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Vertical Alignment

* A primary concern in vertical alignment is establishing the transition of
roadway elevations between two grades. This transition is achieved by means
of a vertical curve.

* The vertical alignment of a highway consists of straight sections known as
grades, (or tangents) connected by vertical curves.
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Profiles:

Curve a: Crest Vertical Curve  (concave downward)

Curve b: Sag Vertical Curve (concave upward)

Ground profile

Figure 25<1  Grade Ene and ground profile of a proposed highway sec tion.

Tangents: Constant Grade (Slope)
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Vertical Alignment
Tangents and Curves

* Like the horizontal alignment, the vertical alignment is made up of tangent

and curves
* In this case the curve is a parabolic curve rather than a circular or spiral
curve
Crest Curve
G
G, 2 G,
Sag Curve

15-11-2023 Prof. Mahmoud Enieb 5

What is a vertical curve?

© A parabolic curve that is applied to make a smooth
and safe transition between two grades on a roadway
or a highway.

VPC: Vertical Pomnt of Curvature
VPI: Vertical Pomt of Intersection
VPT: Vertical Point of Tangency
G1, G2: Tangent grades in percent
A: Algebraic difference 1 grades
L: Length of vertical curve

A e G2 _ Gl Prof. Mahmoud Enieb
In thlS Ccasc A= -G7 — (G]) = —G1 - G7 15-11-2023 °
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Crest Vertical Curves

* Type I: upgrade then downgrade
* Type Il: upgrade then upgrade with less value
: downgrade then downgrade with more

value
A
. .-I- ! ) F'_'__.- '
WC= ’.--" _I = _'--.. .'_ L
T\ sy 7
15-11-2023 '.":.e Prof. Mahmoud Enieb '-'rp.f | 7
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Sag Vertical Curves
e Type lll: downgrade then upgrade
e Type IV: upgrade then upgrade with more value
: downgrade then downgrade with less value
{ ) #-’-' | |
. _ > % |
Type il Type IV
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Examples

* Are these a crest or sag curves?
* Design speed = 70 mph

*1- G, = +2%, G, = -4%, A=-4-2=-6
* Crest curve

*2-G,=-2%, G, = +4%, A=4+2=6
* Sag curve

* 3-G, =+4%, G, = +2%, A=2-4=-2

* Crest curve

15-11-2023 Prof. Mahmoud Enieb

For a crest curve, 4 is negative

For a sag curve, 4 is positive

9
Examples

* Are these a crest or sag curves?
* Design speed = 70 mph
*4-G,=-4%, G, = -2%, A=-2+4=2
* Sag curve
*5-G; =+3%, G, = +4%, A=4-3=1
* Sag curve
*6-G;=-2%, G, = -4%, A=-4+2=-2
* Crest curve

10
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Maximum Grade
.geograph.org.uk
Harlech, Gwynedd, UK (G = 34%)
15-11-2023 Prof. Mahmoud Enieb .
11
Maximum Grade
A
Dee;47 at picasaweb.google.com
15-11-2023 Prof. Mahmoud Enieb 12
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Maximum and Minimum Grade

One important design consideration is the determination of the maximum and minimum
grade that can be allowed on the tangent section

The minimum grade used is typically 0.5%

The maximum grade is generally a function of the
* Design Speed
» Terrain (Level, Rolling, Mountainous)

On high speed facilities such as freeways the maximum grade is generally kept to 5%
where the terrain allows (3% is desirable since anything larger starts to affect the
operations of trucks)

At 30 mph design speed the acceptable maximum is in the range of 7 to 12 %

15-11-2023 Prof. Mahmoud Enieb 13

13

Maximum Grades

* Passenger vehicles can easily negotiate 4 to 5% grade without appreciable
loss in speed.

* Upgrades: trucks average 7% decrease in speed.

