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Three-Dimensional Model for Stop-Control Intersection Sight
Distance
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Abstract: Intersection sight distandéSD) is the sight distance to be provided at intersections between a minor road and a major road.
Current AASHTO policy provides an equation and charts for the required at-grade ISD so that a driver on the minor road can depart
(crossing, turning left, or turning righsafely, even though an approaching vehicle on the major road comes into view as the stopped
vehicle begins to depart. The AASHTO model is based on two assumptibrisoth minor and major roads are assumed to be straight
without any vertical or horizontal curvature; af2) the intersection angle is assumed to be 90°. In many practical situations, however,
sight distance is required to be checked for an existing or proposed 3D intersection alignment where verticédt@sives sagand
horizontal curves overlap. This paper presents a new mathematical model for the analysis of stop-controlled ISD on 3D highway
alignments that allows the major road to have vertical and horizontal curves with skewed angle, and the minor road to have a longitudina
grade. Design aids are developed to determine the available ISD for different geometric alignment véighleadius of horizontal

curve, lane width, number of lanes, and vertical curve parametapplication of the methodology is illustrated using numerical
examples.
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adopted the time gap acceptance method, which is based on pre-
vious research workHarwood et al. 2000 This method assumes
Intersection sight distand@éSD) is the adequate sight distance to that the gap acceptance time does not vary with approach speed
be provided at intersections between a minor road and a majoron the major road. Extensions to the AASHTO method have been
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road(TAC 1999; AASHTO 2001 The AASHTO policy provides
the required at-grade ISD between a minor réeahtrolled by a
stop sign and a noncontrolled major road as the sufficient sight
distance required for a driver on a minor road for safe departure
(crossing, turning left, or turning righteven though an approach-
ing vehicle on the major road comes into view as the stopped
vehicle begins to depart. Hence the required sight distdriEe.

1) is a function of the time gaf, required for the stopped vehicle
on the minor road to turn left, turn right, or pass through the
major road. In most cases, the most critical maneuver is a left
turn. However, in some situations it is advised to check the avail-
ability of sight distance for crossing maneuvefASHTO 200).

The minimum intersection sight distance in the AASHTO
green bookAASHTO 1989 was calculated as a factor in vehi-
cle's speed and driver's perception-reaction time. While
AASHTO (1990 adopted the same method to determine ISD
with some variations, the new edition of AASHT@001)
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addressed by several authors to consider the effect of different
variables on ISD, including vehicle tyg€itzpatrick et al. 1990
driver’'s eye and vehicle height&itzpatrick et al. 1998 and in-
tersection skew angléattis and Low 1998 Reliability analysis
was used to consider the momeiliisean and variangeof the
probability distribution of each random variab{&asa 200D
Analytical geometry was also used to determine ISD for a hori-
zontally curved roadway with tangential intersecti¢BGattis
1992.

Sight distance models for uncontrolled intersections that ex-
plicitly incorporate design speeds of the intersecting roads and
vehicle length have been develop@dcGee et al. 1984; Mason
et al. 1989. These models have been examined by E4588),
who demonstrated that conditions arise when using the design
speed that can result in sight distances that are less than desirable.
For railroad-highway grade crossings without train-activated
warning devices, two sight distance cases for moving and stopped
vehicles are described by AASHTQ001). Although the 85th
percentile speed of vehicles is normally used in traffic analysis,
the 15th percentile speed should be used for the moving vehicle
case(Easa 1998 Comprehensive work on ISD is documented in
National Cooperative Highway Research Progi&THRP 393
(Harwood et al. 1996 An excellent review of recent geometric
design research, including I1SD, can be found in NCHRP Synthe-
sis 299(Fitzpatrick and Wooldridge 2001

The AASHTO policy has recommended that intersections
should not be situated just beyond a short, crest vertical curve or
on a sharp horizontal curve, and that intersection legs that operate
under stop control preferably should intersect at 90° if possible,
but in no case less than 60°. Hence, the two assumptions in the
AASHTO model arg(1) both minor and major roads are straight
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Minorl,?oad Table 1. Geometric Data Required as Input to Mathematical Model

