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Three-Dimensional Model for Stop-Control Intersection Sight
Distance

Said M. Easa, M.ASCE1; Essam Dabbour, S.M.ASCE2; and Muhammad Z. A. Ali3

Abstract: Intersection sight distance~ISD! is the sight distance to be provided at intersections between a minor road and a maj
Current AASHTO policy provides an equation and charts for the required at-grade ISD so that a driver on the minor road c
~crossing, turning left, or turning right! safely, even though an approaching vehicle on the major road comes into view as the
vehicle begins to depart. The AASHTO model is based on two assumptions:~1! both minor and major roads are assumed to be str
without any vertical or horizontal curvature; and~2! the intersection angle is assumed to be 90°. In many practical situations, ho
sight distance is required to be checked for an existing or proposed 3D intersection alignment where vertical curves~crest or sag! and
horizontal curves overlap. This paper presents a new mathematical model for the analysis of stop-controlled ISD on 3D
alignments that allows the major road to have vertical and horizontal curves with skewed angle, and the minor road to have a lo
grade. Design aids are developed to determine the available ISD for different geometric alignment variables~e.g., radius of horizont
curve, lane width, number of lanes, and vertical curve parameters!. Application of the methodology is illustrated using numer
examples.

DOI: 10.1061/~ASCE!0733-947X~2004!130:2~261!
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Introduction

Intersection sight distance~ISD! is the adequate sight distance
be provided at intersections between a minor road and a m
road~TAC 1999; AASHTO 2001!. The AASHTO policy provide
the required at-grade ISD between a minor road~controlled by a
stop sign! and a noncontrolled major road as the sufficient s
distance required for a driver on a minor road for safe depa
~crossing, turning left, or turning right!, even though an approac
ing vehicle on the major road comes into view as the sto
vehicle begins to depart. Hence the required sight distanced ~Fig.
1! is a function of the time gaptg required for the stopped vehic
on the minor road to turn left, turn right, or pass through
major road. In most cases, the most critical maneuver is a
turn. However, in some situations it is advised to check the a
ability of sight distance for crossing maneuvers~AASHTO 2001!.

The minimum intersection sight distance in the AASH
green book~AASHTO 1984! was calculated as a factor in ve
cle’s speed and driver’s perception-reaction time. W
AASHTO ~1990! adopted the same method to determine
with some variations, the new edition of AASHTO~2001!
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2Research Assistant, Dept. of Civil Engineering, Ryerson U
Toronto ON, Canada M5B 2K3.
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261–270/$18.00.
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adopted the time gap acceptance method, which is based o
vious research work~Harwood et al. 2000!. This method assum
that the gap acceptance time does not vary with approach
on the major road. Extensions to the AASHTO method have
addressed by several authors to consider the effect of diff
variables on ISD, including vehicle type~Fitzpatrick et al. 1990!,
driver’s eye and vehicle heights~Fitzpatrick et al. 1998!, and in-
tersection skew angle~Gattis and Low 1998!. Reliability analysis
was used to consider the moments~mean and variance! of the
probability distribution of each random variable~Easa 2000!.
Analytical geometry was also used to determine ISD for a
zontally curved roadway with tangential intersection~Gattis
1992!.

Sight distance models for uncontrolled intersections tha
plicitly incorporate design speeds of the intersecting roads
vehicle length have been developed~McGee et al. 1984; Maso
et al. 1989!. These models have been examined by Easa~1998!,
who demonstrated that conditions arise when using the d
speed that can result in sight distances that are less than des
For railroad-highway grade crossings without train-activ
warning devices, two sight distance cases for moving and sto
vehicles are described by AASHTO~2001!. Although the 85th
percentile speed of vehicles is normally used in traffic anal
the 15th percentile speed should be used for the moving ve
case~Easa 1993!. Comprehensive work on ISD is documente
National Cooperative Highway Research Program~NCHRP! 393
~Harwood et al. 1996!. An excellent review of recent geomet
design research, including ISD, can be found in NCHRP Sy
sis 299~Fitzpatrick and Wooldridge 2001!.

