VERTICAL CURVES

Accordingto AASHTO "Verticd curves should besmplein gpplication and should resultinadesignthat is
safe, comfortable in operation, pleasing in appearance, and adequate for drainage™.
In order to describe this topic we need to understand some of the terms used.

NYSDOT AASHTO terminology Definition

terminology

PVI (Point of VP (Verticad Point of Theoretica location where intersecting grades

Verticd Intersection) | Intersection) would intersect if there were not a vertica curve
introduced. Generdly described as Station and
Elevation.

PV C (Point of VPC (Vertica Point of Location where the Verticd Curve begins (as

Verticd Curve) Curvature) one proceeds in an up-dtation direction)

PVT (Point of VPT (Point of Verticd Location where the Vertica Curve ends (as one

Verticd Tangent) Tangency proceeds in an up-gation direction)

We ds0 need to know some of the genera guiddinesthat are utilized, these include:

1 Vertica Curves used in highway design are Parabolic (not circular). There is a uniform rate of
change of grade throughout the curve.

2. The Vertica Curves are dmogt dways symmetrica (haf the vertical curvelength occurs on either
gdeof the PVI
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Vertica curvesfdl in one of two categories, sag or crest.
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Sag Vertical Curves

Thesafety concern rdaiveto Sag verticd curvesisrelated to HSD (heedlight sight distance). Thefollowing
formulas are used to calculate HSD.

When Sislessthan L
L= (AS)/(120+35S)
When Sisgreater than L
L=2S-(120+35S)/A
Where L = length of sag vertical curve, m
S=light beam digance, m; and
A = dgebraic difference in grades, percent

Riding comfort isaso acongderation in the design of Sag vertica curves. Thegenerd criterionisgivenas.
L=(AV2)/39%5

WhereL & A arethe same as above and:
V =the Design Speed
Crest Vertical Curves
The safety concernrelaiveto crest vertica curvesisrelated to SSD (Stopping Sight Distance) the distance
at which adriver can see an object in the road ahead. Theformulasfor length of crest vertica curvesfor
the standard eye height of 1070 mm and object height of 150 mm are asfollows.
When SislessthanL,
L=(AS)/404
When Sisgrester than L,

L =2S- (404/A)



Where L = length of verticd curve, m;
S = dght distance, m
A = dgebraic difference in grades, percent

Passing sight distance can aso be considered on crest vertical curves. Thesameeye height asgiven above,
coupled with an object height of 1300 mm, yields the following formulas for Passng Sght Digtance.
When Sislessthan L,

L=(AS)/9%46
When Sis gregter than |,

L=2S-(946/A)

AASHTO dso provides minimum lengthsfor crest verticd curves based upon Design Speed and Algebraic
difference of grades.

Pointson a Vertical Curve

Elevations dong a vertica curve can be computed usng mathematica formulas.
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C={(-a)/8 L
100

Where C = Center correction
o = the grade back from the PVI
@ = the grade ahead of the PVI
L =thelength of verticd curve (in meters)
note @ - @ isthe agebrac differencein grades

The correction at any point dong the curve is defined by the formula

C«= ¢€Dig fromPVT (or PVC whichever isclosar) to sa. in question) uz2 xC
e Y4he length of the curve a




HORIZONTAL CURVES (THEORY OF )

The horizonta circular curve is a part of a circle (an arc) connecting two graight lines which
otherwise would intersect a an angle. Refer to the drawing on the next page concerning the following
definitions.

Thedraight linesare cdled tangents. The point on ahighway where the tangent sopsand thecurve
beginsiscalled the Point of Curvatureor “P.C.” abbreviated. The point where the prolongation of thetwo
tangents intersect is called the Point of Intersection or “P.I.”. The point where the curve stops and the
tangent begins is known as the Point of Tangency or “P.T.”. All these points proceed in the order of
increasing dationing. That is gationing of the P.C. is lower than that of the P.T.

The draight line from the P.C. to the P.l. isknown as the Back Tangent, and the line from P.I. to
P.T. isknown as the Forward Tangent.