Input data Symbol
Radius of horizontal curve R
Lane width on major road Wnajor
Lane width on minor road Winor
Total number of lanes on major road n
Median width u
bl Total width of minor road Whinor
Driver’s eye height hy
Fig. 1. Intersection sight distance on 3D alignmentsehicle Height of approaching vehicle on major road h,
approaching from right Length of vertical curve L
First grade of vertical curve o1
Second grade of vertical curve o]}
(tangents without vertical or horizontal curvature; an@) the Distance between vehicle on minor road and edge of D
intersection angle is 90°. However, the AASHTO and all previous major road
models are not applicable to 3D intersection alignments where Grade of minor road Om
vertical and/or horizontal curves exist. For such alignments, Intersection angléskew 0
AASHTO has recommended that sight distance be checked Distance from the point of vertical curvature to path P
graphically. of minor road vehicle

This paper presents a new analytical model for ISD on 3D
alignments where the major road has both horizontal and vertical
geometry and the minor road has a grade; the intersection may be The geometric alignment data required as input to the model
skewed. The following sections present the geometry of 3D inter- are given in Table 1.
section sight distance and the mathematical model. Design aids
and application examples are then presented, followed by some
concluding remarks. Mathematical Model

To simplify the analysis of ISD, analytical geometry is used to
Intersection Geometry determine the required sight distance. The model involves three
aspects: establishing coordinates of sight line, checking sight line
One of the key variables in ISD analysis is the required sight obstruction, and evaluating existing obstruction or proposed de-
distance along the major road, This distance is given by  sign.
(AASHTO 2001

d=0.278/ 40l g (1) Establishing Coordinates of Sight Line
whered=required sight distance for a vehicle approaching from In our case, the point of origin for the global Cartesian coordi-
left or right (m); Va=design speed on major ro&kim/h); and nates is located at the road surface under the driver's eye on the

ty=time gap required for stopped vehicle on minor road to ma- minor road with they-axis being along the centerline of the
neuver(s). The time gagt, for different types of design vehicles ~ Stopped vehicle on the minor roBig. 2). Note that the driver’s
(passenger cd?, single unit truckSU, and large semitrailer com- ~ eye is assumed to be located at the center of the lane. The Carte-
bination truck WB-50 is provided in the AASHTO model. sian coordinates of Point Adriver’s eye are (0,0h); the Carte-

To check the required sight distande the proposed model  sian coordinates of Point Bpproaching vehicleare (;,y1,21);
assumes the following geometrt) the intersection is on a crest ~ and the radius of the horizontal-curve path for a vehicle approach-

vertical curve on the major road2) the major road has a hori-  ing from left and from right areFig. 3)
zontal curve combmep} with the vertical cur(&) the. minor road Ry=R—Wnajof2+ Wrao/2  (vehicle approaching from left
has a gradeg,, (positive for upgrade and negative for down- (2a)

grade; (4) the minor road has one lane in each direction; €)d
the intersection has a skew angbe,
The sight lineS, which is a straight line between the driver’s +2Z
eye on the minor road and the top of an approaching vehicle on
the major road at a distan@kfrom the intersection(Fig. 1), is +Y
checked against all possible obstructions. If any element repre- A g
senting a sight obstruction intersects the sight line, the sight line ©00hdy  ~—= Az
is obstructed and the obstruction should be moved to satisfy the ha[ S _~yT Blylz1)
required sight distance. Otherwise, it is not obstructed. X g&gg)smaoe X
The main variables that govern the sight distance(Big. 1)
1. Required distancd, which is calculated using E¢);
2. Required sight lineS which is a function ofd and road -y
curvature(horizontal and verticaj
3. DistanceM; between obstruction and edge of major road
(perpendicular to tangentand
4. DistanceM, between obstruction and edge of minor road.