The AASHTO policy has recommended that intersect
should not be situated just beyond a short, crest vertical cur
on a sharp horizontal curve, and that intersection legs that op
under stop control preferably should intersect at 90° if poss
but in no case less than 60°. Hence, the two assumptions

AASHTO model are~1! both minor and major roads are straight
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~tangents! without vertical or horizontal curvature; and~2! the
intersection angle is 90°. However, the AASHTO and all prev
models are not applicable to 3D intersection alignments w
vertical and/or horizontal curves exist. For such alignme
AASHTO has recommended that sight distance be che
graphically.

This paper presents a new analytical model for ISD on
alignments where the major road has both horizontal and ve
geometry and the minor road has a grade; the intersection m
skewed. The following sections present the geometry of 3D i
section sight distance and the mathematical model. Design
and application examples are then presented, followed by
concluding remarks.

Intersection Geometry

One of the key variables in ISD analysis is the required s
distance along the major road,d. This distance is given b
~AASHTO 2001!

d50.278Vmajortg (1)

whered5required sight distance for a vehicle approaching f
left or right ~m!; Vmajor5design speed on major road~km/h!; and
tg5time gap required for stopped vehicle on minor road to
neuver~s!. The time gaptg for different types of design vehicl
~passenger carP, single unit truckSU, and large semitrailer com
bination truck WB-50! is provided in the AASHTO model.

To check the required sight distanced, the proposed mod
assumes the following geometry:~1! the intersection is on a cre
vertical curve on the major road;~2! the major road has a ho
zontal curve combined with the vertical curve;~3! the minor road
has a grade,gm ~positive for upgrade and negative for dow
grade!; ~4! the minor road has one lane in each direction; and~5!
the intersection has a skew angle,u.

The sight lineS, which is a straight line between the drive
eye on the minor road and the top of an approaching vehic
the major road at a distanced from the intersection~Fig. 1!, is
checked against all possible obstructions. If any element r
senting a sight obstruction intersects the sight line, the sigh
is obstructed and the obstruction should be moved to satisf
required sight distance. Otherwise, it is not obstructed.

The main variables that govern the sight distance are~Fig. 1!
1. Required distanced, which is calculated using Eq.~1!;
2. Required sight lineS, which is a function ofd and road

curvature~horizontal and vertical!;
3. DistanceM 1 between obstruction and edge of major r

~perpendicular to tangent!; and

Fig. 1. Intersection sight distance on 3D alignments~vehicle
approaching from right!
4. DistanceM 2 between obstruction and edge of minor road.
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The geometric alignment data required as input to the m
are given in Table 1.

Mathematical Model

To simplify the analysis of ISD, analytical geometry is use
determine the required sight distance. The model involves
aspects: establishing coordinates of sight line, checking sigh
obstruction, and evaluating existing obstruction or proposed
sign.

Establishing Coordinates of Sight Line

In our case, the point of origin for the global Cartesian coo
nates is located at the road surface under the driver’s eye o
minor road with they-axis being along the centerline of t
stopped vehicle on the minor road~Fig. 2!. Note that the driver’
eye is assumed to be located at the center of the lane. The
sian coordinates of Point A~driver’s eye! are (0,0,hd); the Carte
sian coordinates of Point B~approaching vehicle! are (x1 ,y1 ,z1);
and the radius of the horizontal-curve path for a vehicle appro
ing from left and from right are~Fig. 3!

Rn5R2Wmajor/21wmajor/2 ~vehicle approaching from left!
(2a)

Fig. 2. Coordinates of different points of intersection sight dista
on 3D alignments

Table 1. Geometric Data Required as Input to Mathematical Mo

Input data Symbol

Radius of horizontal curve R
Lane width on major road wmajor

Lane width on minor road wminor

Total number of lanes on major road n
Median width u
Total width of minor road Wminor

Driver’s eye height hd

Height of approaching vehicle on major road ho

Length of vertical curve L
First grade of vertical curve g1

Second grade of vertical curve g2

Distance between vehicle on minor road and edge of
major road

D

Grade of minor road gm

Intersection angle~skew! u

Distance from the point of vertical curvature to path
of minor road vehicle

P

PRIL 2004
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Rn5R1wmajor/21u/2 ~vehicle approaching from right!
(2b)

where Rn5radius of horizontal-curve path of approaching
hicle; R5radius of horizontal curve~along centerline of majo
road!; Wmajor5total width of major road;wmajor5lane width of
major road; andu5median width. The total widthWmajor

5(nwmajor1u) wheren5total number of lanes of the major roa
Note that Eqs.~2a! and~2b! assume that the approaching veh
on the major road is in the nearest lane to the minor road d
~inside lane for a vehicle approaching from right and outside
for a vehicle approaching from left!, as this situation produces t
most critical case.

