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Highways play an important role in China’s economic development, especially in mountainous regions. In re-
ality, design of mountainous highways can be a challenging task due to complex geological and topographic
conditions. From the safety perspective, it is also important that road geometric design defects and potential

1?11; accident blind spots can be reasonably identified from the design. To this end, this study formulated an inno-
DEMATEL vative Geographic Information System (GIS)-based geometric design quality assessment model for mountain

GDQ highways. First, a fault tree analysis (FTA) was conducted to identify a series of highway design risk factors.
Second, a decision-making trial and evaluation laboratory (DEMATEL) technique was employed to derive the
factors’ weight and sensitivity. Third, road driving suitability, traffic safety sensitivity, design risk factors, and
effective distance were taken into account to formulate a design quality assessment model. Forth, two case
studies based on a mountainous highway located in southwest China were conducted to validate this model. The
case studies established that improving geometric design quality can significantly improve the road traffic safety
of mountainous highways. It is also revealed that the existence of steep slopes, tunnels, and rapid horizontal and
vertical alignment change can considerably compromise the geometric design quality (GDQ), therefore,
configuring these parameters is worth of further investigation. Last but not least, this study provides essential
knowledge to the regime of accident prevention, high-risk road section location and mapping, traffic safety
management, and design of smart transport systems.

1. Introduction

By rough estimate, about two-thirds of the total area of China con-
sists of mountains. Especially, the southwest regions of China possess
complex landforms and geological conditions (Wang and Prato, 2019).
Development of road projects in these areas can significantly improve
their overall accessibility, reduce transportation costs, and increase
productivity and economy. Design of road infrastructure involves many
complex factors that can compromise road traffic safety, such as
speeding (Intini et al., 2020), fatigue (Watling et al., 2016), poor visi-
bility (Li et al., 2019; Colonna et al., 2020), vehicle friction and skid
(Chen et al., 2012; Colonna et al., 2016, 2017; Pitaksringkarn et al.,
2018; Wang et al., 2019), brake failure (Zhang et al., 2019), speed
dispersion (Yan et al., 2019), fickle weather conditions (Zhang et al.,
2015b; Ashley et al., 2015), and so on. According to the National Bureau

of Statistics (2019), over seventy thousand mountainous regions acci-
dents were recorded in China in 2018, leading to over a hundred
thousand casualties and losses of millions of dollars.

According to Wen et al. (2016) and Zhang et al. (2017), highway
geometric design quality (GDQ) must take into account the aforemen-
tioned factors. Currently, the most common GDQ evaluation methods
are highway safety auditing and geometric design consistency check.
Over a hundred countries have formulated different safety auditing and
design consistency check techniques (World Health Organization,
2015). A geometric design consistency check focuses on the analysis of
difference between driver expectation and road design specifications.
Overall, the greater the difference, the higher the crash rate (Meng et al.,
2011; Luque and Castro, 2016; Wang et al., 2017; Wang and Prato,
2019; Llopis-Castello et al., 2019).

Nowadays, numerous approaches have been formulated to evaluate
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highway GDQ and the synergistic effects of roads, vehicles, drivers, and
environmental impact on accidents. These approaches incorporate, but
are not limited to, statistical analysis (Abdelrahman et al., 2018), clus-
tering analysis (Naji et al., 2020; Xiong et al., 2019), fuzzy logic (Ani
etal., 2019; Cai et al., 2005), deep learning (Ping et al., 2018; Shah et al.,
2017), driving risk field theory (Wang et al., 2016), reliability theory
(Sun and You, 2013), extension science model (Zhang et al., 2016),
Bayesian model (Ma et al., 2019), Logit regression model (Naji et al.,
2018), negative binomial regression model (Meng et al., 2012), and so
on. Accidents and near-misses can be affected by highway design risk
factors such as curve radius projected to the horizontal plane, longitu-
dinal gradient, deflection angles, roadway width, and superelevation.
Wang and Prato (2019) formulated a partial proportional odds model to
analyse how these factors influenced the severity of traffic accidents.
This study evidenced that mountainous highways should reduce the use
of sharp turns, long curves, and steep slopes as much as possible. Li and
He (2016) established a closed-loop drive-vehicle-road-environment
system to analyse the influence of curve radius and superelevation rate
on lateral tire force, revealing that both radius and superelevation rate
safety margin should be increased to accommodate safety requirements.
Zhang et al. (2015a) looked into road curve sideslip risks using Carsim,
which found that curve radius is a more important factor in road traffic
safety.

A Geographic Information System (GIS) is a computer system for
capturing, storing, checking, and displaying data related to positions on
Earth’s surface. It can create digital cartographic resources, link road
attributes to spatial data, handle big data, and present spatiotemporal
feature maps (Budzynski et al., 2018). GIS approaches have been widely
used to analyse the spatial distribution of traffic accidents and
accident-prone road networks, including hotspot analysis (Getis-Ord
Gi*), high/low clustering (Getis-Ord General G), spatial autocorrelation
(Morans I), Kernel Density Estimation (KDE), and so on. Ciobanu and
Benedek (2015) implemented KDE and derived a set of accident distri-
bution maps, evidencing that road intersections would always be more
accident-prone. Kara and Akcit (2015) conducted a spatial autocorre-
lation and hot spot analysis and formulated a number of driving risk
reduction measures for road intersections.