-Z

Fig. 2. Coordinates of different points of intersection sight distance
on 3D alignments
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Fig. 4. Intersection sight distance on X-Z view

Fig. 3. Intersection sight distance on X-Y view

vertical curve(m); and P=distance from point of vertical curva-
ture (PVC) to path of minor road vehiclém). Substituting forr in
Eq. (5b), then

Rn=R+Wm,o/2+u/2  (vehicle approaching from right

(92_91))(%
(2b) 21=goa+ — 51— +ho+Y10m (5b)

where R,=radius of horizontal-curve path of approaching ve-
hicle; R=radius of horizontal curvéalong centerline of major ) ) ) )
road; Wpajo=total width of major roadwy,,=lane width of Checking Sight Line Obstruction

major road; andu=median width. The total widthWingor To ensure that the sight line is not obstructed, two checks are

= (NWnqjort U) Wheren=total number of lanes of the major road.  required to ensure that the sight line does not intersect with the
Note that Eqs(2a) and(2b) assume that the approaching vehicle 444 surface and with any potential obstruction.
on the major road is in the nearest lane to the minor road driver

(inside lane for a vehicle approaching from right and outside lane Major Road Surface Obstruction

for a vehicle approaching from lgftas this situation produces the 14 check whether the sight line is obstructed by the major road
most critical case. _ _ surface, it is assumed that the driver on the minor road is located

The central angleb (in degreey for the arc with Iengthd on the vertical curveat the centerline of the major roadrhis

equals 180d/wR, . Let 6 be measured from the perpendicular  assumption is made to avoid mathematical complexity. Any error
line to the tangent to the horizontal curve. For a vehicle approach-hat may result from this approximation is expected to be small as
ing from the right, the skew angleis considered positive if itis  {he distance between the actual location of the minor road driver
clockwise and negative otherwigand vice versa for a vehicle  gnq the assumed location is very small compared with the sight

approaching from the Ieft Then distance. In this case, the coordinatat any pointx is given by
_Rysind _ _ (Fig. 5)
X1="0s0 +R, sind(1—sin¢ tand — cosd) (3a) 2
z=— +9X+Y10m (6)

If there is no skew(6=0), Eq. (3) becomes
The sight line is a straight line with a start point at the driver’s eye

X1=Rysiné (30) (0,hy) and an end point at the top of the approaching vehicle
Similarly (x1,27) wherez, at any pointx, is given by
y;=L;— R, cosf(1—cosd—sind tans) (4) X z—hg @)

. . X_l 73—y
If there is no skew6=0), Eq. (4) will be

Substituting forz; andz from Eqgs.(5b) and(6) in Eq. (7), then
y1=L1—Rp(1—cosd)

rx2
where . > +gX+Y10m—hg
2 - g
Wmajor X1 a+gX;+hy+y10m—hg (8)
Wmajor_ T
Li=——(ospg +D (vehicle approaching from right
+ Ya
Wmajor . ) —_
Li=5——= +D (vehicle approaching from left -
2 cosb b
Wmajor ~\
Let the minor road grade bg,, in decimals. Then, from Fig. 4 of | 7 \
1 M Centerline of

Xy x* i *+X major road
=gt 5 F ho+Y10m (5a) M

where g;=slope of vertical curve at minor road vehicle path;
r=rate of change of grade of vertical curve; ang=height of

approaching vehicle on major road. The variabhleand g, are “Ye
given byr=(g,—9,)/L andg;=g,+rP whereg, andg,=first
and second grades of vertical curve in deciméls:length of

Fig. 5. Coordinates of obstructions
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wherea=rx2/2. Now Eq.(8) can be written as

rxq
— X2=(atho—hgtyigmx—(hg=Y1gm¥x =0 (9)
The major road surface obstructs the sight line only if &jhas

a solution within the range
0=x=x4 (10)

If the sight line is obstructed, the geometric design should be
revised either to flatten the curves or to relocate the intersection.

