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Abstract

The driver’s visibility is degraded when weather conditions deteriorate, which
affects the traffic flow and induces traffic congestion or accidents. In particu-
lar, traffic accidents can be led to chain reaction collisions, with high rate of
fatality, when fog occurs in contrast to other weather factors that may restrict
visibility. For the development of a traffic risk index, a deviation of the ve-
hicle’s speed was set for the traffic risk index by referring to previous study
results. In addition, factors that affected the deviation in a vehicle’s speed were
selected as independent variables based on the traffic flow analysis during oc-
currences of fog. The visible distance, traffic volume, and speed were selected
as the independent variables to estimate the optimal parameters in the regres-
sion model. The traffic risk index model during occurrences of fog proposed
in this study is an exponential model, with the visible distance and the traffic
volume defined as independent variables. According to the study model, traf-
fic risk increased as the visible distance decreased and the traffic volume was
lower. Thus, the visible distance that can affect traffic flow during occurrences
of fog can be determined in the future based on the results of this study. The
study results will be expected to contribute to not only traffic safety improve-
ments, but also the facilitation of traffic flow as drivers and traffic operation
managers intuitively recognize the level of risk.
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1. Introduction

Bad weather conditions are known to interrupt traffic flow and increase the risk
of traffic accidents, as they can affect the driving environment negatively. Along
with the various weather factors such as rainfalls and snow, fog is directly related

to the visibility of drivers, therefore, these conditions present a higher risk com-
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pared to the other weather factors that do not restrict visibility. The results of the
statistical analysis on traffic accidents in Korea in 2014 showed that 0.5% of all
traffic accidents occurred under foggy conditions, which was appeared to be a
relatively low rate when compared to other conditions such as 80.3% on sunny
days, 9.6% on rainy days, and 1.1% on snowy days, but the fatality rate of the
traffic accidents on foggy days was 6.9%, which was the highest fatality rate as
compared to 1.9% on sunny days, 2.5% on rainy days, and 2.5% on snowy days
[1]. In fact, traffic accidents during occurrences of fog have led to large scale
traffic accidents in Korea, as exemplified in 29 vehicle chain reactions collisions
on the Seohae Bridge on October 3, 2006, the 104 vehicle chain reactions colli-
sions on the Cheonan-Nonsan Expressway on December 24, 2011, the 43 vehicle
chain reactions collisions on the Jungang Expressway on January 15, 2015, and
the 106 vehicle chain reactions collisions on the Youngjong Grand Bridge on
February 11, 2015 [2] [3] [4] [5]. Thus, it is necessary to prevent traffic accidents
and minimize traffic congestion through the efficient management on traffic
flow due to occurrences of fog. Previously, a large number of studies have been
conducted to analyze traffic characteristics during occurrences of fog and to
identify the relationship between fog and traffic characteristics. Most of the stu-
dies concentrated on the analysis of traffic speed variations due to the reduced
visible distances [6] [7] [8], and some other studies have analyzed the traffic vo-
lume, the following distance to the car in front, and the speed as indicators of
traffic accidents [9] [10] [11] [12]. Most study results showed that as the visible
distance decreased, the speed also decreased, and in particular, the reduction in
speed became larger when the visible distance became less than 200 m [6]-[12].
The above study results revealed that an index that can represent the level of risk
quantitatively, due to fog, is needed for efficient traffic management, but few
studies have been conducted concerning that issue. Jo [13] defined fog that dis-
rupts driving safety and induces traffic accidents by degrading the visible dis-
tance on the road as road risk fog, and developed the risk of fog occurrence in-
dex, which is based on the radiation fog potential index model proposed by
Chandler [14]. The number of foggy days, the fog start and dissipation times,
and the characteristics of the distribution of visible distances were analyzed us-
ing fog data from 72 nationwide manned observatories courtesy of the Korea
Meteorological Administration (KMA) from 1998 to 2000 [15]. The hazardous
fog index (HFI) was defined by using the weighted product of the number of
foggy days whose visible distance was less than 500 m, the duration time, and the
visible distance to ascertain the level of fog risk. The number of foggy days, the
fog start and dissipation times, and the characteristics of the distribution of visi-
ble distances were analyzed using fog data from 72 nationwide manned obser-
vatories courtesy of the Korea Meteorological Administration (KMA) from 1998
to 2000. Lim [16] analyzed that the fatality rates of traffic accidents that occurred
from 1990 until 2003 during occurrences of fog and found the highest fatality
rate in regard to weather conditions was 12.8 person/100 cases due to fog, which

