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Abstract. Sight distance is one of the most important factors of road safety since it allows the driver perceiving, at real
time, road characteristics and its surroundings. A misperception of this crucial information could induce a decision to
drive with a manoeuvre with less margin of safety. A finite element based software application was developed in Matlab
to calculate the sight distance profile at vertical crest curves overlapped with horizontal curves. It was observed that the
layout visibility gets principally lost where the superelevation changes its sign; thus, the vertical curve midpoint does
not present the highest available sight distance, contrary to the bidimensional analysis. Later, available stopping sight
distance was maximized considering different geometric parameters combinations. Stopping sight distance depended
mainly on the ratio between the vertical crest curve parameter and horizontal radius, rather than the vertical crest curve
parameter. Moreover, values of vertical crest curve parameter lower than the minimal values established in the Spanish
design guidelines satisfied the required stopping distance. The offset between horizontal and vertical vertices slightly
affects the results; however, the effect of the approach grade is important even if algebraic difference of vertical grades
is kept fixed.

Keywords: alignment, alignment coordination, 3D sight distance, stopping sight distance, available stopping sight dis-

tance, cross section design.

1. Introduction

Geometric design has a profound effect on safety. Road
safety depends on several factors; available sight distance
is considered as one of the most important. Sight distance
allows drivers perceiving with enough anticipation road
characteristics and its surroundings. A misperception of
this crucial information could induce a decision to drive
with a manoeuvre with less margin of safety.

2D and 3D methods are used to calculate available
sight distance (Chen et al. 2011). Current standards and
guidelines are based on 2D analysis, although several rese-
archers have expanded it to 3D highway analysis. By com-
paring 2D and 3D methods, 2D design may underestimate
or overestimate available sight distance (Hassan et al. 1997).
3D methods are more accurate on sight distance evaluation
despite the difficulty on their development. Graphical
(Sanchez 1994), finite element (Castro et al. 2014; Garcia,
Romero 2007; Hassan et al. 1996; Hassan, Easa 1998; Ibra-
him et al. 2012; Jha et al. 2011; Romero, Garcia 2007; Yan
et al. 2008) and analytical (Garcia 2004; Ismail, Sayed 2007;
Lovell et al. 2001; Kim, Lovell 2010; Sarhan, Hassan 2008,
2011) approaches were studied by others. However, only

the finite element methods were applied to optimize avai-
lable sight distance (Romero, Garcia 2007).

Available sight distance depends on road’s geome-
try. Current design practice leads to frequent overlapping
of vertical and horizontal curves because of their better
adaptation to the terrain what is able to minimize both
total amount of earthworks and environmental impacts.
On the other hand, coordination of both horizontal and
vertical alignments enhances safety, operation and appea-
rance (Hassan, Easa 1998). Furthermore, a poor coordina-
tion generates zones with less available sight distance than
required (Hassan, Easa 2000).

Up to now, general coordination criteria are given.
Design guidelines, such as the American: A Policy on Ge-
ometric Design of Highways and Streets (2011) or Spanish:
Norma 3.1 IC (1999), specify that both horizontal and ver-
tical alignments should not be designed independently. The
Green Book stipulates that vertical transition curve must
be completely contained in the horizontal curve. Moreover,
the Spanish design guideline Norma 3.1 IC specifies that a
vertical crest curve must be fully contained in a horizon-
tal curve including spirals; and that a crest curve should be
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separated from the adjacent horizontal tangent segments as
much as practical. Sight distance profiles of vertical curves
were analysed (Hassan 2003; Taiganidis 1998). Neverthe-
less, the design was based on 2D stopping sight distance cal-
culation. Hassan and Easa (1998) studied locations where
a horizontal curve should not start in relation to a vertical
curve; which were defined as red zones. The range of red zo-
nes decreased with the increase of the superelevation rate of
the horizontal curve and with the use of flatter crest curves.
However, optimal offset between horizontal and vertical
vertices was not studied and only 2D methods were applied.