Otherwise, we may continue to the second step to check the sight

line against potential off-road obstruction. Note that sight line
obstruction can be checked more precisely using the finite-
element methodFEM) presented in the Appendix. This method,

which idealizes the road surface into an element net, uses the

actual location of the vehicle on the minor road.
Off-Road Obstruction
The slope of the sight lin& in the x—y plan is(Fig. 6)
tana =y, /x; (11)
For an obstruction atG,y,)
Xo=My+Wninod2 (vehicle approaching from right

+Yr

-X B T+X
bstruction

.Y

Fig. 6. Slopes of sight line and obstruction line

and

VOPZ=M2+Wipao/2+ D—R

coso

y2= +M,sin® (13)

where
q:R_Wmajmlz_ M, (14)

The slope of the obstruction lima in the x—y plan equals tap
=Y, /X,. The sight lineS (Fig. 6) is not obstructed if the angle
(for sight ling is greater than or equal to the an@léfor obstruc-
tion line m). Therefore, for an unobstructed sight line

(129)
Xo=M+ (Wpinor— Wmino/2)  (Vehicle approaching from left B<o; tanp=tana; y,/xp=<yi/x; (15)
Then Eq.(15) may be written as
(12b) h (15 b i
|
Wi Y1 W i W.... ] 2
M;=R— %‘”— \/ X—lcose( M 5+ Woinor— ";”” +R-D-— %“”— cosB(M,sin6)| +M?2 (16)

wherex,, Y1, X,, andy, are given using Eq$3), (4), (12b), and
(13), respectively. Note thal#l; is the minimum required value
that does not obstruct the sight line. Hence for a given highway
for any value ofM,, use Eqs(3) and(4) to calculatex; andy,,
respectively, and then use E(L6) to calculateM;. If M, is
given, calculateM, using Eq.(16) by trial and error. The values
of M, and M, should be greater than or equal to zero or other
minimum values required by road authority regulations. Wign

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

Evaluation of Existing Obstruction

For an existing obstruction with gived ; andM,, it is required
to determine if the existing obstruction satisfies the required sight
distance. The methodology is as follows:

1. Calculate required sight distandausing Eq.(1);

2. Using givenM,, determine minimum requireld ; using Eq.
(16);

3. Compare minimum calculateéd ; with existingM;

4. If existing M;=calculatedM,, then sight line is not ob-
structed; and

5. If existing M <calculatedM 1, then sight line is obstructed
and obstruction should be moved.

To save time and effort, this model was coded into computer

active environment; the results can then be shown either on
screen or in an attached text file. The results include the follow-
ing: (1) input data(for verification; (2) required sight distance;
(3) road surface obstruction equatiadd) values ofx,, y;, and

z,; and (5) table for minimum values oM corresponding to
different values ofM,. This table may be imported into spread-
sheet softwardfor example, MS Excglto plot the minimum
values for botiMl; and M, graphically. The methodology is also
applicable to ISD analysis for proposed intersection design.

Design Aids

Using the mathematical model, design aids were established to
determine the intersection sight distance for different values of
the geometric design variablé®r example, radius of horizontal
curve, lane width, number of lanes, and vertical curve param-
eterg. The following AASHTO-recommended values were used
in developing the design aid&ASHTO 2001:
e Diriver’s eye heighthy;=1.08 m;
» Height of approaching vehicle on major rodg,=1.08 m;
e Minor road vehicle is passenger car;
e Lane width=3.6 m (for both minor and major roagtsand
e Distance between vehicle on minor road and edge of major
road,D=5.4m.
Since stop-controlled intersections and combined alignments

software in which the user is asked to input all data in an inter- are likely to exist on two-lane rural highways, both major and
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Table 2. Values ofx, andy, for Two-Lane Minor Road Intersecting
with Two-Lane Major Road and Lane Wid#8.6 m (Major Road
Design Speed40 km/h?

Table 4. Values ofx, andy, for Two-Lane Minor Road Intersecting
with Two-Lane Major Road and Lane Wid#8.6 m (Major Road
Design Speed80 km/h?