The central anglef ~in degrees! for the arc with lengthd
equals 180°d/pRn . Let u be measured from the perpendicu
line to the tangent to the horizontal curve. For a vehicle appro
ing from the right, the skew angleu is considered positive if it i
clockwise and negative otherwise~and vice versa for a vehic
approaching from the left!. Then

x15
Rn sinf

cosu
1Rn sinu~12sinf tanu2cosf! (3a)

If there is no skew~u50!, Eq. ~3! becomes

x15Rn sinf (3b)

Similarly

y15L12Rn cosu~12cosf2sinf tanu! (4)

If there is no skew~u50!, Eq. ~4! will be

y15L12Rn~12cosf!

where

L15

Wmajor2
wmajor

2

cosu
1D ~vehicle approaching from right!

L15
wmajor

2 cosu
1D ~vehicle approaching from left!

Let the minor road grade begm in decimals. Then, from Fig. 4

z15gtx11
rx1

2

2
1ho1y1gm (5a)

where gt5slope of vertical curve at minor road vehicle pa
r5rate of change of grade of vertical curve; andho5height of
approaching vehicle on major road. The variablesr and gt are
given by r 5(g22g1)/L andgt5g11rP whereg1 andg25first

Fig. 3. Intersection sight distance on X–Y view
and second grades of vertical curve in decimals;L5length of

JOURNAL OF TRA

 J. Transp. Eng., 2004, 1
vertical curve~m!; andP5distance from point of vertical curv
ture~PVC! to path of minor road vehicle~m!. Substituting forr in
Eq. ~5b!, then

z15gtx11
~g22g1!x1

2

2L
1ho1y1gm (5b)

Checking Sight Line Obstruction

To ensure that the sight line is not obstructed, two check
required to ensure that the sight line does not intersect wit
road surface and with any potential obstruction.

Major Road Surface Obstruction
To check whether the sight line is obstructed by the major
surface, it is assumed that the driver on the minor road is lo
on the vertical curve~at the centerline of the major road!. This
assumption is made to avoid mathematical complexity. Any
that may result from this approximation is expected to be sm
the distance between the actual location of the minor road d
and the assumed location is very small compared with the
distance. In this case, the coordinatez at any pointx is given by
~Fig. 5!

z5
rx2

2
1gtx1y1gm (6)

The sight line is a straight line with a start point at the driver’s
(0,hd) and an end point at the top of the approaching ve
(x1 ,z1) wherez, at any pointx, is given by

x

x1
5

z2hd

z12hd
(7)

Substituting forz1 andz from Eqs.~5b! and ~6! in Eq. ~7!, then

x

x1
5

rx2

2
1gtx1y1gm2hd

a1gtx11ho1y1gm2hd
(8)

Fig. 4. Intersection sight distance on X–Z view

Fig. 5. Coordinates of obstructions
NSPORTATION ENGINEERING © ASCE / MARCH/APRIL 2004 / 263
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wherea5rx1
2/2. Now Eq.~8! can be written as

rx1

2
x22~a1ho2hd1y1gm!x2~hd2y1gm!x150 (9)

The major road surface obstructs the sight line only if Eq.~9! has
a solution within the range

0<x<x1 (10)

If the sight line is obstructed, the geometric design shoul
revised either to flatten the curves or to relocate the interse
Otherwise, we may continue to the second step to check the
line against potential off-road obstruction. Note that sight
obstruction can be checked more precisely using the fi
element method~FEM! presented in the Appendix. This meth
which idealizes the road surface into an element net, use
actual location of the vehicle on the minor road.