If perpendicular linesor radii are erected from the P.C. and P.T., they will intersect at the center of
the cirde forming a centrd angle usudly designated as “1”. This angle is equd to the angle formed by
prolongation of the Back Tangent past the P.I. and the forward Tangent.

Angle BAC isknown asthe deflection angle at the P.C. not to be confused with the deflection angle
at the P.I. This Deflection angle (at the P.C.) Ishdf of the Centrd angle.

The two tangents and two radii form two right triangles, whose legs are the radii and the tangents, and
whose hypotenuse is the same identicdl line,

By the use of trigonometry and afew definitionsit is possble to solve dl circular curve problems without
remembering too many formulae.






We can show thiswith an example:

Say R=500M and Deflection Angle A = 20°
Find L =Length of curve
T = Tangent distance
E = Externd distance
M = Middleordinate
Lc = Length of long chord
‘L’ ismog eadlly found using circular curve formulae
Using 360° in acircle and perimeter of acircle
is20:L=_1 (20R)=_20 (23500)
360° 360
L =2(9) (500) = 174.53m
18
Use trigonometry to find al other distances/length
‘T' =tangent length=AB Tan (1) =T
R
oT=Rtan|
2
T =500 (tan 10°) = 88.1
‘E’ = Externd distance = BD

Using Trigonometry Find OB
Cos(1/12 = R
OB
OorOB=_R
(Cos(1/2)

OB=_500 =507.71m
cos 10°
thenE=OB-R=7.71m
M = Middle Ordinate = DH

Find OH using trig.
cos(1/2) =_OH
R

OH =500 (cos 10°) =492.40 m

ThenM =R - OH =7.60m
Lc=Long Chord=AC

Lc=2(AH)

Sn(l/2) =_AH



R
AH =R (Sin 10°) = 86.824
Lc=2(86.82) = 173.65m

LAYOUT OUT A CURVE

The most convenient method of locating points on acircular curve in the field is by means of deflection
angles from the tangent.

Using the figure below:

Any circular curve can be divided into an infinite amount of ssgments. In dl cases the deflection angle
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from the tangent to the chord is “4he centrd angle of the segment.

i.e. <BAC=%x<ADC or4°

<BAG=¥< ADG or ¥M°

<BAH =¥< ADH or ¥#*°

<issymbal for angle
Therefore, any point dong acircular curve can be found by turning a calculated deflection angle, based
upon a predetermined segment curve length.

For example in the curve shown above say R =500 m
| =20°

Previous example found L = 174.53 m
Find deflection angle to turn from PC using 15 m segment lengths - “X”

Firg find central anglefor a15 m chord length<M° =1° | L/X or _XI

L
< M° = (20 °) (15m) = 1.7189°
174.53m
Or1°-43-8"

< BAG = déflection < =/M° = 0°-51"' - 34"

<BAH = deflection < =24N° = 1°-43'- 8" x 2=1°-43'- 8"

<BAJ =deflection<= ¥&° = 2°-34'- 42" x3=2°-34"- 42"
and o forth

This method can be used to find any point on the curve using any segment length.

Als0, the deflection angle can be turned a any location on the curve if obgtructions prohibit placing al
the curve in from the PC.

For example say you couldn’t see point J on the curve because of an obstruction in your line of sght.
By setting up on pt H and sighting on the PC (pt A) turn 180° and then turn the origindly computed
deflection angle of 2°-34- 42" (for the third segment) to find point *J, 15 meters away from H. (See
dotted lines).

If you couldn’t see the PC (pt A) you could sight back on pt G, Turn 180° and then turn (2°-34'-42") -
(0°-51'-34") = 1°-43-8'.

Thislogic can be used to find any point as long as you use the correct central angle.



HORIZONTAL CURVES
FORMULAS
Radius of 1 degree of curve = 5729.6 feet- Degree of curve just another way of stating radius.