R Rn b ¢ X1 Y1 R Rn b ¢ X1 Y1

(m) (m) (deg  (rad (m) (m) tana (m) (m) (deg  (rad (m) (m) tana
100 98.2 48.6 084 737 -262  —0.355 200 198.2 482 0.84 1478 -589  —0.399
200 198.2 24.1 042 810 -101 —0.125 300 2982 320 056  158.2 —382  —0.242
300 298.2 16.0 028 824 —-44  —0.053 400 3982  24.0 042  162.0 —-272  —0.168
400 398.2 12.0 021 828 -15 —0.018 500 498.2 19.2 0.33  163.7 —205 —0.125
500 498.2 9.6 017 831 0.3 0.003 600 598.2 16.0 028 1646 —159  —0.097
600 598.2 7.9 014 832 1.4 0.017 700 698.2 13.7 024 1652 —126 —0.076

8Required time gap is 7.5 s and required sight distahise83.4 m. Values
are based on case of vehicle approaching from left.

minor roads are assumed to be two-lane highways with a total far

width of 7.2 m each. No skew or slope of the minor road was
assumed.

The values oR,, X1, Y1, and tarx corresponding to different
values ofR are shown in Tables 2-5 fof,,,,o €qual to 40, 60, 80,
and 100 km/h, respectively. Values ®f, andM, corresponding
to different values oRR are shown in Figs. 7—-10 for the same

speeds, respectively. The values are based on the case of a vehic

approaching from the left, which is expected to be the most criti-
cal case. The sign foy, depends orR, andd; the lessR, and
mored, the more likely fory,; to be negative.

As the major road has two lanes, according to AASHTO the
required time gap is 7.5 s. Note that ¥t o= 80 km/h, the
minimum radius is likely to be some value between 195 and 280

8Required time gap is 7.5 s and required sight distathée 166.8 m.
Values are based on case of vehicle approaching from left.

A positive slope of a curve in the design graph means that the
ther corner of the obstruction contrdtbat is,y; is negative;
a negative slope means that the obstruction corner near the minor
road vehicle controls. Note that for flat horizontal curves with
radii exceeding 300 m, the rate of increaseMn is likely to
decrease, with the increase i, especially at lower speeds. In
other words, the slope of the curves in the design graphs becomes
latter with the increase i, and eventually changes in trend
om positive to negative. FOM, greater than 20 m, the corre-
sponding change iM, is very small, especially for flat curves at
lower speeds. Also note thét, increases aM, increases when
the farther corner of the obstruction controls, and vice versa when
the closer corner controls.

m, depending on superelevation, so that a radius of 100 m was notApplication Examples

included with this design speed. Also, fdff,,o= 100 km/h, the
minimum radius is likely to be some value between 330 and 490

The following examples illustrate how to use both the mathemati-

m, depending on superelevation, and therefore a radius less tharal model and the design aids for either a proposed or an existing

300 m was not included.

obstruction. Based on AASHT@2001), the following values

The graphical aids are easy to use as the lines in the graphwere assumedWm,jo=Wminor= 3.6 M; hg=1.08 m; h,=1.08 m;
resemble sight lines. For a proposed intersection or a proposedandD =5.4m.

project(obstruction, the required value df1; (or M,) is plotted
on the graph so that the minimum value Mf, (or M;) may be

obtained, as will be shown in the examples. The design aids are
also useful for evaluating an existing obstruction as the values for

M, andM, for an obstruction may be plotted as one point on the

graph. If the point lies under the corresponding line, that means

M, andM, are less than the minimum values and the sight line is
obstructed. If the point lies above the line, that mesinsandM,

are more than the minimum values and the sight line is not ob-
structed.

Table 3. Values ofx, andy; for Two-Lane Minor Road Intersecting
with Two-Lane Major Road and Lane Wid#8.6 m (Major Road
Design Speed60 km/h?

Example 1 (Using Mathematical Model)

A hypothetical example with general geometry is used to illustrate
the application of the mathematical model presented. For an in-
tersection where the major road is a two-lane rural highway (

=0, n=2) andV,j,=60km/h, a passenger car requires a time

gapt,=7.5s. The geometric design variables for a proposed in-
tersection are given in Table 6. Note that the skew angle is clock-
wise. Determining the sight line is required to establish the zone
that should be clear of obstruction. The example was solved con-

Table 5. Values ofx; andy; for Two-Lane Minor Road Intersecting
with Two-Lane Major Road and Lane Wid#8.6 m (Major Road
Design Speed100 km/hH?