* Downgrades: trucks average speed increase 5%

15-11-2023 Prof. Mahmoud Enieb
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Grade Considerations

* Maximum grade — depends on terrain type, road functional class, and
design speed

Rural Arterials

Terrain 60mph 70mph
Level 3% 3%
Rolling 4% 4%
Mountainous 6% 5%
15-11-2023 Prof. Mahmoud Enieb 15
15
Maximum Grade
TABLE 4.1
Recommended standards for maximum grades, percent
Type of terrain Freeways Rural highways Urban highways
Level 3 3-5 5-8
Rolling 4-5 5-6 6-9
Mountainous 5-6 5-8 811
Source: From A Policy on Geometric Design of Highways and Streets. Copyright 1994 by the
American Association of State Highway and Transportation Officials, Washington, DC. Used
by permission.
15-11-2023 Prof. Mahmoud Enieb 16
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Grade Max. length
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Vertical Curves
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Example

(]

If a highway with traffic normally
running at 65 mph has an inclined

f\ T T L t
\ Speed Reduction (mph) T

8
section with a 3.5% grade, what is 3 '\\ I,:u*
the maximum length of grade that B ER T TS ]
can be used before the speed of the 3 | |- \\ h RN SE
larger vehicles is reduced to 55 mph? E : N 2; T
By X NEEENER SN ~
ﬁ - \ "“-Q_EL B T
& \K%h ] T
o = = ]
..___.I'i:- Iw;"""!-., T
2 : q.--""""m.
[ = ._‘_-‘-‘-* _—
IIJ 500 ; 000 1500 2000 2500
Grade Length (ft)
19
Example 1
* a 3.5% grade causes a
reduction in speed of 2 \ T T
10 mph after 1150 feet 4 STEEdRE@E‘“ﬂF (mph)
|| IS T
T ! \\ hhat
b, - 28
5 R
E‘ 5 Mz [ ™
ﬁ s \ ““-.,LEL B =
E 4 N{h =] ]
o = ] -
e E 5 e ]
i S = B
. -——
2 = PP
1 | A 4 BT
o 500 1000 1500 2000 2500
Grade Length (ft)
20

Prepared by Prof. Dr. Mahmoud Enieb 10



Highways and Airports Engineering 09-09-2024

Example 2
* a 4.5% grade causes
a reduction in speed  * " N (LT
of 10 mph after 900 g rk A ‘“k 7 i
feet T i \ . N M\\Q 1
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LEMGTH OF GRAOE, #

Figura FlI-30. Criticod lengths of grade for design, assumad

15119023 typleal hoowy truck of 300 Ib'hg, artering spood = BS mph. ”
21 |
Maximum Change of Grade Permitted Without Use of a Vertical Curve, and
Min. length of vertical curve for good appearance
Table 6.2 Vertical Curve Appearance Criteria
Design Maximum Change of Grade | Minimum Length of
Speed Permitted Without Use of a | Vertical Curve for Good
(km/h) Vertical Curve (%) Appearance (m)
30 1.5 15
40 1.2 20
50 1.0 30
65 0.8 40
80 0.6 50
100 0.5 60
Source: adapted from Table 7.42 & 7.43, RMSS, Vol. V11A
22
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Vertical Curves

* To provide transition between two grades

* Consider
* Drainage (rainfall)
* Driver safety (SSD)
* Driver comfort

* Use parabolic curves
* Crest vs Sag curves

15-11-2023 Prof. Mahmoud Enieb

23

23
Vertical Curves
* G1, G2 = grades of tangents (%)
* A= algebraic difference = G, — G;
* L =length of vertical curve
* PVC = point of vertical curve
* PVI = point of vertical intersection
* PVT = point of vertical tangent
y
PV point of vertical intersection
,,.f""_____.__' __hh“"“ﬂa-h,_h . \
point of vertical curvature ¢ | =" X | ~_._Point of vertical
~% tangenc
Gi% i ke
- <
15-11-2023 3 : G%
Prof. Mahmoud Enieb :
Figure &7 24
24
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Examples

* What is A?