(1) Radiusof any Curve (R) =5729. Feet
(infet) Degree of Curve (D)

(2) Ten4° = Tangent
Radius

Tangent (t) = tan ¥4 ° (Radius)

(3) Sn4° =%ong Chord
Radius

Long Chord (Le) = 2 (Radius) (Sin ¥3°)

(4 Coswi°= Radius
(Radius + Externd Digtance)

Externd Distance (E) = Radius - Radius
Cos ¥

(5) Cos¥i° = (Radius- Middle Ordinate)
Radius

Middle Ordinate (M) = Radius - (Radius Cos ¥4)

(6) Lengthof Curve (L) = Centrd Angle °
Degree of Curve (100" or = (20R) Centrd Angle®
360°



(7) Angle Deflections @ any Sation:

71 With trangt set over P.C. Sight onthe P.I.
72 Deflection/foot = (YDegree of Curve) (Digtance from P.C.)
100 or
Deflection < =% ° (Distance from PC)
Lc

73 Deflection @ P.T. = YLentrd Angle

HORIZONTAL SIGHT DISTANCE

Horizontal Sight Distance (SD) = 8 M R (Approx.)
Where M = ditance from Centerline to obstruction and measured at eye height of driver.

Example R=500m
and BLDG. LOCATION 10 m from C;.

SD=(8) (10) (500) = 40000 =200 m



HORIZONTAL/VERTICAL
ALIGNMENT BASICS

2561 Introduction

10 Alignment related factors.

11 Sofety 5. Vehicle Operation/Maneuverability
12 Aeshetics 6. Riding Comfort
13 Fue Consumption 7. Dranage
14 Congtruction Cost 8. Utilities
11 R.O.W. and Abutting Properties

Il Sight Dislance - The length of roadway ahead visible to the driver.
11 Stopping Sight Distance - The distance a driver must see so that he is able to stop hisvehicle
to avoid striking an unexpected object on the traveled way.

Reference: AASHTO (page 117)
Criteriac Chapter 2 Highway Design Manua

01 Stopping Distance

11 Brake Reaction Time- Timeit takes to apply the brakes after seeing a hazard
(AASHTO says 2.5 seconds).
d=0.278Vtd = distance traveled during reaction

02 Approximate Braking Distance - Distance to stop after applying brakes
d=V?

254 (f+G) where V = speed km/hr. f = coeff of friction between tires &

roadway, g = grade

03 Example Problem (Attachment #1)
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04 1994 AASHTO Tables11I-1 & 111-2 (Attachment #2)
11 Effect of Horizonta Curvaiure - Reference: 1994 AASHTO (Page 219)
11 Application - Sght obstructions across the insde of curve.
12 Example Problem (See Horizontal Curve Section)
03 Effect of Verticd Curvature - Reference: 1994 AASHTO (Page 283)
11 Application - Sight obstructed by crest and headlight beam restricted by sag.
12 UseNYSDOT Vertica Highway Alignment Sght Distance Charts
1. Stopping sight distance for crest curve.
2. Headlight Sght distance for sag curve.
13 AASHTO Figurelll-3 - Graphicd Solution (Attachment #3)
14 SeeVerticd Curve Section for Sight Distance Formulas
02 Passng Sight Distlance - Reference: 1994 AASHTO (Page 128)
11 Application - Two lane - two way highway where faster vehicles desire to overtake
dower vehicles.
12 AASHTO Figurelll - 2 (Attachment #4)
I11. Horizontal Alignment
21 Horizonta Curves
Definitions and Formula (See Horizonta Curve Section)

22 Control Of Vehicle
11 Combination of horizontd curvature, supereevation and sde friction to counterba ance
centrifugd force
11 FromLawsof Mechanics _e +f = V2

100 127R
e = superdevation (percent banking) v = velocity km/H
f = 9defriction factor r =radius(m)

1994 AASHTO Tablelll - 6 (Attachment #5)

12 Maximum Superelevetion -
To prevent dipping in snow/ice conditions.
emax. = 4% - Urban Streets, arterials and at grade expresswvays.
emax. = 6% - All Rurd facilities and urban freeways.