Despite risk-associated mechanisms have been well studied, moun-
tainous road design is still a challenging research topic when consid-
ering its spatial distribution, longitudinal gradient, slope length, and
horizontal and vertical alignment change. Most previous highway GDQ
techniques relied on traffic accident data, travel speed, and geometric
design schemes obtained from fitting satellite images (Farahmand and
Boroujerdian, 2018), high-resolution laser scanning data (Sameen and
Pradhan, 2017), GPS data (Zainal et al., 2017), and Google Earth (Wang
and Prato, 2019). However, acquiring and processing a wide range of
datasets from multiple sources could be very tedious. To efficiently
identify the geometric design defects and accident-prone road sections
in mountainous highways, this paper formulated a novel GIS-based GDQ
assessment model based on a three-step method, namely, using the fault
tree analysis (FTA) technique to identify the highway design risk factors,
using the decision-making trial and evaluation laboratory (DEMATEL)
technique to analyse each identified factor’s weight and sensitivity, and
formulating a model that incorporates a wide range of road design
factors. Finally, two case studies were conducted to validate the model
efficacy.

2. Methodology
2.1. Identifying the highway design related risk factors

FTA is a top-down deductive failure analysis method that can be used
to derive the causality of system failure and its likely reasons (Chen
et al.,, 2018; Li et al., 2019). In this study, an FTA was conducted to
examine multiple road design related factors that contributed to over
two thousand traffic accidents recorded in the southwest China
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Table 1
Highway design risk factors.
No.  Factor Numeric Annotation Feature
1 Li: Lighting design in Tunnel lighting reflectors only Global
tunnel (1); General lighting system only multiple
(2); Enhanced lighting system &
general lighting system (3)
2 Ln: Tunnel length (m) decimal Local
continuous
3 Lt: Tangent length (m) decimal Local
continuous
4 Ri: curve radius decimal Local
projected to the continuous
horizontal plane (m)
5 u: Lateral force related to speed, horizontal curve  Local
coefficient radius, and superelevation, continuous
decimal
6 Ls: Transition curve decimal Local
length (m) continuous
7 Lh: Horizontal curve horizontal & tangent-to-curve Local
length (m) transition curves (length total), continuous
decimal
8 G: Longitudinal grade decimal Local
(%) continuous
9 Lp: Slope length (m) decimal Local
continuous
10 Rci: Crest curve radius decimal Local
projected to the vertical continuous
plane (m)
11 Rsi: Sag curve radius decimal Local
projected to the vertical continuous
plane (m)
12 Lv: Vertical curve length ~ decimal Local
(m) continuous
13 Tf: Traffic engineering irregular design (1); poor Global
and roadside facilities visibility (2); standard design & multiple
good visibility (3)
14 Em: Emergency escape poor design (1); inappropriate Global
ramps position (2); standard design & multiple
appropriate position (3)
15 D: Roadside conditions no guardrails (1); dull landscape Global
(2); guardrails & nice landscape multiple
3)
16 Q: Traffic volume (pcu/  the number of standard vehicles Local
(h'ln)) per lane per hour, integer continuous
17 Ric: Horizontal change in curve radius projected Local
alignment change (m) to the horizontal plane, decimal continuous
18 Gc: Vertical alignment change in longitudinal grade, Local
change (%) decimal continuous
19 We: Cross-section change in cross-section width: Global
change narrowing (1); widening (2); no multiple
change (3)
20 A: Tunnel entrance or within 200 m away from a tunnel ~ Global
exit entrance (1) or exit (2) multiple

mountainous regions between 2013 and 2017. The analysed accidents
did not include the ones associated with drink/drunk driving, unli-
censed driving, drug driving, etc. In our study, the fault tree was
designed to include three levels (Fig. Al). The top level collated the
traffic accident records and the intermediate and bottom levels con-
tained the direct and indirect causes of these accidents. The highway
design related risk factors were summarised through analysing the in-
direct causes from the fault tree (Table 1). As these factors possess
different units, values, and risk impact, they need to be normalised prior
to denoting the threat intensity (Table A1) (AASHTO, 2018; Ministry of
Transport of the People’s Republic of China, 2015).