Off-Road Obstruction
The slope of the sight lineS in the x–y plan is ~Fig. 6!

tana5y1 /x1 (11)

For an obstruction at (x2 ,y2)

x25M21wminor/2 ~vehicle approaching from right!
(12a)

x25M21~Wminor2wminor/2! ~vehicle approaching from left!

(12b)

e
way

s
ther
n
is
n is

sight

.

-

d

uter
software in which the user is asked to input all data in an inter-
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and

y25
Aq22M2

21Wmajor/21D2R

cosu
1M2 sinu (13)

where

q5R2Wmajor/22M1 (14)

The slope of the obstruction linem in the x–y plan equals tanb
5y2 /x2. The sight lineS ~Fig. 6! is not obstructed if the anglea
~for sight line! is greater than or equal to the angleb ~for obstruc-
tion line m!. Therefore, for an unobstructed sight line

b<a; tanb<tana; y2 /x2<y1 /x1 (15)

Fig. 6. Slopes of sight line and obstruction line
Then Eq.~15! may be written as
M15R2
Wmajor

2
2AFy1

x1
cosuS M21Wminor2

wminor

2 D1R2D2
Wmajor

2
2cosu~M2 sinu!G2

1M2
2 (16)
r on
llow-
e;

o
ad-

so

ed to
s of
al
ram-
sed

ajor

ents
wherex1 , y1 , x2 , andy2 are given using Eqs.~3!, ~4!, ~12b!, and
~13!, respectively. Note thatM 1 is the minimum required valu
that does not obstruct the sight line. Hence for a given high
for any value ofM 2 , use Eqs.~3! and~4! to calculatex1 andy1 ,
respectively, and then use Eq.~16! to calculateM 1 . If M 1 is
given, calculateM 2 using Eq.~16! by trial and error. The value
of M 1 and M 2 should be greater than or equal to zero or o
minimum values required by road authority regulations. Whey1

is negative,M 1 andM 2 refer to the corner of obstruction that
farther from the minor road vehicle. Note that the obstructio
located at the corner near the approaching vehicle.

Evaluation of Existing Obstruction

For an existing obstruction with givenM 1 andM 2 , it is required
to determine if the existing obstruction satisfies the required
distance. The methodology is as follows:

1. Calculate required sight distanced using Eq.~1!;
2. Using givenM 2 , determine minimum requiredM 1 using Eq

~16!;
3. Compare minimum calculatedM 1 with existingM 1 ;
4. If existing M 1>calculatedM 1 , then sight line is not ob

structed; and
5. If existing M 1,calculatedM 1 , then sight line is obstructe

and obstruction should be moved.
To save time and effort, this model was coded into comp
active environment; the results can then be shown eithe
screen or in an attached text file. The results include the fo
ing: ~1! input data~for verification!; ~2! required sight distanc
~3! road surface obstruction equation;~4! values ofx1 , y1 , and
z1 ; and ~5! table for minimum values ofM 1 corresponding t
different values ofM 2 . This table may be imported into spre
sheet software~for example, MS Excel! to plot the minimum
values for bothM 1 andM 2 graphically. The methodology is al
applicable to ISD analysis for proposed intersection design.

Design Aids

Using the mathematical model, design aids were establish
determine the intersection sight distance for different value
the geometric design variables~for example, radius of horizont
curve, lane width, number of lanes, and vertical curve pa
eters!. The following AASHTO-recommended values were u
in developing the design aids~AASHTO 2001!:
• Driver’s eye height,hd51.08 m;
• Height of approaching vehicle on major road,ho51.08 m;
• Minor road vehicle is passenger car;
• Lane width53.6 m ~for both minor and major roads!; and
• Distance between vehicle on minor road and edge of m

road,D55.4 m.
Since stop-controlled intersections and combined alignm
are likely to exist on two-lane rural highways, both major and
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minor roads are assumed to be two-lane highways with a
width of 7.2 m each. No skew or slope of the minor road
assumed.