*1-G, =+2%, G, =-4%
*A=G,-G, =-4-2=-6%
*2-G;=-2%, G, = +4%
*A=G,—-G; =4+2 = +6%
*3-G;=+4%, G, = +2%
*A=G,-G;=2-4=-2%

15-11-2023 Prof. Mahmoud Enieb

25

25
Examples
* What is A?
*4-G, = -4%, G, = -2%
*A=G,—G,=-2+4 = +2%
*5-G; =+3%, G, = +4%
*A=G,—G, =4-3 = +1%
* 6- G, =-2%, G, = -4%
*A=G,—G, =-4-(-2) = 2%
26
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Parabolic Curves

» The general form of the parabolic equation, as applied to vertical curves, is:
. y=ax’*+bx+c
* where

* y = roadway elevation at distance x from the beginning of the vertical curve (the
PVC) in stations or ft (m) ,

* x =distance from the beginning of the vertical curve in stations or ft (m) ,
* a, b, c = coefficients defined below

s Atx=0,y=PVC

* Then PVC=c

* c=elevation of the PVC

15-11-2023 Prof. Mahmoud Enieb 27

27

Parabolic Curves

Note that the first derivative gives the slope.
dy/dx =G, atx=10

dy/dx =2ax + b

b=G,

dy/dx =G, atx=1L
 dy/dx=2ax+b
+ G,=2a*L+GI
« a=(G,-G,)/2L
- y=(G,-G)x? /2L + G, x+PVC

* y =A x2 /ZL + GI x + PVC Prof. Mahmoud Enieb
* dy/dx=(G,-G)x /L +G, =Ax /L +G, s

28
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Properties of Vertical Curves
&VC
gl G2
/ PVC

L2 PVI

L2

Change in grade: 4 = G, - G,
where G is expressed as % (positive /, negative \)
For a crest curve, A4 is negative

For a sag curve, 4 is positive

15-11-2023 29
Prof. Mahmoud Enieb
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Properties of Vertical Curves

V™ G2

L/2 PVI

L2

Rate of change of curvature: K= L | |A|

Which is a gentler curve - small K or large K?

15-11-2023 Prof. Mahmoud Enieb
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Properties of Vertical Curves

V™ G2

L/2 PVI

L2
L

Rate of change of grade: r = (g, - 9,) / L

where,
g is expressed as a ratio (positive /, negative \)

L is expressed in feet or meters

Note — K and r are both measuring the same characteristic of the curve

15-11-2023 but in different ways prof. Mahmoud Enieb
31
Examples
* Whatis K, r, if L=150 m?
*1- G, =+2%, G, = -4%, crest curve
«K=L/|Al=150/ [-0.04-0.02]| = 2500 m
«r=A/L=(-0.04-0.02 )/ 150 = - 0.0004 / m
* 2-G, =+4%, G, = +2%, crest curve
«K=L/|Al=150/0.02-0.04|= 7500 m
«r=A/L=(0.02-0.04 )/ 150 = - 0.00013 / m
* 3-G, =-6%, G, = -2%, sag curve
«K=L/|Al=150/ |-0.02+0.06|= 3750 m
*r=A/L=(-0.02+0.06 ) / 150 = + 0.00027 / m
32
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Properties of Vertical Curves

Elevation = y /Z
— G

Equation for determining the elevation at any point on the curve
y=(G,-G)x? /2L + G, x+PVC
y=1/2rx* + Gix +y, Wherer=A/L

where,
Yo = elevation at the PVC
G = grade expressed as a ratio
X = horizontal distance from PVC

r = rate of change of grade expressed as ratio 33

Prof. Mahmoud Enieb

33
High/Low point on curve
Distance PVC to the turning point (high/low point on curve)
y=Ax? /2L +G;x+PVC
dydx=Ax/L+ G, =0,
X=-(G,*L/A) =-(G; * 1/r)
x = -(G,Ir)
Wherer=A/L
34
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Properties of Crest Curves

y

PVI

G PVC

1
7/2;+00

Example:
Elevation of PVI = 150.00

Station of PVC = 25+00
Station of PVI = 26+50

PVT

Length of curve?