It is indicated from the FTA that driving fatigue, speeding, brake
failure, lateral instability, and poor visibility are the most frequent direct
risk factors. On downhill roads, continuous brake will increase the brake
disc temperature and reduce the friction coefficient, which may lead to
brake failure and serious consequences. Lateral instability refers to the
horizontal instability caused by larger lateral force coefficient, shorter
transition curve or horizontal curve length (Rosey and Auberlet, 2012;
Zhang et al., 2015a), as well as the longitudinal instability resulted from
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Table 2

Demonstration of the DEMATEL results.
No. Factors Symbols fi g m; n; w; Si
1 Lighting design in tunnel Li 0 0.25 0.250 —0.25 0.562 0.438
2 Tunnel length (m) Ln 0.443 0 0.443 0.443 0.609 0.609
3 Tangent length (m) Lt 0.281 0 0.281 0.281 0.57 0.57
4 Curve radius projected to the horizontal plane (m) Ri 0.882 0.29 1.172 0.591 0.764 0.644
5 Lateral force coefficient u 0 0.427 0.427 —0.427 0.605 0.395
6 Transition curve length (m) Ls 0.173 0.29 0.463 —0.118 0.614 0.471
7 Horizontal curve length (m) Lh 0.382 0.323 0.704 0.059 0.669 0.515
8 Longitudinal grade (%) G 0.547 0.411 0.958 0.136 0.723 0.534
9 Slope length (m) Lp 0.25 0.176 0.426 0.074 0.605 0.518
10 Crest curve radius projected to the vertical plane (m) Rci 0.375 0.125 0.5 0.250 0.622 0.562
11 Sag curve radius projected to the vertical plane (m) Rsi 0.375 0.125 0.5 0.250 0.622 0.562
12 Vertical curve length (m) Ly 0 0.281 0.281 —0.281 0.57 0.43
13 Traffic engineering and roadside facilities Tf 0 1.84 1.84 -1.84 0.863 0.137
14 Emergency escape ramps Em 0 0.766 0.766 —0.766 0.683 0.317
15 Roadside conditions D 0.25 0.125 0.375 0.125 0.593 0.531
16 Traffic volume (pcu/(h’In)) Q 0.25 0 0.25 0.25 0.562 0.562
17 Horizontal alignment change (m) Ric 0.125 0.161 0.286 —0.036 0.571 0.491
18 Vertical alignment change (%) Gc 0.125 0.176 0.301 —0.051 0.575 0.487
19 Cross-section change We 0.125 0.125 0.25 0 0.562 0.5
20 Tunnel entrance or exit A 1.31 0 1.31 1.31 0.787 0.787

shorter vertical curve length or steep slope (Hu et al., 2010). Moreover,
inconsistent geometric design may also lead to lateral instability acci-
dents (Li et al., 2019; Intini et al., 2020), such as rapid changes in hor-
izontal alignment, vertical alignment, or cross-section areas. Driving
visibility can be affected by road geometric features as well, for instance,
sharp turns, a swift drop of heigh, changing brightness, concealed roads,
lack of traffic lights, and so on (Yan et al., 2011; Zhang, 2020).

2.2. Determining the risk factor weight and safety sensitivity

DEMATEL is a well-proven method to disclose the rationale of
complex clusters that of various links and standards (Cui et al., 2013),
therefore, it was used in our study to determine the risk factors’ weights
and the sensitivity level of traffic safety on each factor. In view that the
risk factors are not independent and may affect one another, a DEMATEL
method was implemented through determining the mutual relation
between pairwise risk factors, calculating the relative importance/net
effect of each risk factor, and normalising the relative importance/net
effect to obtain each risk factor’s weight and safety sensitivity.

(1) To evaluate the relationship among the risk factors, a direct-
relation matrix (Z), a normalised direct-relation matrix (X) and
a total-relation matrix (T) were formulated using Egs. (1)-(3)
(these matrixes can be referred to from the Appendices).

Z:(Zij)nxn @
1

X= (x[/')nxn = maS 2 ;‘:]Zij xZ ()]

T = (tg)wen = Jim (X +X* + ...+ X) = X(I = X)"! (3)

where z; represents the influence of the ith factor on the jth factor (set to
1 if the influence was present or 0 if not). I represents the identity matrix
(i.e., the self-influence factor). Its main diagonal element values are set
to 1 and the rest 0.

(2) To obtain each risk factor’s relative importance/net effect, the
distributing influence (f;) and the receiving influence (gj) were
calculated using Eq.s (4)—(5). These values are the totals of the
matrix (T)’s ith row and jth column and reflect the direct and
indirect influence of the ith factor on the other factors, as well as
the direct and indirect influence of the jth factor received from
the other factors. The relative importance (m;) and the net effect
(n;) were calculated using Eq.s (6)—(7). The former represents the

position of the ith factor in the system (note a larger value in-
dicates a closer relationship with the other factors and a higher
weight), and the latter classifies the causal factors (positive
values) and the resultant factors (negative values) (note traffic
safety is more sensitive to the causal factors (Yazdi et al., 2020),
and a larger value indicates the risk factor has greater influence
over the other factors).

eI @

8 = Zn: Lij (5)
i=1

m=fi+g; (6)

ni=fi-g; @

(3) To obtain the ith factor’s weight (w;) and the sensitivity level of
traffic safety on ith factor (S;), the relative importance (m;) and
the net effect (n;) were normalised through the Sigmoid function
(Lipovetsky, 2010), according to Egs. (8)—(9).