The values ofRn , x1 , y1 , and tana corresponding to differen
values ofR are shown in Tables 2–5 forVmajor equal to 40, 60, 80
and 100 km/h, respectively. Values ofM 1 andM 2 correspondin
to different values ofR are shown in Figs. 7–10 for the sa
speeds, respectively. The values are based on the case of a
approaching from the left, which is expected to be the most
cal case. The sign fory1 depends onRn and d; the lessRn and
mored, the more likely fory1 to be negative.

As the major road has two lanes, according to AASHTO
required time gap is 7.5 s. Note that forVmajor580 km/h, the
minimum radius is likely to be some value between 195 and
m, depending on superelevation, so that a radius of 100 m wa
included with this design speed. Also, forVmajor5100 km/h, the
minimum radius is likely to be some value between 330 and
m, depending on superelevation, and therefore a radius les
300 m was not included.

The graphical aids are easy to use as the lines in the
resemble sight lines. For a proposed intersection or a prop
project~obstruction!, the required value ofM 1 ~or M 2) is plotted
on the graph so that the minimum value ofM 2 ~or M 1) may be
obtained, as will be shown in the examples. The design aid
also useful for evaluating an existing obstruction as the value
M 1 andM 2 for an obstruction may be plotted as one point on
graph. If the point lies under the corresponding line, that m
M 1 andM 2 are less than the minimum values and the sight lin
obstructed. If the point lies above the line, that meansM 1 andM 2

are more than the minimum values and the sight line is no
structed.

Table 2. Values ofx1 andy1 for Two-Lane Minor Road Intersectin
with Two-Lane Major Road and Lane Width53.6 m ~Major Road
Design Speed540 km/h!a

R
~m!

Rn

~m!
f

~deg!
f

~rad!
x1

~m!
y1

~m! tana

100 98.2 48.6 0.84 73.7 226.2 20.355
200 198.2 24.1 0.42 81.0 210.1 20.125
300 298.2 16.0 0.28 82.4 24.4 20.053
400 398.2 12.0 0.21 82.8 21.5 20.018
500 498.2 9.6 0.17 83.1 0.3 0.00
600 598.2 7.9 0.14 83.2 1.4 0.01
aRequired time gap is 7.5 s and required sight distanced is 83.4 m. Value
are based on case of vehicle approaching from left.

Table 3. Values ofx1 andy1 for Two-Lane Minor Road Intersectin
with Two-Lane Major Road and Lane Width53.6 m ~Major Road
Design Speed560 km/h!a

R
~m!

Rn

~m!
f

~deg!
f

~rad!
x1

~m!
y1

~m! tana

100 98.2 73.0 1.27 93.9 262.3 20.663
200 198.2 36.2 0.63 117.0 231.0 20.265
300 298.2 24.0 0.42 121.5 218.7 20.154
400 398.2 18.0 0.31 123.1 212.3 20.100
500 498.2 14.4 0.25 123.8 28.4 20.068
600 598.2 12.0 0.21 124.2 25.8 20.047
aRequired time gap is 7.5 s and required sight distanced is 125.1 m

Values are based on case of vehicle approaching from left.
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A positive slope of a curve in the design graph means tha
farther corner of the obstruction controls~that is,y1 is negative!;
a negative slope means that the obstruction corner near the
road vehicle controls. Note that for flat horizontal curves w
radii exceeding 300 m, the rate of increase inM 1 is likely to
decrease, with the increase inM 2 especially at lower speeds.
other words, the slope of the curves in the design graphs bec
flatter with the increase inM 2 and eventually changes in tre
from positive to negative. ForM 2 greater than 20 m, the corr
sponding change inM 1 is very small, especially for flat curves
lower speeds. Also note thatM 1 increases asM 2 increases whe
the farther corner of the obstruction controls, and vice versa
the closer corner controls.

Application Examples

The following examples illustrate how to use both the mathem
cal model and the design aids for either a proposed or an ex
obstruction. Based on AASHTO~2001!, the following value
were assumed:wmajor5wminor53.6 m; hd51.08 m; ho51.08 m;
andD55.4 m.