was much higher than that of other weather conditions. In addition, if the visible
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distance was less than 200 m, the number of traffic accidents and the severity of
these accidents rapidly increased, and speeds of 40 km/h and 60 km/h were sug-
gested when the visible distance was less than 100 m, and between 100 and 200
m, respectively, in consideration to the minimum stopping distance and the de-
graded visibility. Park et al [17] analyzed the factors of traffic accidents consi-
dering weather conditions and road alignment. In analyzing the data concerning
traffic accidents that occurred on national expressways from 2005 to 2008, con-
cerning weather condition, 500 cases (100 cases each for snowy, sunny, rainy,
foggy, and cloudy conditions) were randomly selected, and the data concerning
the geometric structure of the road section characteristics for each accident loca-
tion were employed. A discriminant analysis was conducted using the analyzed
data. An impact indicator was created based on the analysis result. A concrete
road surface and a downhill gradient of 3% or steeper were selected as coefficient
values for the classification function as the impact indicator of the geometric
structure. In the case of concrete road surfaces with a downhill gradient of 3% or
steeper, the analysis produced a 0.61 during fog occurrences, which was the most
dangerous weather condition when compared to other weather conditions. Park
et al. [18] determined the safety of the traffic flow using speed data of the VDS
and the visible distance on the Seojong Bridge. In addition, a risk level was pro-
posed, and a speed and visible distance at t + 1 time were predicted using the
K-Nearest Neighbor (K-NN) model. For risk determination (hazardous spacing
index, HSi), if the visible distance is longer than the stopping distance based on a
day that had a 100 m to 500 m visible distance, it was considered to be a safe
traffic flow, otherwise it was considered as a dangerous traffic flow.

The results of the previous studies showed that it was necessary to employ a
five-min or shorter period between data points in order to analyze the relation-
ship between traffic characteristics and fog that change in real time, but few stu-
dies have been conducted on five-min or shorter period of data, and most of
these studies were limited to the analysis on the relationship between fog and
speed. Thus, few studies have been conducted on the determination of the traffic
flow type considering the traffic volume, speed, and density. In addition, al-
though a road risk fog occurrence index, a safety speed, and a safety determina-
tion index were developed in previous studies, most had limitations that did not
fully reflect the traffic flow, for example some only considered the minimum
stopping and visibility distance.

Thus, this study aimed to develop a traffic risk index based on the analysis of
changes in traffic characteristics according to a visible distance level during oc-
currences of fog to improve traffic safety and the efficiency of traffic manage-

ment.

2. Selection of Test Section and Data Collection

This study targeted only an area of uninterrupted traffic flow to exclude the ef-
fect of factors other than fog, such as traffic signals and pedestrians as much as

possible. In addition, a road section where fog is generated frequently was tar-
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geted. A section of National Highway No. 77 from the Gusan Interchange to the
Isanpo Interchange was selected as the analysis location. The location diagram in
the analysis target section is shown in Figure 1.

In the target section, two vehicle detection systems (VDS) and a sensor for
visible distance were installed. The VDS was located near the middle point of the
target section, and the VDS and visible distance sensors were located approx-
imately within 100 m of each other. This study utilized a single VDS in the up-
stream portion of the road. Table 1 presents the basic information for the target
section.

The data was collected from Jan. 1 to May 31 in 2015, and the traffic data was
obtained from the upstream VDS. The traffic volume and speed information
were measured every 30 seconds. For fog data, the data from the visible distance
sensor was employed and the visibility information was collected minute. In ad-
dition, the study section had an uninterrupted flow without entries or exits, so a
constant traffic flow was assumed. The density was calculated and utilized via
the formula Q = UK, using the traffic volume and speed data.

This study selected foggy days as the priority for the collection data to analyze
changes in traffic characteristics according to the occurrence of fog. The defini-
tion of the fog for this study was fog whose horizontal visible distance was 1,000
m or lower according to the KMA. The fog frequency and duration were consi-
dered on the selected foggy days. As for the fog frequency, the visible distance
proposed in previous studies, and the minimum stopping distances using the
speed limit of the road section were considered. As for the fog duration, the days
of continued fog for more than one hour were considered, assuming that traffic
characteristics would change over the duration time, even if the visible distance
remained the same.

The speed limit on the section of road was 90 km/h, and the mean driving
speed in the road was 80 to 85 km/h [19]. In the national guideline, the recom-
mended minimum stopping distance is 155 m at 85 km/h [20]. In addition, pre-
vious studies mentioned that traffic characteristics changed when the visible
distance was less than 200 m [6] [9] [16].