13 Reverse Superelevation (Adverse Crown) - Permitted on very flat curves.

12 Trangtions- Reference: Highway Design Manud (Chapter 5 and Tables 2-9, 2-10, 2-
11.) 1994 AASHTO (Page 191)

21 Runout and Runoff
11 Tangent Runout - Go from normal crown to adverse crown removed or vice
versa



12 Superdevation Runoff - Go from adverse crown removed to full superelevetion
or viceversa..
13 AASHTO Figurelll-16 (Attachment 6)

22 Spird Trandtions
21 Spird - Curve of congtantly changing radius. Simulate vehicle path. See
Horizonta Curve Section.

23 Hat Curves Without Spira

31 Use runoff lengths from tables.
32 70% of runoff on tangent, 30% on curve.

V. Veticd Alignment

11 Verticd Curves
1. Definitions (See Vertica Curve Section)
2. Formula
a. Basic Equation
PaarabolaY =ax ?+bx + ¢
b. Low point of asag curve (high point of a cret)
X=gL g = Hatter Gradient L = Length of Curve
A
x = Digance From End A = Algebraic difference between gradients

12 Grades - Reference: 1994 AASHTO (Page 227)
01 Maximum Grades - Reference: Criteriac Highway Design Manua Chapter 2
01 Trucks most affected: cars okay at 4 - 5%
02 Length of Grade - 15 km/h reduction in speed is critica length.
03AASHTO Figure 111-29 (Attachment #7)

02 Truck Climbing Lanes - Reference: 1994 AASHTO (Page 241) Design Manud (Page 5 -
27)
11 Criteria
1) Upgrade Traffic Flow > 200 vph
2.) Upgrade Truck Flow > 20 vph
3.) Oneof following conditions:
a) 15 km/h reduction in truck speed
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b.) Levd of sarviceE or F
c.) Levd of sarvice reduction of 2 levels

03 Minimum Grades - Maintain for drainage.
110.5% isusud minimum in cut section.
121Infill sections, leve profile may be used if not curbed.

2565 Other Consderations

50 Combination of Horizontal and Vertica Alignment -

Horizontal and vertica dignments should not be designed independently. Their designs are
complementary and are astudy in compromise. Once the generd location of aroadway is
fixed, “the problem remaining is the specific design and harmonizing of the verticd and
horizontd lines, such that the finished highway, road or street will be an economicd, pleasant,
and safe facility on which to travel.”

The design speed of the facility determines limiting values for many dements such as curvature
and gght distlance and influences many other dements such as width, dearance, and maximum
gradient.

Alignment coordination should begin with preliminary design during which adjusments can be
readily made. Thisoccursin Phasel of the design process as dternates are chosen and
developed at larger scales.

Some generd considerations for proper horizontal dignment and profile are:

11 Curvature and grades shoud be in proper baance. Tangent aignment or flat curvature at
the expense of steep or long grades and excessive curvature with flat grades are both poor
desgn. A logicd design that offersthe most in safety, capacity, ease and uniformity of
operation, and pleasing appearance within the practicd limits of terrain and area traversed
is a compromise between the two extremes.

12 vice versa, generdly results in amore pleasing facility, but it should be andyzed for effect
on traffic. Successve changesin profile not in combination with horizontal curvature may
result in a series of humps visible to the driver for some distance, a hazardous condition as
previoudy discussed. The use of horizonta and vertica dignmentsin combination,
however, may aso result in certain hazardous arrangements, as discussed later in this
section.

13 Sharp horizontal curvature should not be introduced at or near the top of a pronounced
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crest vertical curve. This condition is hazardousin that the driver cannot perceive the
horizontal change in dignment, especidly at night when the headlight beams go straight
ahead into space. The hazard of this arrangement is avoided if the horizonta curvature
leads the vertica curvature, i.e,, the horizonta curve is made longer than the vertical curve.
Suitable design can dso be made by using design vaues well above the minimums for the

design speed.