1

wi = W (8
1
S T ©

The DEMATEL results showed that the factor of traffic engineering
and roadside facilities closely relate to the other factors (m; = 1.84),
followed by tunnel entrance or exit (m; = 1.31), curve radius (m; =
1.172), longitudinal grade (m; = 0.958), just to list a few. (Table 2).
Tunnel lighting design, traffic volume, and cross-section changes loosely
relate to the other factors, as evidenced from m; = 0.25. The causal
factors were then identified as tunnel length, tangent length, curve
radius projected to the horizontal plane, horizontal curve length, lon-
gitudinal grade, slope length, crest curve radius projected to the vertical
plane, sag curve radius projected to the vertical plane, roadside design,
traffic volume, and tunnel entrance or exit (n;>0), to which a typical
road design practice should pay attention as well.

2.3. GDQ assessment model

In this study, the driving risk related to a number of factors which
involve risk weight, risk threat intensity spatial distribution, distance
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A 4

v
The sensitivity level of traffic
safety on each factor (S))

Each risk factor’s weight (w,)‘

GIS-based

The spatial distribution of threat
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driving risk
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‘ + Driving

impact weights (w) e
suitability Computing the
The sensitivity level of traffic A half | GDQ
safety on each factor (S) function

Spatial ‘

The relative distance between a
vehicle and risk source

Fig. 1. Flowchart of formulating the GDQ assessment model.

between a vehicle and a risk source, and traffic safety relative sensi-
tivity. Eventually, the spatial distribution of driving risk and GDQ can be
calculated by adding up the risk factor influence (Fig. 1).

As the driving risk and GDQ assessment involved spatial distribution
and distance calculation, they were generated using GIS analysis and
statistics techniques. The GIS-based implementation process is as
follows:

(1) The two-dimensional coordinates of each station point (XY data)
on the road centerline were displayed on the geospatial map and
then plotted onto the base raster map.

(2) Likewise, the values of the design parameters at each station
point (risk factors distribution data) were displayed on the geo-
spatial map and then plotted onto a series of threat raster maps.
The grid cell values in these maps reflected the threat intensity
(Table Al).

(3) The threat raster maps were then superposed to generate the
driving risk map, according to Eq. (10).

i Yi w
RX = - .vDix'Si
; ;(Zilwi> b

where R, represents the xth grid cell’s driving risk of the base raster
map. y; represents the grid cells entirety on threat r’s raster map. w;
represents risk factor r’s weight (ranging from 0 to 1), and the normal-
ised weight was used to rate the mean driving risk. iy represents the yth
grid cell’s threat intensity (ranging from O to 1) on threat r’s raster map.
As the grid cells closer to the risk source were more affected (Wu et al.,
2014), the yth grid cell’s distance-decay influence on the xth grid cell,
expressed as Djyy, can be expressed as a linear function and an expo-
nential function (Eqgs. (11) and (12)). S; represents the relative sensitivity
of traffic safety on each risk factor (ranging from 0 to 1), and a larger
value means a section is more risk-prone.

(10

dx
Dy =17 an
Dy = exp( - did) 12)

where d, represents the linear distance between xth grid cell and yth
grid cell. dymax represents the maximum effective distance, i.e., 400 m,
that a risk factor r could reach (Chen et al., 2020). a is the exponential
function coefficient and its default value was set to 2.99 (Zhang et al.,
2020b).

(4) A half-saturation function, expressed as Eq. (13), was used to
convert the grid cell risk scoring to GDQ. This function only re-
distributes the spread and centering trend of the grid cell’s
driving risk score (Mulder and Hendriks, 2014). The higher the
GDQ, the smoother the road section.

RZ
ere)

where GDQ, represents the xth grid cell’s GDQ on the base raster map. A
represents the driving suitability of a road (ranging from O to 1) and its
value was set to 0.7 for mountain highways. Z is a constant and its value
was set to 2.5. k is the scaling parameter, and its default value was set to
0.5, which is the maximum score out of the raster maps. Therefore, the
GDQ values ranged between 50 %A and Apax. Fig. 2 presents an entire
GIS-based process of the study adapted from Zhang et al. (2020a). A
comparison of the formulated model with other models was made in
Table 3, which reveals the model sweeping advantages in terms of
accurately generating GDQ spatial distribution maps for a wide range of
road types.