Another coordination criterion is the ratio between
the crest curve parameter and the horizontal curve radius

K
[?Vj Spanish design guideline Norma 3.1 IC recommends

this ratio to be the inverse of the superelevation rate on
the superimposed circular curve (%) to avoid optical ef-
fects. This criterion should be applied to two-lane roads
where possible; or be at least equal to 0.06. Garcia (2004)

K
used an analytical approach to determine the optimal Tv

An assumption was made of a road section composed by
a vertical crest curve overlapped with a horizontal curve
inscribed into the superelevation plane. Consequently,
the whole curve is completely visible even though the 2D

v
analysis shows hidden zones. The optimal R Wes within

the interval [0.11, 0.212]. Later, an optimization software
application was also developed to maximize available sight
distance using genetic algorithms (Romero, Garcia 2007).

Kv
The optimal R Was between 0.055 and 0.168. The same

authors concluded that values of Kv lower than the recom-
mended ones achieved a suitable available sight distance
when good alignment coordination was performed.

2. Research approach

The main objective of the research was to maximize Avail-
able Stopping Sight Distance (ASSD) at vertical crest
curves overlapped with horizontal curves in two-lane
roads. The experimental design involved the development
of a 3D sight distance calculation method to determinate
available sight distance within a curve. The methodology
to calculate 3D sight distance in Matlab was developed in
four main stages:

1) obtain the 3D road surface;

2) calculate the 3D sight distance;

3) deduce the available sight distance profile;

4) obtain the minimum available sight distance along
the curve.

The methodology was applied to different scenarios.
The variation of the following parameters was considered:

a) horizontal curve: radius; deflection angle; parame-
ter of the spirals; and superelevation rate;

b) vertical curve: approach and exit grades and tran-
sition curve parameter;

¢) horizontal and vertical alignment coordination:
the offset between the horizontal and vertical vertices;

d) cross section: lane width and shoulder width;

e) driver point of view position: lateral distance to the
right edge of the corresponding lane and its height;

f) position of the obstacle: lateral distance to the right
edge of the corresponding lane and its height;

g) turning direction.

A total of 665.280 geometries were analysed by va-
rying those parameters.

2.1. 3D Road surface idealization

The first step of 3D sight distance calculation was to ob-
tain the grid that represents road surface. Four-node rec-
tangular elements were used on the finite-element model.
The initial step of the algorithm was to parameterize all
horizontal features relative to the centreline; and vertical
alignment was similarly parameterized. Entry data allow
the algorithm calculating the coordinates of each node of
a cross section from the centreline, and distance between
cross sections could be controlled by users. By indexing all
features to the centreline, it was possible to model the most
generic horizontal or vertical geometry.

One example of the road is modelled in Fig. 1. The
example consists of one vertical crest curve superimposed
on one horizontal curve.

2.2. 3D sight distance

Sight distance was calculated by an iterative methodology
based on a checking location loop. A driver was located
in a cross section and an object was settled at a changing
distance S ahead of driver’s position. Then, the sightline
between the driver and the object was checked to be ob-
structed by any road surface element. This loop continued
until the object was not visible or was located further than
road segment. Thus, in this study, the basic iteration pro-
cess was the following:

— Step 1: initialize S (at first object location).

— Step 2: update S (S =S + AS).

— Step 3: settle an object at a distance of S ahead of the
driver’s position with height H over road surface.

— Step 4: check if there is an element obstructing a
driver’s sightline to the object.

— Step 5: if the sightline is not obstructed by any ele-
ment, repeat steps 2—4.

Fig. 1. Representation of the road in the model
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— Step 6: if the sightline is obstructed by any element,
available sight distance becomes (S — AS) and the iteration
process is completed.