R Rn ¢ ¢ X1 Y1 R Rn ¢ ¢ X1 Y1

(m) (m) (deg  (rad (m) (m) tana (m) (m) (deg  (rad (m) (m) tana
100 98.2 73.0 1.27 939 -623 -0.663 300 298.2  40.1 070 1919 -62.8 —0.327
200 1982  36.2 063  117.0 —31.0 —0.265 400 398.2  30.0 052  199.1 —46.2  —0.232
300 298.2 24.0 042 1215 -187 —0.154 500 498.2  24.0 042 2025 -358 —0.177
400 398.2 18.0 031 1231 -12.3  —0.100 600 598.2  20.0 0.35 2043 -28.8 —0.141
500 498.2 14.4 0.25 1238 -84  —0.068 700 698.2 17.1 0.30 2054 -237 —0.115
600 598.2 12.0 021 1242 -58  —0.047 800 798.2 15.0 026 2061 -19.9 —0.096

®Required time gap is 7.5 s and required sight distashdée 125.1 m.
Values are based on case of vehicle approaching from left.

8Required time gap is 7.5 s and required sight distathée 208.5 m.
Values are based on case of vehicle approaching from left.
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12 R=100m

= 8
R=200 m
7
6 R=300m
- ecansnnl
R =400 m
5 R=500m
R=600m
R =800 m
4
0 2 4 6 8 10 12 14 16 18 20

M2

Fig. 7. Design graph foM; andM,, for differentR for two-lane minor road intersecting with two-lane major road and lane widtB m(major
road design speee40 km/h

sidering a vehicle approaching from the left, which is the most 3. Central angleb (in degreesfor arc with lengthd is
critical case. The procedure of ISD analysis is as follows:

1. Using Eq.(1), required sight distancel=125.1 m; b= 125.1X 180: 6.164°
2. Using Eq.(2a), radius of horizontal-curve path of approach- 3.14x198.2 '
ing vehicle is 4. Using Eq.(3), x;=99.47m
5. L;=3.6/2cos{18°)+5.4=7.29m
7.2 3.6 .
Ry=200- &+ =198.2 m 6. Using Eq.(4), y;=—65.22m
R=100m

R=200m

R=300m

R=400m
R=500m
R=600m
R=700 m
: R=800m
1
5 |
595m |
I
I
4 l
0 2 4 6 8 10 12 14 16 18 20

M2

Fig. 8. Design graph foM; andM,, for differentR for two-lane minor road intersecting with two-lane major road and lane widtB m(major
road design speedb0 km/h
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12

1" R=200m

10

R=300m
= 8
R=400m
7
R=500m
R=600m
6 //——— R=700m
| R=800m
5
4
0 2 4 6 8 10 12 14 16 18 20

Fig. 9. Design graph foM; andM,, for differentR for two-lane minor road intersecting with two-lane major road and lane widtB m(major
road design speeaB0 km/h

7. Using Eq.(5b), z;=—2.05m; 10. Using Egq. (15), y,/Xx,<-—0.65, where x,=M,+ (7.2
8. Using Eq.(9) to check sight line against road surface, -1.8)=M,+5.4 and y,=(196.4-M;)2—M5—191/
—0.003%2+ 3.1%— 379.9=0, which does not produce any cos(—18°)+ M, sin(—18°).
value forx within the range 8x=<x;. Hence road surface Then the relationship between minimul, and minimum
does not obstruct sight line; M, may be plotted graphicallyM, was found to be within the
9. Using Eq.(11), tana=y; /x;=—0.65; range (8.8—14.3 m for M, in the range(0—20 n). The same
R=300m

R=400m

R=500m

R=600m

R=700m
R=800m

10 12 14 16 18 20
M2

o
~N
F'S
L=
<o

Fig. 10. Design graph foiM; and M, for different R for two-lane minor road intersecting with two-lane major road and lane wid@tG m
(major road design speed.00 km/h
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Table 6. Geometric Design Variables for Example 1