GDOQ, :A(l— 13)
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v
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Fig. 2. GIS-based GDQ map generation process (adapted from Zhang et al., 2020a).
(Fig. 3a). There were 185 accidents and 266 accidents being recorded in
Table 3 these sections from 2013 to 2017. Fig. 3b and c show the designed
Comparison of the prevalent GDQ evaluation methods. horizontal and vertical alignments of the sections. In Case 1, there is a
Methods Required Evaluation Efficiency Applicability spiral up section in Tunnel 2, i.e., between 151.880 km and 153.683 km.
data results More design specifications retrieved from our survey on the road de-
Highway safety ~ Road Checklist Manual Broader road signers can be referred to from Table 4. The coordinates of each station
auditing design data  with audit, time- types point at an interval of 20 m along the road centerline and their design
qualitative consuming parameters were retrieved from the geometric design scheme. Then the
results i
corresponding base raster map and threat raster maps were generated
Accident-based Accidents Accident Acquiring Operating P & . P P . 3 .
geometric blind spots accidents, roads from GIS conversion, data management, geoprocessing and spatial
design time- analysis tools (Fig. A2). Next, the GDQ distribution was mapped out
consistency consuming using the GIS raster calculator (Fig. 4). Finally, the model was validated
check ) i by examining the relationship of GDQ and accidents.
Speed-based Measured Road sections Acquiring Broader road
geometric or predicted  with large speed, time- types
design speed speed consuming
consistency gradients 3.2. GDQ evaluation results
check
Proposed GDQ  Road GDQ map GIS-based Broader road It can be seen from Fig. 4 that the GDQ spatial distribution varied
assessment design data semi- types bstantially. In C 1.1 GD 1 b d in betw
model automation substantially. In Case 1, lower Q values were observed 1n between

3. Case studies
3.1. Study sections and data preparation

The proposed model was applied to the road sections of G5 in be-
tween 140 km and 160 km (Case 1) and 95 km and 115 km (Case 2)

151.02 and 152.5 km, and 154.4 and 156.1 km, namely, within the 800
m range of the two ends of the tunnel. The lowest GDQ value scored at
0.35 and appeared at the 155.68 km kilometric point. The straight line
between the curves of the opposite turns is 121.194 m long with a
longitudinal grade being 3.66 % and crest curve radius (projected to the
vertical plane) being 40 km. A higher accident rate was witnessed within
the 400 m range of this point, despite there was an emergency escape
ramp. Higher GDQ values were observed in between 140 and 140.84
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Fig. 3. (a) Section overview; (b) Case 1 alignment; (c) Case 2 alignment.
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Table 4

Basic information of two cases.
Design Specifications Case 1 Case 2
Design speed (km/h) 80 80
Annual average daily traffic (AADT) (pcu/d) 13,937 20,774
Elevation difference between the highest and lowest points (m) 696.194 54.710
Maximum average longitudinal grade (%) 3.48 0.60
Minimum curve radius projected to the horizontal plane (m) 335 600
Maximum longitudinal grade (%) 4.95 3.978
Number of crashes 185 (1.85/kilometer/year) 266 (2.66/kilometer/year)

0 1 2 4 GDQ=0.689

GDQ (break interval by percentage)
I 0.350-0.414 (60%)
Kﬁ [ ] 0.414-0.482 (70%)
GDQA=0.350 / [ ] 0.482-0.551 (80%)
I 0.551-0.620 (90%)
I 0.620-0.689 (100%)

Tunnel 3 Tunnel 2 Tunnel 1
R L T T T T T
160km 156km 149km 146km 143km 140km

Kilometric point

(@
0o 1 2 4 d
T E——— km
GDQ (break interval by percentage)
I 0.350-0.412 [l 0.549-0.618
[ ]o0.412-0.481 |l 0.618-0.687
[ ]o0.481-0.549
GDQ=0.687 GDQ=0.350
N -
Tunnel 4 Tunnel 3 Tunnel 2 Tunnel 1
T T L T T L) T T T 1 LI
115km 111km 107km 103km 99km 95km

Kilometric point
(b)
Fig. 4. GDQ spatial distribution of (a) Case 1 and (b) Case 2.

Table 5
NB and ZINB results.

Model Accident counts Coefficients (B) IRR (exp(B)) Standard error Z P>z 95 % confidence interval
GDQ —-3.851 0.021 0.254 —-15.15 0 —4.350 —3.353
/Inalpha 2.784 2.784 0.187 / / 2.416 3.151
NB alpha 16.180 16.180 3.033 / / 11.205 23.365
AIC = 713.075
BIC = 723.132
Wald chi2(1) = 229.45 Prob > chi2 =0
GDQ —3.851 0.021 0.254 —15.16 0 —4.349 —3.353
Inflate (constant) —9.980 —9.980 11.389 —0.88 0.381 —32.303 12.343
/Inalpha 2.784 2.784 0.188 14.84 0 2.416 3.151
ZINB alpha 16.177 16.177 3.034 / / 11.201 23.363
AIC = 715.075
BIC = 730.16