Example 1 (Using Mathematical Model)

A hypothetical example with general geometry is used to illus
the application of the mathematical model presented. For a
tersection where the major road is a two-lane rural highwau
50, n52) andVmajor560 km/h, a passenger car requires a t
gap tg57.5 s. The geometric design variables for a propose
tersection are given in Table 6. Note that the skew angle is c
wise. Determining the sight line is required to establish the
that should be clear of obstruction. The example was solved

Table 4. Values ofx1 andy1 for Two-Lane Minor Road Intersectin
with Two-Lane Major Road and Lane Width53.6 m ~Major Road
Design Speed580 km/h!a

R
~m!

Rn

~m!
f

~deg!
f

~rad!
x1

~m!
y1

~m! tana

200 198.2 48.2 0.84 147.8 258.9 20.399
300 298.2 32.0 0.56 158.2 238.2 20.242
400 398.2 24.0 0.42 162.0 227.2 20.168
500 498.2 19.2 0.33 163.7 220.5 20.125
600 598.2 16.0 0.28 164.6 215.9 20.097
700 698.2 13.7 0.24 165.2 212.6 20.076
aRequired time gap is 7.5 s and required sight distanced is 166.8 m
Values are based on case of vehicle approaching from left.

Table 5. Values ofx1 andy1 for Two-Lane Minor Road Intersectin
with Two-Lane Major Road and Lane Width53.6 m ~Major Road
Design Speed5100 km/h!a

R
~m!

Rn

~m!
f

~deg!
f

~rad!
x1

~m!
y1

~m! tana

300 298.2 40.1 0.70 191.9 262.8 20.327
400 398.2 30.0 0.52 199.1 246.2 20.232
500 498.2 24.0 0.42 202.5 235.8 20.177
600 598.2 20.0 0.35 204.3 228.8 20.141
700 698.2 17.1 0.30 205.4 223.7 20.115
800 798.2 15.0 0.26 206.1 219.9 20.096
aRequired time gap is 7.5 s and required sight distanced is 208.5 m

Values are based on case of vehicle approaching from left.
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sidering a vehicle approaching from the left, which is the m
critical case. The procedure of ISD analysis is as follows:
1. Using Eq.~1!, required sight distance,d5125.1 m;
2. Using Eq.~2a!, radius of horizontal-curve path of approa

ing vehicle is

Rn52002
7.2

2
1

3.6

2
5198.2 m

Fig. 7. Design graph forM1 andM2 for differentR for two-lane min
road design speed540 km/h!

Fig. 8. Design graph forM1 andM2 for differentR for two-lane min
road design speed560 km/h!
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3. Central anglef ~in degrees! for arc with lengthd is

f5
125.13180

3.143198.2
536.164°

4. Using Eq.~3!, x1599.47 m
5. L153.6/2 cos(218°)15.457.29 m
6. Using Eq.~4!, y15265.22 m

d intersecting with two-lane major road and lane width53.6 m~major

d intersecting with two-lane major road and lane width53.6 m~major
or roa
or roa
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7. Using Eq.~5b!, z1522.05 m;
8. Using Eq. ~9! to check sight line against road surfa

20.0039x213.13x2379.950, which does not produce a
value forx within the range 0<x<x1 . Hence road surfac
does not obstruct sight line;

9. Using Eq.~11!, tana5y1 /x1520.65;

Fig. 9. Design graph forM1 andM2 for differentR for two-lane min
road design speed580 km/h!

Fig. 10. Design graph forM1 and M2 for different R for two-lane
~major road design speed5100 km/h!
JOURNAL OF TRA
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10. Using Eq. ~15!, y2 /x2<20.65, where x25M 21(7.2
21.8)5M 215.4 and y25A(196.42M 1)22M 2

22191/
cos(218°)1M 2 sin(218°).

Then the relationship between minimumM 1 and minimum
M 2 may be plotted graphically.M 1 was found to be within th
range ~8.8–14.3 m! for M 2 in the range~0–20 m!. The sam

d intersecting with two-lane major road and lane width53.6 m~major

r road intersecting with two-lane major road and lane width53.6 m
or roa
mino
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example was solved considering a vehicle approaching from
right, whereM 1 was in the range~5.2–8.3 m! for the same rang
of M 2 ~0–20 m!. These results are less than those for a ve
approaching from the left, which confirms our expectation
the most critical case occurs when the approaching vehic
coming from the left. The results for a vehicle approaching f
the left may be applied for any obstruction, either from the r
or the left side, as no significant difference is found~it is also
more conservative to consider a vehicle approaching from th
side in all cases!. The results of running the computer softw
were identical to the above manual calculations.