In order to optimize the computation procedure, the
first object was located where the sightline between the
driver and the object with height H was tangent to the ver-
tical crest curve projection. Fig. 2 shows the available sight
distance method flowchart.

If the first object was visible, the basic iteration pro-
cess was followed. Otherwise, the basic iteration process
was modified as following:

— Step 1: initialize S (at first object location).

— Step 2: update S (S =S - AS).

— Step 3: settle an object at a distance of S ahead of the
driver’s position with height H over road surface.

— Step 4: check if there is an element obstructing driv-
er’s sightline to the object.

— Step 5: if the sightline is obstructed by any element,
repeat steps 2—4.

— Step 6: if the sightline is not obstructed by any ele-
ment, available sight distance becomes (S) and the itera-
tion process is completed.

[ Driveposition ]

3D Geometry |

| First object position |

NO Object visible YES

| Move back the object |<I

- >| Move foward the object |

3] Available sight distance j¢——

| Move foward the driver |

Driver outside vertica
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Fig. 2. Methodology to calculate available sight distance
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Fig. 3. Methodology to determine visual obstructions

Once the location of the driver and the object had
been selected, visibility condition was checked within all
intermediate cross sections. At each intermediate section,
the intersection between the sightline and the section was
obtained. Afterwards, the coordinate Z at the intersection
point was calculated for both sightline and cross section. If
the coordinate Z of the sightline was higher than the one
on the intermediate section, the sightline had not been
obstructed by the intermediate section. Thus, the inter-
mediate cross section was not an obstacle to the sightli-
ne. Then, the next intermediate section was evaluated. If
the coordinate Z of the sightline was lower than the one in
the intermediate section, the visual between the driver and
the object had been intercepted by an intermediate cross
section. Consequently, the object was not visible from the
location of the driver. The flowchart is shown in Fig. 3.

2.3. Available sight distance profile and minimum
available sight distance

Available sight distance profile indicated available sight
distance of each evaluated position of one driver within
the curve. Minimum available sight distance of each align-
ment value and location were also recorded. The accura-
cy of the algorithm was checked with commercial design
software. Several curves were tested to have the same min-
imal sight distance and the results were favourable.

2.4. Optimization model

The research was focused on the optimization of ASSD. Ac-
cording to the Spanish design guideline Norma 3.1 IC, both
obstacle and driver heights were set on 0.2 m and 1.1 m,
respectively. ASSD was calculated on a parallel line to the
centreline located 1.5 m from the right edge of each line.
Therefore, the lateral position of the driver and the object
was 1.5 m from the edge of the carriageway. By varying
these parameters, alignment sight distance and passing
sight distance can also be calculated. A total of 665 280
geometries were analysed. The scenarios were simulated
varying the following parameters:

— of the horizontal curve: radius between 100 m
and 350 m; deflection angle between 30 gon and
100 gon; parameter of the spirals between the min-
imum and the maximum following the Spanish
design guideline Norma 3.1 IC; approach and exit
tangents length 200 m;

— of the vertical curve: approach grade between —5%
and +5%; exit grade between —5% and +5% (a to-
tal of 55 combinations of algebraic grade difference
rating from 1% to 10%); crest vertical curve param-
eter between 80% of the minimum and the desir-
able parameter following the Spanish design guide-
line Norma 3.1 IC;

— of the horizontal and vertical alignments coordina-
tion: offset between the horizontal and vertical ver-
tices between —18 m and +18 m;

— of the cross section: 3.5 m lane width, 7% superel-
evation; 1.5 m shoulder width, 7% superelevation;
0.5 m verge width, 4% side slope; triangular ditch:
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1.5 m width and 0.5 m depth; lateral clearance:
100 m; no lateral obstacles; distance between con-
secutive or successive cross sections of 2 m;
— Turning direction: left-handed; right-handed.
Some vertical curve length exceeded the superimpo-
sed circular horizontal curve length.