Wald chi2(1) = 229.71 Prob > chi2 =0
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Table 6
Poisson and ZIP results.
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Model Accident counts Coefficients(B) IRR (exp(B)) Standard error z P>|z| 95 % confidence interval
GDQ ~2.576 0.076 0.103 ~25.10 0 ~2.777 ~2.375
Poisson AIC = 1317.032
BIC = 1322.039
Wald chi2(1) = 630.25 Prob > chi2 = 0
GDQ ~2.576 0.076 0.103 -25.10 0 —-2.777 -2.375
Inflate (constant) ~16.364 ~16.364 0.288 ~56.85 0 -16.928 ~15.800
ZIP AIC = 1319.032
BIC = 1329.046
Wald chi2(1) = 630.24 Prob > chi2 = 0
Kilometric point km, 142.26 and 144.28 km, 147.08 and 148.96 km, and 159.46 and 160
160km 156Km 145Km +askm 143km 140km km. While the longitudinal grade and horizontal/vertical alignment
. —— b — t 1 — change of these areas were relatively small, their curve radii projected to
e NS the horizontal plane were relatively large.
— Hot spots of GDQ In Case 2, lower GDQ values existed in between 106.76 and 108.78
e * Cold Spot - 99% Confidence km and 109.9 and 113.06 km. The lowest GDQ value was 0.35 and
’ Cold Spot - 95% Confidence : : : :
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Fig. 5. Hot spot analysis for Case 1 (a) and Case 2 (b).

and 113.96 and 115 km. Likewise, the longitudinal grade and horizon-
tal/vertical alignment change of these areas were relatively small
whereas their curve radii projected to the horizontal plane were rela-
tively large.

In Case 1, the road lengths represented as the 60%, 70, 80™ 90,
and 100™ GDQ percentiles accounted for 10.6 %, 5.8 %, 14.2 %, 43 %
and 26.4 %, indicating more than 15 % of the areas scored relatively
lower GDQ. In Case 2, the percentiles accounted for 5.1 %, 21.5 %, 14.9
%, 42.3 % and 16.2 %, indicating more than 25 % of the areas scored
relatively lower GDQ.

3.3. Analysis of the GDQ and accidents

3.3.1. Regression analysis

In Case 1, Negative Binomial Regression (NB) and Zero-inflated
Negative Binomial Regression (ZINB) were used to understand the
relationship of GDQ and accidents. According to the NB and ZINB results
(Table 5), a 95 % confidence interval of the overdispersion parameter
alpha was between 11.205 and 23.365, indicating that the null hy-
pothesis of “alpha = 0” (corresponding to Poisson Regression) was
rejected, and the NB model was better than the Poisson Regression
model. The Wald test also showed that the null hypothesis was rejected
(Prob > chi2 = 0) and the explanatory variables needed to be included in
the NB and ZINB models. Besides, the NB model had smaller Akaike
information criterion (AIC) and Bayesian information criterion (BIC)
values, which fit the data better than the ZINB model (AIC = 713.075 <
715.075, BIC = 723.132 < 730.16) (Wilson, 2015). The NB results
showed that while the covariate constants remained unchanged, the
Incidence Rate Ratio (IRR), also known as exp(B), received a scoring of
0.021. This means improving the GDQ can contribute to a reduced level
of highway accidents.

In Case 2, the Poisson model was better than the NB model as the
overdispersion parameter alpha received a score of 0. Poisson Regres-
sion and Zero-inflated Poisson Regression (ZIP) were used to examine
the relationship of GDQ and accidents. Given Prob > chi2 = 0 (Table 6),
the explanatory variables needed to be included in the models. Besides,
the Poisson model fit the data better than the ZIP model, i.e., AIC =
1317.032 < 1319.032, BIC = 1322.039 < 1329.046. The results also
showed improving the GDQ can contribute a reduced level of highway
accidents.

3.3.2. Hot spot analysis (Getis-Ord Gi*)
The GDQ and accident hotspot distribution were analysed using
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Getis-Ord Gi* (Fig. 5). The results showed that the GDQ cold spots in the
90 % confidence interval were more consistent with the accident hot
spots in the 95 % confidence interval. In Case 1, the GDQ cold spots were
located in between 150.6 and 152.68 km and 154.14 and 156.22 km.
The accident hot spots were located in between 152.7 and 152.8 km
(Hot spot 1), 153.8 and 154.1 kms (Hot spot 2), and 156 and 156.6 km
(Hot spot 3). Hot spot 1 was 1 km distant from the Tunnel 2 entrance.
Hot spot 1’s GDQ, curve radius (projected to the horizontal plane),
longitudinal grade, and lateral force coefficient scored at 0.244, 629.315
m, 2.8 %, and 0.04. Both the horizontal and vertical alignment changes
of Hot spot 1 were small. Hot spot 2 was about 500 m away from the
Tunnel 2 exit. Hot spot 2's GDQ, curve radius (projected to the hori-
zontal plane), longitudinal grade, and lateral force coefficient scored at
0.255, 629.315 m, 4%, and 0.04. Both the horizontal and vertical
alignment changes of Hot spot 2 were large. Hot spot 3 was located at
the 156 km kilometric point and possessed an emergency escape ramp.
Its GDQ, curve radius (projected to the horizontal plane), longitudinal
grade, and lateral force coefficient scored at 0.255, 570 m, 4%, and 0.04.