Variable Value
R 200 m
Wmajor 3.6m
Whninor 3.6m
Wmajor 7.2m
Wminor 72m
hg 1.08 m
h, —-1.08 m
L 750 m
01 2.3%
g —3.6%
D 54m
0 18°2
O 4.2%
P 292 m

&Clockwise angle.

example was solved considering a vehicle approaching from the
right, whereM ; was in the rang€5.2—8.3 m for the same range

of M, (0—20 m). These results are less than those for a vehicle 2

approaching from the left, which confirms our expectation that
the most critical case occurs when the approaching vehicle is
coming from the left. The results for a vehicle approaching from
the left may be applied for any obstruction, either from the right
or the left side, as no significant difference is foufiidis also
more conservative to consider a vehicle approaching from the left
side in all casés The results of running the computer software
were identical to the above manual calculations.

It should be noted that the skew was considered clockwise in
the above example. If the skew is counterclockwise, the results
for the vehicle approaching from the right may become critical
and therefore should be checked separately.

Example 2 (Using Design Aids)

The previous example was solved considering no sk&w0) or
minor road graded,,=0). Installing a new road sign with dis-
tancesM;=5.95m andM,=5.5m is also required. In this case,
the first step will be to check the sight line against road surface
obstruction, and the second will be to evaluate the proposed off-
road obstructior(the new road signusing the design aids. The
solution is as follows:

1. From the given data, r=(g,—9g,/L)=(—0.036
—0.023/750) —0.000078667;

2. From Table 3R=200m),x;=117.0,y;=—31.0, and tam
=—0.265;

3. Using Eg.(9) to check sight line against road surface,
—0.0046¢2+ 0.5384— 126.36=0, which does not produce
any value forx within range Gsx<x;. Hence road surface
does not obstruct sight line; and

4. For proposed obstruction with distanckk;=5.95m and
M,=5.5m, using Fig. 8 R=200m), the point that repre-
sents the obstruction is plottéBoint 3. Since the point lies
under the graph, the sight line is obstructed. To satisfy sight
distance requirements, assuming,=5.5m, the corre-
sponding minimum distanc&; should be 8.2 m(corre-
sponding to Point b in the graph

Concluding Remarks

This paper has presented a new mathematical model for analysis

of sight distance at intersections with combined horizontal and

vertical alignments. Practical design aids were provided to deter-
mine the required coordinates for any obstruction according to

different alignment variables. The design aids presented in this
paper can be used for sight distance analysis at existing or pro-
posed intersections on horizontal curves combined with crest ver-
tical curves. The model is coded into interactive computer soft-

ware where the user can input all alignment variables, and then
the software outputs the equation of the road surface obstruction
along with the available sight distance and different values pf

and M,. Based on this study, the following comments are of-

fered:

1. Intersection sight distance is a key factor in highway safety

and should be determined carefully. The mathematical model

presented here includes a wide range of geometric features to
represent actual 3D intersections as much as possible. These
include skewed intersection angles and minor road grades as
well as combined alignments. The model was used to estab-
lish design aids that can be easily applied to check 3D inter-
section sight distance on combined alignments involving
crest vertical curves.

The minor road may intersect with the major road at any

point along the combined alignment as long as the approach-

ing vehicle lies on the combined alignment when the driver
on the minor road first sees it. For situations in which the
approaching vehicle lies on the tangent beyond the combined
alignment, the results provided by the presented model gen-
erally will be conservative.

For crest vertical curves combined with horizontal curves,

the finite-element method presented in the Appendix can be

used not only to check sight line obstruction by the major
road surface, but also to check off-road obstruction and any
other type of obstruction. The method is especially relevant
when the major road has a median barrier that may obstruct
the sight line for a vehicle approaching from the right. In this
case, the assumption used to check major road surface ob-
struction(that is, a minor road vehicle is located at the cen-
terline of the major rogdwould not be appropriate.

4. The mathematical model is applicable only to the case where
the obstruction is located inside the horizontal curve of the
major road; further research is required to explore the case
where the obstruction is located outside the horizontal curve.
In addition, the present study focuses only on intersections
with stop control on the minor roa@ase B in the AASHTO
mode). Further research is required to cover other cases of
the AASHTO model that are likely to involve combined
alignments. Finally, the case of sag vertical cur¢ebere
the road surface would not obstruct the sight line, but the
sight line may be obstructed by an overpasisould be ex-
amined.