L/2 = Sta. PVI - Sta. PVC

L/2=2650m-2500m =150 m

L=300m

Prof. Mahmoud Enieb

35

35

15-11-2023

Properties of Crest Curves

PVI

y
G, PVC
25+00
Example:
Gi=2% G,=-3%

Elevation of PVI = 150.00

Station of PVC = 25+00
Station of PVI = 26+50

PVT

r - value?

I': (GZ = G1)/L
r=1(-0.03-0.02)|/300 m
r=-0.000167 / meter

Prof. Mahmoud Enieb

G,

36
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Properties of Crest Curves
y PVI
G, PVC
=" 25+00 PVT
G,
Example: Station of high point?
Gi=2% G,=-3% x=-(G4/r)
Elevation of PVI = 150.00 x = -([0.02]/[-0.000167/m])
m x=120m
Station of PVC = 25+00
Station of PVI = 26+50 Station = [25+00] + 120 m
Station =26+20
15-11-2023 Prof. Mahmoud Enieb 37
37
Properties of Crest Curves
y PVI
G, PVC
25+00 PVT
G,
Example: Elevation at high point?
Gi=2% G,=-3% Y=Yt Gx+1/2rx?
Elevation of PVI = 150.00 ¥, = Elev. PVC
m Elev. PVC = Elev. PVI - G,L/2
Station of PVC = 25+00 Elev. PVC = 150 m - [0.02][150 m]
Station of PVI = 26+50 Elev. PVC = 147 m
15-11-2023 Prof. Mahmoud Enieb 38
38
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Properties of Crest Curves

G, PVC
25+00 X PVT
G,
Example: Elevation at high point?
Elevation of PVI = 150.00 y =147 m +[0.02][120 m] +
m 1/2 [-0.000167/m][120 m]2
Station of PVC = 25+00 y=147 +2.4-1.2
Station of PVI = 26+50 y=1482m
15-11-2023 Prof. Mahmoud Enieb 39
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Properties of Crest Curves
G, PVC
25+00 X PVT
G,
Elevation at station 25+75?
y =147 m + [0.02][75 m] +
Example: 1/2 [-0.000167/m][75 m]?
G1=2% G2=-3% y=147 + 1.5-0.47
Elevation of PVI = 150.00 y=148.03m
m _ Elevation at station 27+25?
Stat?on of PVC = 25+00 y =147 m +[0.02][225 m] +
Station of PVI = 26+50 1/2 [-0.000167/m][225 m]?
y=147 + 4.5-4.22
15-11-2023 y = 14728 m w0
40
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Properties of Sag Curves
y
G, X
PVC /
G,
PVT
PVI
Example: Length of curve?
Elevation of PVI = 125.00 L/2 = Sta. PVT — Sta. PVI
m L/2=2500m-2400m =100 m
Station of PVT = 25+00 L=200m
Station of PVI = 24+00
15-11-2023 Prof. Mahmoud Enieb 41
41
Properties of Sag Curves
y
G, X
PVC y
G,
PVT
24+00
PVI
Example: r - value?
G, =-1% G,=+3%
Elevation of PVI = 125.00 m r=(G,-Gy)L
Station of PVT = 25+00 r=(0.03 - [-0.01])/200 m
Station of PVI = 24+00 r=0.0002 / meter
15-11-2023 Prof. Mahmoud Enieb 42
42
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Sag Curves

25+00
G

Properties of
y
G, X
PVC
24+00
PVI
Example:

Elevation of PVI =125.00 m
Station of PVT = 25+00
Station of PVI = 24+00

15-11-2023

2
PVT

Station of low point?