In Case 2, the GDQ cold spots in the 95 % confidence interval
appeared in between 96.46 and 96.76 km, 106.76 and 108.72 km, and
109.88 and 113.06 km. There were 66 recorded accidents in these spots,
accounting for 24.81 % recorded accidents. Two accident hot spots
appeared in between 95.68 and 96.3 km (Hot spot 1), and 111.7 and
113.76 km (Hot spot 2), respectively. Hot spot 1 was inside Tunnel 1,
and its GDQ and longitudinal grade were 0.522 and 0.5 %. Both the
horizontal and vertical alignment changes of Hot spot 1 were small. Hot
spot 2 was inside Tunnel 4, and its GDQ, curve radius (projected to the
horizontal plane), longitudinal grade, and lateral force coefficient were
0.479, 1530 m, 1.7 %, and 0.013. Its vertical alignment change was
more than 2%.

4. Discussion and conclusions

This paper presents an innovative GIS-based GDQ assessment model
for optimising the vertical and horizontal alignments and improving the
road traffic safety for mountainous highways. The innovation of this
study can be reflected from its methodology, which has generated the
mountain highway GDQ spatial distribution maps through synthetically
assessing the influence of multiple risk factors related to highway design
standards. In comparison, the existing research has not fully taken
mountainous road design principles and design-related accidents into
account, therefore, not sufficiently addressed the assessment compre-
hensiveness and complexity requirements. As well, the state-of-the-art
assessment results are mostly qualitative rather than quantitative, for
instance, the GDQ spatial distribution raster maps in this study. In the
modeling process, a thorough examination of the road geometric
design/design consistency related accidents led to a total of twenty
identified risk factors in Table 1. The threat intensity of these twenty risk
factors was also determined based on the consistent design standards,
codes and regulations. Therefore, the results generated from the meth-
odology relate to and verify the GDQ, traffic safety and design consis-
tency requirements. This study also evidences that to the GDQ
assessment, curve radius (projected to the horizontal plane), longitudi-
nal grade, and geometric design consistency of adjacent road sections (i.
e., horizontal and vertical alignment change and cross-section change)
are the most influencing factors, and tunnels, sharp turns and rapid
height drops typically possess lower GDQ and higher accident rates.

In Case 1, most accident hot spots possess a longitudinal grade of
more than 4%. As a result, a safe design threshold is recommended at
4%. As the lower GDQ areas’ vertical alignment changes would always
be more than 2%, it is recommended their longitudinal grade difference
be controlled to less than 2%. All these numeric implications were
drawn from the case studies and in line with the existing study (Wang
and Prato, 2019). Besides, enforcing speed limit in tunnels, bridges,
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Fig. A2. Base raster map and threat raster maps of Case 1 (a) and Case 2 (b).

downhill roads, and setting emergency laybys and emergency escape
ramps all could reduce the probability of accidents (Zhang et al., 2019).
Overall, the methodology of this study is rational in terms of identifying
and mitigating the driving risk in mountainous highways. Compared
with other common methods, our methodology can take into account
more assessment aspects, therefore is more comprehensive. Besides, it
can generate high fidelity GDQ spatial distribution maps from GIS and
does not need blind spot analysis. Last but not least, this method can be
applied to different road types since the assessed risk factors and pa-
rameters are universal and easy to be adjusted.

Nevertheless, this study has some limitations. First, the model was
formulated based on ecology theory, which only took into account the
spatial distribution and superposition effect of various highway design
risk factors. Second, vehicle condition, driver behaviour, environment
impact, and broader impact synergies were not studied. Third, deriving
various design parameters at different kilometric points was time-
consuming and tedious. To this end, our future work will be centered
around developing appropriate programs and software to improve the
practicality and efficiency of the model. With the help of image recog-
nition algorithms, genetic algorithms, and path optimisation algorithms,
we will also be working towards model refinement, methodology
generalisation, and intelligent transportation system design.
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Normalised risk factors and their threat intensity (adapted from AASHTO, 2018; Ministry of Transport of the People’s Republic of China, 2015).

Factor

Normalised risk factors at different design speeds

120 km/h

100 km/h

80 km/h

Threat intensity

Li: Lighting design in tunnel

Ln: Tunnel length (m)

Lt: Tangent length (m)

Ri: curve radius (projected to the horizontal plane) (m)

u: Lateral force coefficient

Ls: Transition curve length (m)

Lh: Horizontal curve length (m)

G: Longitudinal grade (%)

Lp: Slope length (m)

Rci: Crest curve radius projected to the vertical plane (m)

Rsi: Sag curve radius projected to the horizontal plane (m)

Lv: Vertical curve length (m)

Tf: Traffic engineering and roadside facilities

Em: Emergency escape ramps

D: Roadside conditions

Q: Traffic volume (pcu/(h'ln))

Ric: Horizontal alignment change (m)

tunnel lighting reflectors only = 1
general lighting system only = 2
enhanced lighting system & general lighting system = 3