Thus, this study selected days when the fog had caused 200 m or shorter visi-
bilities based on both of the minimum stopping distance and the visible distance
in previous studies, and the fog duration was more than one hour. Table 2
presents the fog frequencies.

Fog occurs most in February and March. The frequency of fog whose visibility
is 200 m or shorter is higher than that of other visibilities. Thus, the study analy-
sis period was set to days whose fog’s visibility level was 200 m or shorter and
the fog duration was more than one hour. The days used in the analysis were
February 11, March 27, and March 30, in 2015. The dates one week before and
one week after the study days, when no fog occurred, were used to compare the
traffic characteristics between foggy and non-foggy days. Table 3 presents the

selected analysis days.
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Table 1. Definition of variables.

Content
National Highway 77,
Study area/distance Jayuro Gusan IC-Isanpo IC,
approximately 4.9 km
Number of lanes 4
(one way)
Upstream
traffic volume 50,342
(vehicle/day)
Speed limit 90 km/h
ICs

Gusan IC, Isanpo IC

Table 2. Definition of variables.

Frequency of Visibility (m)
fog (min) 1000 -500 500-400 400-300 300-200 200-100 Below 100 Total
Jan. 348 21 6 0 0 0 375
Feb. 436 99 71 45 68 207 926
Mar. 154 26 26 63 363 28 660
Apr. 27 0 0 0 0 0 27
May 52 17 22 84 156 0 331
Table 3. Analysis periods.
With fog Without fog

Feb. 11, 2015 (Wed.)
Mar. 27, 2015 (Fri.)

Mar. 30, 2015 (Mon.)

Feb. 4, 2015 (Wed.)

Apr. 3, 2015 (Fri.)

Apr. 6,2015 (Mon.)

.VS’S and VDS’s spot

G7=

Figure 1. Study area.
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3. Analysis on Traffic Characteristics Due to the Occurrence
of Fog

The traffic flow model shows significant changes under various taking into ac-
count variables such as drivers, weather, and road geometry. This study took
only the effects of foggy conditions on traffic flow into consideration and did not
consider the other variables. This study aimed to determine the level of visible
distance that affected traffic flow by analyzing the relationship of speed and traf-
fic volume according to the visible distance. For the traffic volume calculation, a
one-hour traffic flow rate was employed in which the traffic volume per vehicle
type is converted to the passenger car unit (pcu), using the daily traffic volume
and passenger car equivalent for the study section [21].

Figure 2 shows the analyzed results with the speed-traffic volume model
based on the data from the foggy days. Figures from February 11 fog the occur-
rence identified the upstream traffic flow at 200 - 1800 pcu/h/In and that had
decreased to 100 - 700 pcu/h/In in the case of the downstream traffic flow. A sig-
nificant difference in the speed-traffic flow relationship between foggy and
non-foggy days was revealed at the level of 800 - 1800 pcu/h/In traffic flow in the
upstream case and 200 - 600 pcu/h/In in the downstream case; these results re-
veal an occurrence of fog, whose visible distance was less than 200 m. A rapid
decrease in speed was found when the driving was less than 200m due to fog.
From the figures from March 27, an occurrence of fog identified the upstream
traffic flow was 0 - 1000 pcu/h/In decreasing to 0 - 350 pcu/h/In in the down-
stream case. A significant difference in speed-traffic flow relationship between
foggy and non-foggy days was revealed at the level of 0 - 400 pcu/h/In traffic
flow, revealing an occurrence of fog whose visible distance was less than 200 m.
Considering the fog occurrence in the early morning of March 27, the traffic
flow was significantly different between foggy and non-foggy days when the traf-
fic flow was low. From the figures from March 30, an occurrence of fog was
identified when the traffic flow was 0 - 1800 pcu/h/In in the upstream case and 0
- 600 pcu/h/In in the downstream case. A significant difference in the
speed-traffic flow relationship between foggy and non-foggy days was revealed at
the level of 0 - 400 pcu/h/In traffic flow, revealing an occurrence of fog whose

visible distance was less than 200 m.

4. Method of Development of Risk Index and Results

This study estimated parameters using a regression model and selected a model
equation whose explanatory power was the highest among the models to derive a
risk index. The used regression model was largely divided into linear and
non-linear models based on the Greenshildes model, which was a linear model,
and the Greenberg model, which was a non-linear model, among the traffic flow
models. The non-linear model was then divided into exponential and natural
logarithm models. This was based on study results of Lee & Lim [22] in which a
regression analysis was conducted to represent the causal relationship between
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Speed-flow relation (2/11, upstream)
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Speed-flow relation (3/27, upstream)
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Figure 2. Speed flow relation under foggy conditions.

dependent and independent variables when both the dependent and indepen-
dent variables were interval and ratio scales, that is, quantitative scales.