14 Somewhat alied to the above, sharp horizonta curvature should not be introduced at or
near the low point of pronounced sag vertical curve. Because the road ahead is
foreshortened, any but flat horizontal curvature assumes an undesirably distorted
gppearance. Further, vehicular speeds, particularly of trucks, often are high at the bottom
of grades, and erratic operation may result, especidly a night.

150n two-lane roads and streets the need for safe passing sections at frequent intervals and
for an gppreciable percentage of the length of the roadway often supersedes the genera
desirahility for combination of horizontal and vertical dignment. In these casesit is
necessary to work toward long tangent sections to secure sufficient passing sight distance
in design.

16 Horizonta curvature and profile should be made asflat asfeasble at intersections where
sight distance dong both roads or streets isimportant and vehicles may have to dow or
stop.

17 On divided highways and dreets, variation in width of median and the use of separate
profiles and horizonta aignments should be considered to derive design and operationa
advantages of one-way roadways. Where traffic justifies provison of four lanes, a
superior design without additiona cost generdly results from the concept and logicd design
badis of one-way roadways.

181n resdentid areas the dignment should be designed to minimize nuisance factorsto the
neighborhood. Generally, a depressed facility makes a highway less visble and less noisy
to adjacent residents. Minor horizonta adjustments can sometimes be made to increase
the buffer zone between the highway and clusters of homes.

19The dignment should be designed to enhance attractive scenic views of the natura and
manmade environment, such as rivers, rock formations, parks, outstanding buildings, and
golf courses. The highway should head into rather than away from those views thet are
outstanding, it should fal toward those features of interest at alow eevation, and it should
rise toward those features best seen from below or in silhouette againgt the sky.



51 Poor and Good Practice Illustrations - Reference: AASHTO (Page 298)
11 See 1994 AASHTO Figure 111-43 (Attachments #3 to #11)

52 Compound Curves - Reference: 1994 AASHTO (Page 199), Maximum Successive Radii:
Mainline 1:15, Ramps 1:2
11 See Attachment #12

53 Broken Back Alignments (See Attachment #13)

Stopping sight distance controls, severd eements of geometry, especidly vertica curve dignment
aswell asthe proximity to roadways that lateral sight obstruction (such as fences, walls, barriers)
can occur.

Sopping Sight Digtance - the distance required for a driver to come to an emergency stop.
Driver's height of eye is 1070 mm, the height of object is 150 mm

S=.278Vt, _V?

30(ftg) WhereV isdesign speed (MPH)
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tisreactiontime (2.5 sec.)
f is grade of roadway

Ex. For V =100 knm/H on
a0.5% downgrade
100
S=.278x100x 25, .254(.295- .05) =230 m
Note: Table below does not adequately treat S on steep grades.

Attachment #1

Note: Table below does not adequately treat stopping sight distance on steep grades.



Attachment #2



Attachment #3



Attachment #4

d= Digtancetraveled during perception - reaction time and initid accderation until encroachment of
opposing lane.

d; = Digance traveled while passng.
d; = Clearance length to opposing vehicle.

d, = Digancetraveled by opposing vehicle.



Attachment #5



Attachment #6



Attachment #7

Examples Upgrade = 4% Critical length = 1000
(i.e. 10 MPH Reduction)

Upgrade = 5.5%
Length of Grade = 1000 Then, Speed reduction = 15 MPH
02 Poor 7 Good Practice lllugtrations:



Attachment #8



Attachment #9



Attachment #10



Attachment #11



03 Compound Curves

Attachment #12

Compound Curves are advantageous in affecting desirable shapes of turning roadways a at-grade
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intersections and of ramps at interchanges. We must gradudly “ step-down” the circular gradudly in
order to avoid a“kinked” or forced aignment. In generd, the desgn manud and AASHTO
recommend aratio between successve curve radii of amaximum of 1:1.5 for the mainline and 1:2 for
ramps.



Attachment #13

The “broken-back” arrangement of curves (having a short tangent between curves in the same
direction) should be avoided. Mot drivers do not expect succeeding curvesto be in the same
direction. Use of spird trangtions or a compound curve adignment, is preferable for such conditions.