Ln<500
500<Ln<1000
1000<Ln<3000
Ln>3000

Lt<2V (between the curves with opposite turns)

2V<Lt<20V (between the curves with opposite turns)

Lt<6V (between the curves with the same turns)

6V<Lt<20V (between the curves with the same turns)

Lt>20V
Ri<650
650<Ri<1000
1000<Ri<5500
Ri>5500
1<0.1
0.1<u<0.2
0.2<u<0.35
0.35<u<0.4
4>0.4

Ls<100
100<Ls<5500
Ls>5500
Lh<200
200<Lh<600
600<Lh<2500
Lh>2500
0<G<0.3
0.3<G<3

G>3

1p<300
300<Lp<700 (G = 4%)
Lp>700 (G = 4%)
300<Lp<900 (G = 3%)
Lp>900 (G = 3%)

Rci<11,000
11,000<Rci<17,000
Rci>17,000
Rsi<4000
4000<Rsi<6000
Rsi>6000

Lv<100
100<Lv<250
Lv>250

irregular design = 1
poor visibility = 2

Ri<400
400<Ri<700
700<Ri<4000
Ri>4000

Ls<85
85<Ls<4000
Ls>4000
Lh<170
170<Lh<500
500<Lh<2500
Lh>2500
0<G<0.3
0.3<G<3

3<G<4

G>4

Lp<250
250<Lp<600 (G = 5%)
Lp>600 (G = 5%)
250<Lp<800 (G = 4%)
Lp>800 (G = 4%)
250<Lp<1000 (G =
3%)

Lp>1000

(G = 3%)

Rci<6500
6500<Rci<10,000
Rci>10,000
Rsi<3000
3000<Rsi<4500
Rsi>4500

Lv<85
85<Lv<210
Lv>210

standard design & good visibility = 3

poor design = 1

inappropriate position = 2

standard design & appropriate position = 3

no guardrails = 1
dull landscape = 2

guardrails & nice landscape = 3

Q<750
750<Q<1200
1200<Q<1650
Q>1650
Ric<3500
3500<Ric<4500
4500<Ric<4850
Ric>4850

Q<730
730<Q<1150
1150<Q<1600
Q>1600
Ric<2500
2500<Ric<3300
3300<Ric<3600
Ric>3600
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Ri<250
250<Ri<400
400<Ri<2500
Ri>2500

Ls<70
70<Ls<2500
Ls>2500
Lh<140
140<Lh<400
400<Lh<2500
Lh>2500
0<G<0.3
0.3<G<3

3<G<4

4<G<5

G>5
Lp<200

200<Lp<500 (G = 6%)
Lp>500 (G = 6%)
200<Lp<700 (G = 5%)
Lp>700 (G = 5%)

200<Lp<900 (G = 4%)

Lp>900 (G = 4%)

200<Lp<1100 (G =
3%)

Lp>1100 (G = 3%)
Rci<3000
3000<Rci<4500
Rci>4500
Rsi<2000
2000<Rsi<3000
Rsi>3000

Lv<70

70<Lv<170
Lv>170

Q<700
700<Q<1100
1100<Q<1500
Q>1500
Ric<1500
1500<Ric<2100
2100<Ric<2250
Ric>2250

0.5~0.7
0.3~0.5
0.1~0.3
0.1
0.1~0.3
0.3~0.5
0.5~0.7
0.5~0.7
0.1~0.3
0.5~0.7
0.1~0.3
0.5~0.7
1
0.7~0.9
0.1~0.3
0.1
0.1~0.3
0.3~0.5
0.5~0.7
0.7~0.9
1

1

0.1
0.1~0.3
1
0.7~0.9
0.1~0.3
0.5~0.7
0.5~0.7
0.1~0.3

1 (>100 km/h), 0.3~0.5 (<100

km/h)

1 (=100 km/h), 0.7~0.9 (<100

km/h)

1

1
0.1~0.3

0.1~0.3

0.1~0.3

0.1~0.3

0.7~0.9
0.1

0.7~0.9
0.1

0.7~0.9
0.1

0.5~0.7
0.1

0.7~0.9

0.3~0.5
0.1

0.1~0.3
0.3~0.5
0.7~0.9

0.1~0.3
0.5~0.7
0.7~0.9

(continued on next page)
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Factor Normalised risk factors at different design speeds
Threat intensity
120 km/h 100 km/h 80 km/h
Ge<1 0.1~0.3
Gc: Vertical alignment change (longitudinal grade difference) ~ 1<Gc<2 0.5~0.7
(%) 2<Ge<3 0.7~0.9
Gc>3 1
narrowing = 1 0.5~0.7
We: Cross-section change widening = 2 0.3~0.5
no change = 3 0.1~0.3
A: Tunnel entrance or exit tunnel entrance = 1 0.7~0.9
tunnel exit = 2 0.7~0.9

Appendix B. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.aap.2021.106172.
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