In addition, a deviation for vehicle speed was set as a level of risk to derive the
traffic risk index. This was based on the previous study results, in which traffic
accidents increased when the deviation in speed increased [23] [24] [25]. Thus, a
level of risk that was a dependent variable, the deviation in speed, was selected as
the coefficient of variation. Since the coefficient of variation reflected the stan-
dard deviation and means, deviations at different times can be objectively com-

pared.
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4.1. Variable Setup and Parameter Estimation

As for the independent variables, factors that affected the deviation in speed
were selected through the analysis on the changes in traffic flow. First, a visible
distance that affected the traffic risk level due to an occurrence of fog was se-
lected as the basic variable. In addition, the traffic volume, density, and speed
were additionally selected as independent variables, assuming that deviation in
speed would be affected by the independent variables. However, since a multi-
collinearity problem occurs in the case of the traffic volume and density, as the
variance inflation factor (VIF) was more than 10, only the traffic volume was se-
lected as an independent variable. Through the above process, the independent
variable included in the model equation were divided into four cases to propose
the risk index model, based on the model with the highest explanatory power.
The model with the four cases, which are divided by independent variable, is
presented in Table 4.

The parameter estimation results of the regression model are presented in Ta-
ble 5. The risk index model, in which the coefficient values of all variables are
statistically significant, and the explanatory power is the highest, is proposed.
The analysis results showed that the linear and the exponential models with va-
riables of visible distance and traffic volume and the natural logarithm model
with a variable of visible distance were statistically significant models. Among
those models, the exponential model showed the highest explanatory power.

The explanatory power in the exponential model was higher than that of the
linear model. The explanatory power of the model equation was the highest
when all variables: visible distance, traffic volume, and speed were used, but the
coefficient values of the variables excluding traffic volume were 0.05 or higher,
which led them not to be significant. When the visible distance and speed were
used as variables, all coefficient values became insignificant, and the model using
only the visible distance showed that the coefficient value was significant, but
had lower explanatory power.

Thus, this study aimed to propose a risk index model, in which the coefficient
values of all variables were statistically significant and the explanatory power was
the highest.

4.2. Establishment of the Traffic Risk Index Model

The final proposed traffic index model equation in this study is presented in
Equation (5-1).

Table 4. Selection of variables in the traffic risk index model.

Dependent variable (y) Independent variable (x)

Visible distance (x;), traffic volume (x,), speed (x;)

Coefficient of variation Visible distance (x;,), traffic volume (x,)
(risk level) Visible distance (x,), speed (x;)

Visible distance (x;)
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Table 5. Estimation results of regression model parameters.

t f fficient
Category o Model equation Coefficien R’

Model o
significance

independent variables

Visible distance ( x, ) X

Traffic volume

©)

(x,) y=-0.001x, —0.00Lx, —0.139x, +15.440 0.637
Speed (x, )

Constant
Visible distance ( x, )

Traffic volume (x, ) y=-0.003x, —0.001x, +4.420 0.570

Linear type

Constant
Visible distance ( x, )

Speed (x, ) y=-0.001x, —0.153x, +15.956 0.552

Constant

Visible distance ( x, )
y=-0.002x, +3.760 0.471

Constant
Visible distance ( x, )

Traffic volume (x, )
- __ ,~0.001x,-0.0003.x,-0.052.x; +5.688

y=e¢ 0.681

Speed (x,)
Constant

Visible distance ( x, )

~0.001,-0.0004.x, +1.567

Traffic volume ( x, ) y=e 0.630

Exponential
type Constant

Visible distance ( x, )

~0.0013,-0.058.x;+5.910

Speed (x,) y=¢e 0.594

Constant

Visible distance ( x, )

y= 000141286 0.530

Constant
Visible distance ( x, )

Traffic volume ( x, )

y =In(-0.022x, —0.029x, —5.272x, +517.81) 0.419

Speed (x,)
Constant

Visible distance ( x, )

Natural

Traffic volume ( x,) y =In(-0.072x, —0.031x, +99.566)
log type

0.353
Constant
Visible distance ( x, )
Speed (x,) y=1In(-0.017x, —5.771x, +536.003) 0.346

Constant

O HW X X O W O X X X X O O O W X O O O O »®W O »® O 0O O ®» »®W o o o o ~

Visible distance ( x,) y=1In(-0.071x, +76.136) 0.266

DOI: 10.4236/wjet.2018.63031 527 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2018.63031

S. Kim, S. H. Lim

0001300004 x5 +1.567
=e N & (5-1)

y

where

y: Risk index;

x, : Visible distance (m);

x, : Traffic volume (pcu/h/In).