3. Results and analysis

Firstly, an analysis of ASSD profile of crest curves over-
lapped with horizontal curves was carried out. Secondly,
the effect of geometric parameters on the minimum ASSD
location and value were studied. The results of the software
application are presented in tables where available stop-
ping sight distance depends on four parameters.

3.1. Available stopping sight distance profile

Available stopping sight distance profile determinates
ASSD on each driver position. The presence of continuous
lateral obstructions, such as barriers or the terrain slope
in cutting sections, modifies the ASSD. Thus, both geom-
etries were included: without lateral obstructions and with
lateral obstructions.

On the first type, the profile depends only on the 3D
view of the road. Two local minimum points and one lo-
cal maximum were presented, for both left and right turns
(Fig. 4). The ASSD on the left turn curve is greater than the
right turn curve because the driver on the left turn is located
on the top of the superelevation plain and has more clearan-
ce. The results differ from the 2D analysis that presented only
one local minimum and the vertical midpoint is the point
with longer ASSD. In fact, this point is included on the 3D
first local minimum. Two crests and one hollow were gene-
rated by the 3D effect of the road. Both 3D crests were loca-
ted before and after the midpoint of the vertical curve and
the 3D hollow included the vertical midpoint; so, the vertical
midpoint was obstructed by both adjacent 3D crests. Con-
sequently, the vertical midpoint presented shorter ASSD.

The second type of ASSD profile is shown in Fig. 5.
Only one local minimum area was generated by the lateral
obstruction inside the curve. The cross section in this case
is: lane width 3.5 m; shoulder width 1.5 m; verge 0.5 m;
and 6.5 m lateral clearance (measured from the inner bor-
der of the shoulder). Minimal ASSD value was constant on
the minimum area because sight distance had been limited
by the lateral obstacle. Besides, the difference on the mi-
nimum ASSD between left-handed and right-handed was
greater than on a curve without lateral obstacles. In left-
handed direction, the driver was located on the outer lane;
therefore, the road itself provided an extra clearance; and,
consequently, the ASSD was greater.

3.2. Effect of geometric parameters

Effect of offset between the horizontal and vertical verti-
ces (O, m), approach grade (g;, %), length of horizontal

curve (L, m), and ratio between the crest curve parameter
Kv
and radius R’ _}

ASSD on the simulated scenarios. Specifically, minimum

were studied by comparing minimum

ASSD was compared using four parameters. The analy-
sis included figures where rows and columns represented
two parameters: deflection angle (w, gon) and algebraic
difference on grades (A, %), respectively. Then, each cell
contained a 2D graph where abscissas represent the third
parameter and the ordinates ASSD, and the colour legend
included the forth parameter. Only the most representa-
tive figures are included on the paper.

Firstly, the effect of the offset between horizontal and
vertical vertices was analysed. The offset was defined as
positive when the horizontal vertex was before the verti-
cal vertex considering right-handed direction of the curve.

Fig. 6 represents ASSD profile of a left-handed cur-
ve with horizontal radius equal to 250 m depending on
the offset. Each one of the lines corresponds to one ASSD
profile associated to one offset; thus, the ASSD profile is
represented on the transverse axis to the main plain. The
minimum ASSD of the whole curve was maximized when
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both local minimums had the same value, which corres-
ponded with a slightly negative offset. This effect was the
opposite on right-handed curves: the optimal offset was
slightly positive. In other words, available sight distance is
maximized when the centre of the horizontal curve is lo-
cated before the vertical crest curve vertex in the turning
direction. As right-handed curves presented lower ASSD,
the minimal ASSD is limited by right-handed turning di-
rection; therefore, the optimal offset was slightly positive.
Comparing different geometries, the optimal offset was
equal to zero in most cases. Slightly negative offset was fa-
vourable on sharper curves, whilst positive offset was pre-
ferred on short and flatter curves. Consequently, the ge-
neral coordination criterion is offset equal to zero.
Secondly, the effect of the ratio between crest curve

