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The vertical alignment of a transportation facility consists of

tangent grades (straight lines in the vertical plane) and vertical

curves.

Vertical alignment is documented by the profile.

The profile is a graph that has elevation as its vertical axis and

distance, measured in stations along the centerline or other

horizontal reference line of the facility, as its horizontal axis.
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Tangent Grades

Tangent grades are designated according to their slopes or grades.

Maximum grades vary, depending on the type of facility, and usually do not

constitute an absolute standard. The effect of a steep grade is to slow down

the heavier vehicles (which typically have the lowest power/weight ratios)

and increase operating costs.

Furthermore, the extent to which any vehicle (with a given power/weight

ratio) is slowed depends on both the steepness and length of the grade. The

effect of the slowing of the heavier vehicles depends on the situation, and is

often more a matter of traffic analysis than simple geometric design. As a

result, the maximum grade for a given facility is a matter of judgment, with

the tradeoffs usually being cost of construction versus speed.

In the case of railroads, on the other hand, the tradeoff is an economic one,

involving travel time, construction cost, and minimum power/weight ratios

for trains on various grades.
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Tangent Grades

Table gives the maximum grades recommended for various classes of roadway by

AASHTO. It should be understood that considerably steeper grades can be negotiated

by passenger cars. In some urban areas, grades of minor streets may be as steep as 25

percent.
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Tangent Grades
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Vertical Curves
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Vertical Curves

Vertical tangents with different grades are joined by vertical curves such as the one

shown in Figure. Vertical curves are normally parabolas centered about the point of

intersection (P.I.) of the vertical tangents they join. Vertical curves are thus of the form
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Vertical Curves

where g2 is the grade just beyond the end of the vertical curve (EVC) and L is the length of the curve.

Also, vertical curves are sometimes described by K, the reciprocal of r. K is the distance in meters

required to achieve a 1 percent change in grade. Vertical curves are classified as sags where g2 > g1

and crests otherwise. Note that r (and hence the term rx2/2) will be positive for sags and negative for

crests.
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Vertical Curves

Also note that vertical distances in the vertical curve formulas are the product of

grade times a horizontal distance. In consistent units, if vertical distances are to be in

meters, horizontal distances should also be in meters, and grades should be

dimensionless ratios. In many cases, however, it is more convenient to represent grades

in percent and horizontal distance in stations. This produces the correct result,

because the grade is multiplied by 100 and the horizontal distance divided by 100, and

the two factors of 100 cancel. It is very important not to mix the two methods,

however. If grades are in percent, horizontal distances must be in stations; likewise, if

grades are dimensionless ratios, horizontal distances must be in meters.
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Vertical Curves

The parabola is selected as the vertical curve so that the rate of change of grade, which

is the second derivative of the curve, will be constant with distance. Note that the first

derivative is the grade itself, and since the rate of change of grade is constant, the

grade of any point in the vertical curve is a linear function of the distance from the

BVC to the point. That is,
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Vertical Curves

The quantity rx2/2 is the distance from the tangent to the curve and is known as the

offset. If x is always measured from the BVC, the offset given by rx2/2 will be

measured from the g1 tangent. To determine offsets from the g2 tangent, x should be

measured backward from the EVC. Since the curve is symmetrical about its center,

the offsets from the g1 and g2 tangents, respectively, are also symmetrical about the

center of the curve, which occurs at the station of its P.I.
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Vertical Curves

Other properties of the vertical curve may be used to sketch it. For instance, at its

center, the curve passes halfway between the P.I. and a chord joining the BVC and

EVC. Normal drafting practice is to show the P.I. by means of a triangular symbol, as

in Figure, although the extended vertical tangents shown in the figure are often

omitted. The BVC and EVC are shown by means of circular symbols. The P.I., BVC,

and EVC are identified by notes. The stations of the BVC and EVC are given in notes,

as are the station and elevation of the P.I., the two tangent grades, and the length of the

vertical curve.
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Vertical Curves-Sag curve-Numerical Problem

For a 300 m sag vertical curve between a 1.0% grade and a 6.0% grade [100+00

(150m) to 103+00], determine tangent elevations, offsets and profile elevations at

stations placed at 25 m interval. Please plot profile.

