation could potentially
capture the behavior of drivers who perceive high visibility
conditions on homogeneous sections without isolation as
safe or low risk. Consequently, such drivers might exhibit
decreased vigilance or a reduced level of alertness while
driving under these conditions.

Regarding the 2018-2019 models, the random parame-
ters associated with medium-low visibility (ranging from 50
to 100 meters) and the dark-lighted conditions within the no
injury severity outcome displayed notable statistical sig-
nificance. In particular, the medium-low visibility indicator
led to a heightened probability of no injury in 72.91% of the
recorded instances, while 27.09% experienced a decrease. On
the other hand, the dark-lighted indicator contributed to
a decrease in the probability of no injury in 86.26% of the
observations, with an increase in the remaining 13.74%. The
presence of indicators denoting rainy, snowy, or foggy
weather, as well as the winter season, was observed to elevate
the mean of the medium-low visibility indicator, thereby
rendering no injuries more likely. Conversely, the road
without the isolation indicator was associated with a lowered
mean for the medium-low visibility parameter, resulting in
reduced likelihood of no injuries. In the case of the dark with
the road streetlights indicator, the head-on collision and
summer season indicators led to an increased mean,
heightening the likelihood of no injuries. Conversely, the
winter season indicator caused a decrease in the mean of the
darkness with the road streetlights indicator, diminishing
the likelihood of no injuries.

The model estimation results and corresponding pseu-
doelasticities for the roadside-tree crashes are presented in
Tables 7 and 8 for the 2016-2017 and 2018-2019 periods,
respectively. In the 2016-2017 model, the absence of an
isolation indicator on the road showed a statistically sig-
nificant impact on the outcome of no injury severity. Spe-
cifically, a random parameter analysis revealed that this
factor had a notable effect. Out of the total crashes studied,
approximately 82.59% experienced an elevation in the
probability of no injury, while the remaining cases showed
a reduction in this probability. The wet-surface and dark-
lighted indicators were found to decrease the mean of the
road without the isolation indicator, making no injuries less
likely. Drivers may change lanes frequently when driving on
a road without isolation. Such maneuvers, when associated
with lower visibility during nighttime, can result in higher
injury severities. In addition, roadside trees can increase the
risk of collision by blocking the driver’s line of sight, es-
pecially on curvy roads. Consequently, roadside trees need
regular inspection (and, possibly, trimming) to prevent them
from obstructing the drivers’ line of sight.

In the context of the 2018-2019 model, the winter season
indicator displayed statistical significance as a random pa-
rameter in relation to the no injury outcome. Notably, this
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indicator had a significant impact. Among the analyzed
crashes, approximately 78.08% demonstrated an upsurge in
the probability of no injury, while the remaining instances
exhibited a reduction in this probability. The rainy/snowy/
foggy weather indicator and the head-on collision indicator
were found to decrease the mean of the road without the
isolation indicator, thus making no injuries less likely.
During the winter months, low temperatures on moun-
tainous regions, alongside with snow and ice on the road,
will likely result in poor pavement friction, which in turn will
result in higher injury severities.

In addition, a number of explanatory variables were
found to be statistically significant for each specific barrier
type. For example, the indicators for novice (3-10years)
driving experience, road in bad condition, ramp, cloudy,
weekend, and nonlocal vehicles were only significant for the
W-beam barriers models. The indicators for tunnel,
morning peak, afternoon peak, daylight, and high visibility
(200 meters or greater) were only significant for the flexible
barriers models. The indicators for female driver, in-
termediate (10-15years) driving experience, low (0-2%)
vertical grade, high (2% or greater) vertical grade, rainy/
snow/foggy, autumn, winter, early morning, daytime off-
peak, and nighttime off-peak were only significant for the
roadside trees barriers models.

The temporal stability of each roadside barrier type, in
terms of their pseudoelasticities, also deserves some atten-
tion. For W-beam barrier crashes, the improper braking and
steering indicator, the speeding indicator, and the low (less
than 50 meters) visibility indicator significantly affected the
driver injury severity outcomes across both time periods.
The improper braking and steering indicator increased the
probability of severe injury by 90.31% for 2016-2017, while it
decreased the likelihood of severe injury by 49.08% for 2018-
2019. The low visibility (less than 50 meters) indicator was
also found to produce opposite effects. The effect of low
visibility on no injury probabilities varied from -3.36% in
2016-2017 to 5.60% in 2018-2019. Only the speeding in-
dicator demonstrates relative sings of stable pseudoelastic-
ities, decreasing the likelihood of no injury by 70.93% and
16.43% for 2016-2017 and 2018-2019, respectively.

For flexible barrier crashes, four variables (driver
without seatbelt indicator, driver under alcohol influence
indicator, speeding indicator, and summer season indicator)
significantly affected driver injury severity across both time
periods. The driver without the seatbelt indicator increased
the likelihood of severe injury by 11.84% and 9.03% for 2016-
2017 and 2018-2019, respectively. The driver under the al-
cohol influence indicator decreased the likelihood of no
injury by 25.95% and 20.86% for 2016-2017 and 2018-2019,
respectively. The speeding indicator decreased the likelihood
of no injury by 5.52% and 4.23% for 2016-2017 and 2018-
2019, respectively. And, the summer season indicator de-
creased the probability of severe injury by 27.74% and
29.84% for 2016-2017 and 2018-2019, respectively.