x=-(Gy/r)
x =-([-0.01]/ [0.0002/m])
x=50m

Station PVC = 24+00 - 1+00 = 23+00
Station =[23+00] + 50 m
Station 23+50

Prof. Mahmoud Enieb

43

43
Properties of Sag Curves
y
G, 23+00 X
G,
PVT
24+00
PVI
Example: Elevation at low point?
Gi=-1% G,=+3% Elevation PVC
Elevation of PVI = 125.00 m Y=Yo+ Gix+1/2rx?
Station of PVT = 25+00 ¥, = Elev. PVC
Station of PVI = 24+00 Elev. PVC = Elev. PVI - G,L/2
Elev. PVC =125 m - [-0.01][100 m]
Elev. PVC =126 m
15-11-2023 Prof. Mahmoud Enieb 44
44
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Properties of Sag Curves
y
G, 23+00 X
PVC M
G,
PVT
24+00
PVI
Example: Elevation at low point?
Elevation of PVI = 125.00 m y =126 m + [-0.01][50 m] +
Station of PVT = 25+00 1/2 [0.0002/m][50 mJ?
Station of PVI = 24+00 y=126-0.5+0.25
y=125.75m
15-11-2023 Prof. Mahmoud Enieb 45
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Properties of Sag Curves
y
G, 23+00 X
G,
PVT
24+00
PVI
Elevation at station 23+507?
Example: y =126 m + [-0.01][50 m] +
G =-1%  G,=+3% 1/2 [0.0002/m][50 m]?
Elevation of PVl = 125.00 m y =126 -0.5+0.25= 125.75 m
Station of PVT = 25+00 Elevati ¢ station 24+507
Station of PVI = 24+00 evation at station '
y =126 m + [-0.01][150 m] +
1/2 [0.0002/m][150 m]2
y =126 -1.5+2.25=126.75m
15-11-2023
Prof. Mahmoud Enieb 46
46
Prepared by Prof. Dr. Mahmoud Enieb 23



Highways and Airports Engineering

Example

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 1s 100.0 m above sea level. What are the station and
elevation of the lowest point on the vertical curve?

y
G, X
PC /
G,
PT
PI
47
Solution
Rate of change of grade:
r=(g,—g)/L=(F1%—-(-2.5%)) / 1.8 sta=1.944% / sta
Station of the low point:
At low point, slope = 0
Slope =g, +rx=0
X =-(g,/1r)=-(-2.5/1.944Sta) = 1.29 sta=1 + 29 sta
y
G, X
PC /
G,
PT
15-11-2023 Pl 48
48
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Solution

Station of PC = (100 +00) -(0 +90) =99 +10

Station of low point =(99 +10) +(1 +29) =100 +39
Elevation of PC:

Yo =100.0 m +(-0.9 sta)(-2.5% ) =102.25 m

Elevation of low point:

Y =Y tg x + [(rx?)/2]

y = 102.25 +(-2.5%) (1.29 sta) + [(1.944%sta*(1.29sta?)/2]
y=102.25-3.225 + 1.617

y =100.64

15-11-2023 Prof. Mahmoud Enieb 49

49

A crest vertical curve joins a +3% and —4% grade. Design
speed is 75 mph. Length =2184.0 ft. Station at VPI is 345+ 60.00,
elevation at VPI = 250 feet. Find elevations and station for VPC (BVC)
and VPT (EVC)

L/2 =2184/2=1092.0 ft

Station at VPC = [345 + 60.00] - [10 + 92.00] = 334 + 68.00
Vertical Diff VPI to VPC: 0.03 x (2184/2) = 32.76 feet
Elevation - = 250 — 32.76 = 217.24 feet

Station at VPT = [345 + 60.00] + [10 + 92.00] = 356 + 52.00
Vertical Diff VPI to VPT = 0.04 x (2184/2) = 43.68 feet
Elevation ypp = 250 — 43.68 = 206.32 feet

15-11-2023 Prof. Mahmoud Enieb
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Example: A crest vertical curve joins a +3% and -4% grade. Design
speed is 75 mph. Length = 2184.0 f. Station at VPI is 345+ 60.00,
elevation at VPI = 250 feet.

Calculate points along the vertical curve.