Tangent elevation

Upto PI

BVC elevation+g1x

Beyond PI

PI elevation+g2(x-L/2)

Offset

rx2/2

x measured from either

BVC or EVC

Profile elevation

Tangent elevation+offset
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Vertical Curves-Numerical Problem

A -2.5% grade is connected to a +1.0% grade by means of a 180 m vertical curve. The

P.I. station is 100 + 00 and the P.I. elevation is 100.0 m above sea level. What are the

station and elevation of the lowest point on the vertical curve?

Geometric Design and Highway Safety



VERTICAL ALIGNMENT

15

Vertical Curves-Numerical Problem

A -2.5% grade is connected to a +1.0% grade by means of a 180 m vertical curve. The

P.I. station is 100 + 00 and the P.I. elevation is 100.0 m above sea level. What are the

station and elevation of the lowest point on the vertical curve?
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Vertical Curves-SSD for Crests
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Vertical Curves-SSD for Crests
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Vertical Curves-SSD for Sags
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Vertical Curves
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Vertical Curves-Numerical Problem

Determine the minimum length of a crest vertical curve between a +0.5% grade and a

-1.0% grade for a road with a 100-km/h design speed. The vertical curve must provide

190-m stopping sight distance and meet the California appearance criteria. Round up

to the next greatest 20 m interval.
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Vertical Curves-Numerical Problem

Determine the minimum length of a crest vertical curve between a 0.5% grade and a

1.0% grade for a road with a 100-km/h design speed. The vertical curve must provide

190-m stopping sight distance and meet the California appearance criteria. Round up

to the next greatest 20 m interval.
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Vertical Curves-Clearance over or under Objects

Vertical curve lengths may be limited by the need to provide clearances

over or under objects such as overpasses or drainage structures. In the case

of sag vertical curves passing over objects or crest vertical curves passing

under them, the required clearances establish minimum lengths; in the case

of crest vertical curves passing over objects or sags passing under them, the

clearances establish maximum lengths. Where clearances limit vertical

curve lengths, adequate sight distance should still be provided.
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Vertical Curves-Clearance over or under Objects

In either case, the maximum or minimum length of the vertical curve may

be determined by assuming that the clearance is barely met and calculating

the length of the vertical curve passing through the critical point thus

established. It is easiest to do this as illustrated by Figure. In the figure, C

represents the critical clearance, z the horizontal distance from the P.I. to

the critical point, and y΄ the offset between the critical point and the

tangent passing through the BVC.

Geometric Design and Highway Safety



VERTICAL ALIGNMENT

24

Vertical Curves-Clearance over or under Objects

The equation for the offset is

Geometric Design and Highway Safety



VERTICAL ALIGNMENT

25

Vertical Curves-Clearance over or under Objects
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Vertical Curves-Clearance over or under Objects

Taking w = y΄/A
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Vertical Curves-Clearance over or under Objects-Numerical Problem

A vertical curve joins a -1.2% grade to a +0.8% grade. The P.I. of the vertical curve is

at station 75 + 00 and elevation 50.90 m above sea level. The centerline of the roadway

must clear a pipe located at station 75 + 40 by 0.80 m. The elevation of the top of the

pipe is 51.10 m above sea level. What is the minimum length of the vertical curve that

can be used?
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Vertical Curves-Clearance over or under Objects-Numerical Problem

A vertical curve joins a -1.2% grade to a +0.8% grade. The P.I. of the vertical curve is

at station 75 + 00 and elevation 50.90 m above sea level. The centerline of the roadway

must clear a pipe located at station 75 + 40 by 0.80 m. The elevation of the top of the

pipe is 51.10 m above sea level. What is the minimum length of the vertical curve that

can be used?
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Vertical Curves-Clearance over or under Objects-Numerical Problem