For roadside tree crashes, five variables (the expert, i.e.,
15years or greater driving experience indicator, the driver
under the alcohol influence indicator, the truck indicator,
the road without the isolation indicator, and the nighttime
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off-peak hour indicator) significantly affected driver’s injury
severity across both time periods. The expert (15 years or
greater) driving experience indicator decreased the likeli-
hood of severe injury by 11.72% and 15.59% for 2016-2017
and 2018-2019, respectively. The driver under the alcohol
influence indicator increased the likelihood of minor injury
by 16.88% and 14.05% for 2016-2017 and 2018-2019, re-
spectively. The truck indicator increased the likelihood of
severe injury by 12.35% and 19.51% for 2016-2017 and 2018-
2019, respectively. The nighttime off-peak hour indicator
decreased the likelihood of minor injury by 17.69% and
6.18% for 2016-2017 and 2018-2019, respectively. Lastly, it is
noteworthy that the effect of the road without the isolation
indicator on the no injury outcome probabilities changed
from -0.73 in 2016-2017 to 4.38 in 2018-2019.

5. Discussion and Conclusion

Leveraging crash data extracted from mountainous regions
within a city in Southwest China, spanning the period from
2016 to 2019, this research utilized the random parameters
logit model with heterogeneity in means and variances
(RPLHMVs). The aim was to discern the determinants
influencing crash-injury severity, focusing on three preva-
lent types of roadside barriers, namely, W-beam, flexible,
and roadside trees. Going beyond conventional cause-and-
effect exploration, this study delved into the dynamic shifts
of these effects over time and across distinct barrier cate-
gories. The investigation encompassed the following three
tiers of driver injury severity: no injury, minor injury, and
severe injury. The outcomes extracted from the estimated
models unveiled a diverse array of factors tied to driver,
vehicle, road, environment, and temporal aspects that in-
fluence the severity of driver injuries. The principal findings
are succinctly outlined as follows:

(1) The utilization of the random parameters logit model
with heterogeneity in means and variances
(RPLHMVs) presents an enhanced statistical fitting
and imparts further insights when contrasted with its
conventional lower-order logit model counterparts.
By accommodating variations in the explanatory
variables across observations and accounting for
factors influencing the means and variances of the
parameter density functions of the random param-
eters, this approach facilitates the identification of
supplementary factors that might contribute to re-
vealing the genuine impact of a parameter on injury
severity.

(2) The effects of the explanatory factors are found to
vary across different roadside barriers. Specifically,
the indicators representing novice (3-10years)
driving experience, road in bad condition, ramp,
cloudy weather, weekend, and nonlocal vehicles were
only significant for the W-beam barriers models. The
indicators representing presence of a tunnel,
morning peak, afternoon peak, daylight, and high
(200 meters or greater) visibility were only significant
for the flexible barriers models. The indicators for
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female drivers, intermediate (10-15years) driving
experience, low (0-2%) vertical grade, high (2% or
greater) vertical grade, rainy/snow/foggy, autumn,
winter, early morning, daytime off-peak, and night-
time off-peak were only significant for the roadside
trees barriers models. In contrast, the head-on colli-
sion indicator was found to produce consistent effects
on accident injury severities across all barriers.

(3) Overall, the effect of factors that determine injury
severities in each barrier-specific model changed
significantly over time. Some of the influencing
factors involving flexible barriers or roadside trees
had relatively stable pseudoelasticities over time,
whereas only the speeding indicator showed tem-
porally stable pseudoelasticities in crashes involving
W-beam barriers.

The conclusions drawn from this analysis carry several
practical implications as well. (1) This study revealed the
variation in the crash-injury severity across different bar-
riers. The outcomes hold the potential to contribute to the
formulation of novel guidelines for the design and choice of
roadside barriers in mountainous terrains. For instance, in
light of the findings indicating a higher frequency of severe-
injury crashes linked to W-beam barriers, it may be ad-
visable to consider rigid options like concrete barriers as
more appropriate for mountainous road conditions.
Roadside trees need regular checking and trimming to
prevent them from obstructing the drivers’ line of sight. (2)
This study confirmed the temporal instability of the effect of
explanatory variables in barrier-related models. In pursuit of
this objective, variables demonstrating consistent and stable
elasticities over time are presumed to hold greater signifi-
cance in devising enduring strategies aimed at augmenting
traffic safety on mountainous roadways. However, extreme
caution should be exercised when taking temporally instable
variables into account to form the basis of long-term
strategies and policy interventions for effective improve-
ment in traffic safety. The temporal instability detected
through our analysis naturally warranties estimation of
barrier type-specific models over each time period of
analysis (herein, every one-two year).

Prospective future studies could delve into collisions
encompassing supplementary types of roadside barriers,
spanning both urban and rural contexts. Such research en-
deavors would offer a more holistic panorama of the varia-
tions in crash-injury severities associated with diverse
roadside barrier options. This, in turn, would contribute to the
development of suitable protective measures aimed at miti-
gating crash-injury severity within mountainous regions.
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