A risk level was derived in terms of the visible distance and the traffic volume
through the risk index model equation. Based on 200 m of visible distance,
which was analyzed to be significant enough to affect traffic flow, with the visible
distance below 200 m being finely divided every 50 m, the traffic volume was di-
vided by 400 pcu/h/In, when considering the time and the frequency of occur-
rence of fog. The risk indices derived through the risk index model equation are
presented in Table 6. A traffic risk level at the time of the occurrence of fog with
a traffic volume of 800 pcu/h/ln, which was the traffic volume at the time of a
frequent occurrences of fog in the study, was more than y twice as high with a
200m visibility and approximately three times as with 50 m visibility as com-
pared to that of a normal conditions. The above results are consistent with the
study result of Park et al [17], in which the risk impact index was 3.27 times
higher during occurrences of fog, and the study result by the Korea Road Traffic
Authority [1], in which the fatality rate was three times higher during occur-
rences of fog than that of normal conditions. Even with the same visibility, the
risk level was higher as a traffic volume decreased, indicating that a traffic risk
level increases with shorter visible distances and lower traffic volumes. The rea-
son for this was because drivers did not change the vehicle speed often to main-
tain the gap with the vehicle in front of them when the traffic volume was main-
tained at a high level, whereas drivers changed vehicle speed rapidly without

visible vehicles in front of them when the traffic volume was low (Figure 3).

5. Conclusions

Fog is a factor that degrades the visibility of drivers. It is a weather condition
that can affect traffic flow, which induces traffic congestion and causes a higher
risk of mass traffic accidents. Thus, this study developed a traffic risk index
based on the analysis results on traffic characteristics during occurrences of fog.
The conclusions of the study results are summarized as follows: This study de-
rived the level of visible distance that affected traffic flow through the relation-
ship of traffic volume, speed, and density according to the visible distance. The
traffic volume decreased in most densities during occurrences of fog, as did the
traffic speed at most volumes s. In particular, a significant difference in the traf-
fic volume during occurrences of fog with less than 200 m of visibility was re-
vealed as compared to that without fog, affecting changes in traffic flow. In addi-
tion, the deviation in speed was set to as a traffic risk level to develop the traffic
risk index during occurrences of fog. An exponential model with independent
variables set as the visible distance and the traffic volume using a regression

model was proposed as the traffic risk index model. According to the calculated
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Table 6. Traffic risk index according to visible distance and traffic volume.

Risk index Traffic volume (pcu/h/In)

Visible distance (m) 400 800 1200 1600 2000
50 3.88 3.31 2.82 2.40 2.05

100 3.70 3.15 2.68 2.29 1.95

150 3.51 3.00 2.55 2.17 1.85

200 3.34 2.85 2.43 2.07 1.76

500 2.48 2.11 1.80 1.53 1.31

1000 1.50 1.28 1.09 0.93 0.79

4.5 ——400pcu/h/In

4 \ """" 800pcu/h/In
3.5 -

..... \ __ _1200pcu/h/In
5 3 e,
o
=} S~ L e, — - 2000pcu/h/In
E 25 = \
™ 2 = S~ s e, \
E '~\._\\‘\'\,\~. ............ \
s — =TT
1 B EE e e
0.5
0 T T T T T T T T T T T T T T T T T T T T 1
0 250 500 750 1000

Visibility (m)

Figure 3. Traffic risk index model.

results using the study model, the traffic risk increased as the visible distance was
shortened and the traffic volume was lower. The traffic risk level at a traffic vo-
lume level of 800 pcu/h/In, which was the traffic volume level at the time of a
frequent occurrence of fog in the study road section, was more than approx-
imately twice as high at the time of the occurrence of fog with a 200 m visibility
and approximately three times as high as an occurrence of fog with 50 m visibil-
ity as compared to that of a normal time.

The study results are expected to be utilized as foundational data to establish
traffic management strategies that can minimize traffic congestion and reduce
traffic accidents during occurrences of fog. If the visibility is less than 200 m, the
traffic operation manager can check the road condition (traffic volumes, speed
limit and so on) and help to control the road to prevent traffic accidents. For
examples, the manger can recommend to detours to drivers, control the speed
limit by using the variable speed limits (VSL), and provide fog and road infor-
mation to drivers through mobile phones or by radio. They are also expected to
contribute to improvements on traffic safety by helping drivers to intuitively

recognize levels of risk.
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