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

A finite-element model for 3D intersection sight distance that de-
termines precisely whether the sight line is obstructed is devel-
oped in this Appendix. In this model, the driver is located on the
minor road and the object lies on the major road. The model is
similar to the one developed by Hassan et(aB97 for sight
distance analysis along a road with combined alignments, in
which both the driver and object are located on the major road.
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For the 3D intersection model, the major ro@aith length
greater thard) and all potential obstructions are idealized into a
net of rectangular finite elements. Then the sight Ié&orre-
sponding to the distanad) is checked against all elements.Sf
intersects with any element, then the sight line is obstructed; oth-
erwise, it is not obstructed.

As the major road has a combined alignment, we use the
6-node rectangular element to idealize it. The following notation
will be used:

e Assume driver’'s eye on minor road is at point Ay(above
road surfacg

* Assume approaching vehicle on major road is at pointhB (
above road surfageand

e Assume obstruction point C.

The equation of the sight line that starts at point A (19,9 and
ends at point BX;,Y1,24) is

x=0 y-0 z—-hy

Xl—O_yl—O_Zl—hd (17)
which represents two linear equations:
AV (18)
X——Vy=
Y1 y
X hgx
X— ——t L __o (19)

Zi—hg 2 Z—hg -

Then the local coordinateg and & for the point of intersection
(between the sight line and an elemeate obtained using the
following equations:

(—C1C6T C1264) N+ (—C1ol5— CgCq+ C11C4+C1oCo)M 3
+(—C1¢t3— C7C6— CgC5F C11Co+ C12€1 +CoCy)M?
+(—C4C5—CgC3+Cq1C1+CoCy)M + (—C7C3+CoC1) =0

(20)

2
_ Ci+Com+Cym 21)
c3+Csm+Cen?

wherec, throughc,, are as given by Hassan et €1997), noting
that X =Ys1=0; Za=hg; Xo=X1; Ye2=Y1; Zo=21; Sy
=X1/y1; andS,,=x;/(z;—hg).

No sight obstruction exists if the solution of E¢20) and(21)
produces one of the following cas€4) no solution;(2) division
by zero;(3) imaginary roots onlytwo identical real roots, which
represent the point of tangeng¢and(4) one real root, where one
point of intersection existg§the point of intersection must be
within the limits of the element, which happens only if
—1<¢<+1 and —1<sm=<+1). If the solution produces two dif-
ferent real roots, this means two points of intersection exist, and
we have to check which orfer nong of them is within the range
—1<¢<+1 and—1<n=<+1. If the solution produces more than

two real roots, this case can happen only with distorted elements

and is therefore not applicable for highways. This model can be

d = required sight distance for vehicle approaching
from left or right;
dm = grade of minor roadpositive for upgrade and
negative for downgrade
g; = slope of vertical curve at minor road vehicle
path;
0:,0, = first and second grades of vertical curve;
hy = driver’'s eye height on minor road;
h, = height of approaching vehicle on major road;
L = length of vertical curve;
M; = distance between obstruction and edge of major
road (perpendicular to tangent
M, = distance between obstruction and edge of
minor road;
n = total number of lanes on major road;
P = distance from the point of vertical curvature to
path of minor road vehicle;
R = horizontal curve radius;
R, = radius of horizontal-curve path for approaching
vehicle;
r = rate of change of grade of vertical curve;
ty = time gap required for stopped vehicle on minor
road to maneuver;
u = median width of major road;

Vmajor = design speed on major road,
Whajor = total width of major road;
Wiinor = total width of minor road;
Wmajor = lane width on major road,

Whinor = lane width on minor road;
X1,Y1,Z; = Cartesian coordinates of approaching vehicle;
m,& = local coordinates of point of intersection
between sight line and obstruction;
6 = skew angle of intersection; and
¢ = central angle for arc with lengtt.
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