Kv

parameter and radius [?j on ASSD varied depending on

algebraic difference of grades. On Fig. 7, % (abscissa),
ASSD (ordinate) and R (colour) were represented on each
cell, where w and A remained constant. % influenced on
ASSD on curves with high difference on grades. The higher
% was, the longer ASSD was obtained. In flat curves, two
effects were observed. In curves with radius longer than

250 m, high % reduced ASSD; however, ASSD did not

Kv . .
depend on 53 on flatter curves with radius shorter than

250 m. Available stopping sight distance must be com-
pared with the required stopping sight distance (RSSD).
RSSD was calculated following the Spanish design

guideline: Norma 3.11C.Fig.8 showstheratiobetween ASSD

K
and RSSD on ordinates and —~ on abscissas. The highest

values of the ASSD/RSSD cog*esponded to the lower ra-
dii. Thus, the RSSD demand increase was greater than the
actual ASSD supply increase. On the other hand, all ratios
were higher than the unit; so, required stopping sight dis-
tance was satisfied even with parameters of the crest curve
lower than the recommended ones.

Thirdly, the effect of the approach grade was greater
on curves with less difference on grades as well as longer
curves. The optimal values of approach grade were positive
between 0% and 3%. The effect of the difference on grades
was also important on ASSD: the sharper a curve the shor-
ter ASSD. Variability on ASSD was higher on curves with
more deflection angle; and the influence of the difference
on grades was higher on curves with shorter radii. Finally,
as the length of the curve increased, ASSD also increased
and their relationship was logarithmic for all differences
on grades.

4. Conclusions and recommendations

The objective of this study was to maximize available stop-
ping sight distance at vertical crest curves overlapped with
horizontal curves in two-lane roads. This paper presents a
finite element method to calculate stopping sight distance
and specific criteria on overlapping horizontal and vertical
crest curves to maximize available stopping sight distance.
The analysis of tridimensional sight distance profile is also
included. The main conclusions of the research were:

1. The layout visibility gets principally lost in the su-
perelevation transition point of the exterior side of the

Difference on grades = 1%

Difference on grades = 5%

Difference on grades = 10%
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Deflection angle
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Ordinate: Available stopping sight distance, m
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Fig. 7. Effect of — on available sight distance depending on radius, deflection angle and algebraic difference on grades
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curve, specifically, in the point where the superelevation
changes its sign. Thus, the vertical midpoint is not the
point with the highest available sight distance and the bi-
dimensional analysis will induce to error.

2. The ratio between the vertical crest curve param-
eter (Kv) and the horizontal radius (R) affects the available

stopping sight distance. The optimal proportion of %

that maximizes the available sight distance is generally in
the interval [0.05, 0.15] m.

3. As the radius increase, available stopping sight dis-
tance improved. However, the increase of required stop-
ping sight distance was higher than the actual improve-
ment on available stopping sight distance. Therefore,
shorter radius present higher safety margin.

4. The values of the vertical crest curve (Kv) that maxi-
mize the sight distance are sometimes lower than the mini-
mal values established in the Spanish design guideline:
Norma 3.1 IC. Therefore, it is possible to reduce Kv values.

5. Increasing the crest curve parameter reduced the
avaijlable stopping sight distance when algebraic differ-
ences between consecutive grades are less than 3% for the
same radius.

6. The impact of the offset between the horizontal and
vertical vertices on the available sight distance was weak
and opposite depending on the turning direction. Con-
sequently, the general coordination criterion is designing
with null offset.

7. The effect of the approach grade is important even
if the algebraic difference of vertical grades was kept fixed,
finding the optimal between 0 and 3%.

Further research is planned, including lateral obs-
tacles with different positions and the application of this

methodology to actual road projects, balancing cost diffe-
rentials and sight distance improvements. Moreover, the
subjective perception of the geometrical improvements
will be checked.
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