A vertical curve joins a -1.2% grade to a +0.8% grade. The P.I. of the vertical curve is

at station 75 + 00 and elevation 50.90 m above sea level. The centerline of the roadway

must clear a pipe located at station 75 + 40 by 0.80 m. The elevation of the top of the

pipe is 51.10 m above sea level. What is the minimum length of the vertical curve that

can be used?
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Vertical Curves-Clearance over or under Objects-Numerical Problem

A vertical curve joins a -1.2% grade to a +0.8% grade. The P.I. of the vertical curve is

at station 75 + 00 and elevation 50.90 m above sea level. The centerline of the roadway

must clear a pipe located at station 75 + 40 by 0.80 m. The elevation of the top of the

pipe is 51.10 m above sea level. What is the minimum length of the vertical curve that

can be used?
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Transportation facilities such as highways and railways are three-

dimensional objects. Although many aspects of their design can be

determined by considering horizontal and vertical alignment separately

from one another, it is important to understand the relationship between

them.

Proper coordination of horizontal and vertical alignment is important for

reasons related to the esthetics, economics, and safety of the facility.

As a general rule, horizontal curvature and grades should be kept in

balance. That is, the designer should avoid both the provision of minimal

curvature at the expense of long, steep grades and the provision of level

vertical alignment at the expense of excessive horizontal curvature.
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Where there is both horizontal and vertical curvature, it is normally best

from an esthetic standpoint to provide the impression of a single three-

dimensional curve in both the horizontal and vertical planes. This means

that horizontal and vertical curves should normally coincide. In some cases,

however, safety considerations may suggest that horizontal curves be

extended beyond vertical curves in order to avoid hiding the beginning of

the horizontal curve from drivers approaching it. This is especially

important where horizontal curves coincide with rather sharp crest vertical

curves.

In addition, use of long, relatively gentle curves and short tangents will

normally produce a more flowing line than will use of long tangents and

short, sharp curves. This is especially true when the deflection angle of

horizontal tangents or the difference between grades is small. This effect is

illustrated by Figure.
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At the same time, too much curvature may also pose problems. On two-lane

highways, for instance, it is also important to provide an adequate number

of sections with passing sight distance, and these sections need to be of

adequate length to prevent drivers from becoming impatient when

following slow-moving vehicles. Finally, on intersection approaches,

highway alignments should provide adequate sight distance and should be

as flat and straight as possible.

In addition to these rules, there are a number of guidelines related to the

positioning of curves (either horizontal or vertical) relative to one another.

These are based on esthetics and in the case of horizontal curves, on the

necessity of providing adequate superelevation transitions. Figure

illustrates several special curve combinations.
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Reversing horizontal curves must be separated by a tangent or by transition

curves to allow for the development of superelevation.

The superelevated cross-slopes of the roadway will be in opposite directions

in the two curves, so that some distance must be provided for rotation of the

cross section. Where transition curves are used, however, the ST of the first

curve may coincide with the TS of the second. Reversing vertical curves

pose no problem.

Compound curves result when two curves of differing radius (or for vertical

curves, different rates of change of grade) join one another. Such curves are

normally avoided for centerline alignment, although use of three-centered

compound curves for pavement edges in intersections is common. Problems

with compound curves include esthetics and, in the case of horizontal

curves, difficulty in developing the necessary superelevation transition, as

well as possible deception of the driver as to the severity of the curve.
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Compound curves may be acceptable if the difference in radius is small or

if they occur on a one-way roadway and the radius of curvature increases in

the direction of travel.

Broken-back curves consist of two curves in the same direction separated by

a short tangent. Such curves (whether horizontal or vertical) are

objectionable on esthetic grounds and should be replaced by a single,

larger-radius curve.
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