It should be noted that the skew was considered clockwi
the above example. If the skew is counterclockwise, the re
for the vehicle approaching from the right may become cri
and therefore should be checked separately.

Example 2 (Using Design Aids)

The previous example was solved considering no skew~u50! or
minor road grade (gm50). Installing a new road sign with di
tancesM 155.95 m andM 255.5 m is also required. In this cas
the first step will be to check the sight line against road sur
obstruction, and the second will be to evaluate the propose
road obstruction~the new road sign! using the design aids. Th
solution is as follows:

1. From the given data, r 5(g22g1 /L)5(20.036
20.023/750)520.000078667;

2. From Table 3 (R5200 m),x15117.0,y15231.0, and tana
520.265;

3. Using Eq. ~9! to check sight line against road surfa
20.0046x210.5384x2126.3650, which does not produc
any value forx within range 0<x<x1 . Hence road surfac
does not obstruct sight line; and

4. For proposed obstruction with distancesM 155.95 m and
M 255.5 m, using Fig. 8 (R5200 m), the point that repr
sents the obstruction is plotted~Point a!. Since the point lie
under the graph, the sight line is obstructed. To satisfy
distance requirements, assumingM 255.5 m, the corre
sponding minimum distanceM 1 should be 8.2 m~corre-

Table 6. Geometric Design Variables for Example 1

Variable Value

R 200 m

wmajor 3.6 m

wminor 3.6 m

Wmajor 7.2 m

Wminor 7.2 m

hd 1.08 m
ho 21.08 m

L 750 m

g1 2.3%
g2 23.6%

D 5.4 m

u 18°a

gm 4.2%

P 292 m
aClockwise angle.
sponding to Point b in the graph!.
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Concluding Remarks

This paper has presented a new mathematical model for an
of sight distance at intersections with combined horizontal
vertical alignments. Practical design aids were provided to d
mine the required coordinates for any obstruction accordin
different alignment variables. The design aids presented in
paper can be used for sight distance analysis at existing o
posed intersections on horizontal curves combined with cres
tical curves. The model is coded into interactive computer
ware where the user can input all alignment variables, and
the software outputs the equation of the road surface obstru
along with the available sight distance and different values oM 1

and M 2 . Based on this study, the following comments are
fered:
1. Intersection sight distance is a key factor in highway sa

and should be determined carefully. The mathematical m
presented here includes a wide range of geometric featu
represent actual 3D intersections as much as possible.
include skewed intersection angles and minor road grad
well as combined alignments. The model was used to e
lish design aids that can be easily applied to check 3D i
section sight distance on combined alignments invol
crest vertical curves.

2. The minor road may intersect with the major road at
point along the combined alignment as long as the appro
ing vehicle lies on the combined alignment when the dr
on the minor road first sees it. For situations in which
approaching vehicle lies on the tangent beyond the com
alignment, the results provided by the presented model
erally will be conservative.

3. For crest vertical curves combined with horizontal cur
the finite-element method presented in the Appendix ca
used not only to check sight line obstruction by the m
road surface, but also to check off-road obstruction and
other type of obstruction. The method is especially rele
when the major road has a median barrier that may obs
the sight line for a vehicle approaching from the right. In
case, the assumption used to check major road surfac
struction~that is, a minor road vehicle is located at the c
terline of the major road! would not be appropriate.

4. The mathematical model is applicable only to the case w
the obstruction is located inside the horizontal curve of
major road; further research is required to explore the
where the obstruction is located outside the horizontal c
In addition, the present study focuses only on intersec
with stop control on the minor road~Case B in the AASHTO
model!. Further research is required to cover other cas
the AASHTO model that are likely to involve combin
alignments. Finally, the case of sag vertical curves~where
the road surface would not obstruct the sight line, but
sight line may be obstructed by an overpass! should be ex
amined.

Appendix. Finite-Element Method for 3D
Intersection Sight Distance

A finite-element model for 3D intersection sight distance tha
termines precisely whether the sight line is obstructed is d
oped in this Appendix. In this model, the driver is located on
minor road and the object lies on the major road. The mod
similar to the one developed by Hassan et al.~1997! for sight
distance analysis along a road with combined alignment

which both the driver and object are located on the major road.
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For the 3D intersection model, the major road~with length
greater thand! and all potential obstructions are idealized int
net of rectangular finite elements. Then the sight lineS ~corre-
sponding to the distanced! is checked against all elements. IS
intersects with any element, then the sight line is obstructed
erwise, it is not obstructed.

As the major road has a combined alignment, we use
6-node rectangular element to idealize it. The following nota
will be used:
• Assume driver’s eye on minor road is at point A (hd above

road surface!;
• Assume approaching vehicle on major road is at point Bho

above road surface!; and
• Assume obstruction point C.

The equation of the sight line that starts at point A (0,0,hd) and
ends at point B (x1 ,y1 ,z1) is

x20

x120
5

y20

y120
5

z2hd

z12hd
(17)

which represents two linear equations:

x2
x1

y1
y50 (18)

x2
x1

~z12hd!
z1

hdx1

~z12hd!
50 (19)

Then the local coordinatesh and j for the point of intersectio
~between the sight line and an element! are obtained using th
following equations:

~2c10c61c12c4!h41~2c10c52c8c61c11c41c12c2!h3

1~2c10c32c7c62c8c51c11c21c12c11c9c4!h2

1~2c7c52c8c31c11c11c9c2!h1~2c7c31c9c1!50

(20)

j5
c11c2h1c4h2

c31c5h1c6h2
(21)

wherec1 throughc12 are as given by Hassan et al.~1997!, noting
that xs15ys150; zs15hd ; xs25x1 ; ys25y1 ; zs25z1 ; Sxy

5x1 /y1 ; andSxz5x1 /(z12hd).
No sight obstruction exists if the solution of Eqs.~20! and~21!

produces one of the following cases:~1! no solution;~2! division
by zero;~3! imaginary roots only~two identical real roots, whic
represent the point of tangency!; and~4! one real root, where on
point of intersection exists~the point of intersection must b
within the limits of the element, which happens only
21<j<11 and21<h<11!. If the solution produces two di
ferent real roots, this means two points of intersection exist
we have to check which one~or none! of them is within the rang
21<j<11 and21<h<11. If the solution produces more th
two real roots, this case can happen only with distorted elem
and is therefore not applicable for highways. This model ca
coded into computer software where the user inputs the geom
and operational variables.

Notation

The following symbols are used in this paper:
D 5 distance between vehicle on minor road and ed
of major road;

JOURNAL OF TRA
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d 5 required sight distance for vehicle approaching
from left or right;

gm 5 grade of minor road~positive for upgrade and
negative for downgrade!;

gt 5 slope of vertical curve at minor road vehicle
path;

g1 ,g2 5 first and second grades of vertical curve;
hd 5 driver’s eye height on minor road;
ho 5 height of approaching vehicle on major road;
L 5 length of vertical curve;

M 1 5 distance between obstruction and edge of majo
road ~perpendicular to tangent!;

M 2 5 distance between obstruction and edge of
minor road;

n 5 total number of lanes on major road;
P 5 distance from the point of vertical curvature to

path of minor road vehicle;
R 5 horizontal curve radius;

Rn 5 radius of horizontal-curve path for approaching
vehicle;

r 5 rate of change of grade of vertical curve;
tg 5 time gap required for stopped vehicle on minor

road to maneuver;
u 5 median width of major road;

Vmajor 5 design speed on major road;
Wmajor 5 total width of major road;
Wminor 5 total width of minor road;
wmajor 5 lane width on major road;
wminor 5 lane width on minor road;

x1 ,y1 ,z1 5 Cartesian coordinates of approaching vehicle;
h,j 5 local coordinates of point of intersection

between sight line and obstruction;
u 5 skew angle of intersection; and
f 5 central angle for arc with lengthd.
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