Station at VPC (PVC) is = 345+60 - (2+184/2) = 334 + 68.00 f+
Elevation at VPC is = 250.0 - 0.03*(2184/2) = 217 .24 feet.

x = distance from VPC

Y= ( Ax2)/200L

Elevation,yng.nt = elevation at VPC + distance * grade (x * 61)

Elevation.. = Elevation,ggen + Y

15-11-2023 Prof. Mahmoud Enieb

51

Find elevation on the curve at a point 400 feet from VPC
(217.24).

Az -4-(+3)=-7
Y = ( Ax2)/ 200 L = (-7*(400)2)/200%2184 = -2 56 f+

Elevation at tangent = 217.24 + (400 x 0.03) = 229.24 ft

Elevation on curve = 229.24 - 2.56 feet = 226.68 ft

15-11-2023 Prof. Mahmoud Enieb

52

Prepared by Prof. Dr. Mahmoud Enieb

26



Highways and Airports Engineering

Example: Equal-Tangent Vertical Curve

Given the information show below, compute and tabulate the curve
for stakeout at full 100 ft stations.

_Bvg
43470

R 2 =] 8 2 8 8 R
2% % ¢ & B8 2 2
Figure 25—4  Crest curve of Example 25-1.
15-11-2023 Prof. Mahmoud Enieb -
53
. 46+70
Solution: V=
L= STAgyc — STAgyc :
L=4970-4370 = 600’
or 6 full stations
r=(g—g) /L A
= (- —_ Figure 254 Crest curve of Example 25-1.
r=(-24-3)/6 r/2 =-0.45 % per station
=-0.90

' ’ STAgyc = STA yorrey — L / 2 = 4670 — 600/2 = STAg = STA 43 + 70
STApyc = STA Yoo + L/ 2 = 4670 + 600/2 = STA = STA 49 + 70
Elevgyc = Elev e, — 8; (L/2) = 853.48 — 3.00 (3) = 844.48’
Eleveyc = Elev g o, — 8, (L/2) = 853.48 — 2.40 (3) = 846.28 '

e Prof. Mahmoud Enieb 54
54
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Solution: (continued)
r/2 =-0.45 % per station
Elev, = Elevgc + g,x + (r/2)x?
Elev 4, ., oo = 844.48 + 3.00(0.30) —0.45(0.30)2 = 845.34’
Elev s , oo = 844.48 +3.00(1.30) —0.45(1.30)2 = 847.62’
Elev , , oo = 844.48 + 3.00(2.30) —0.45(2.30)? = 849.00’
etc.
Elev 4., oo = 844.48 +3.00(5.30) —0.45(5.30)2 = 847.74’
Elev ,, ;o = 844.48 + 3.00(6.00) —0.45(6.00)2 = 846.28’ (CHECKS,
Okay)
55
Solution: (continued)
Curve
Station X (stations) | gqx r/2*x? Elevation
43 +70BVC 0.0 0.00f 0.00 844.48
44 + 00 0.3 090 -0.04 845.34
45+ 00 1.3 3.90| -0.76 847.62
46 + 00 2.3 6.90| -2.38 849.00
47 + 00 3.3 990| -4.90 849.48
48 + 00 43| 1290| -8.32 849.06
49 + 00 9.3| 15.90| -12.64 847.74
49+70EVC 6.0, 18.00| -16.20 846.28
56
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Traditional unsymmetric vertical curve.
L |
1 1
I
15-11-2023 Prof. Mahmoud Enieb 57
57
Parameters of traditional unsymmetric vertical curve
o 3
_ Lil, 4 A
2(L1+Ly) 100 Bl
"
(gieslls
Back Tangent " Forward Tangent
15-11-2023 Prof. Mahmoud Enieb 58
58
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Parameters of traditional unsymmetric vertical curve

Back Tangent

La

= Lilz * 4 ]f Ll :Lz :£
2(Ly+Ly) 100 2
AL
e ——
800
15-11-2023 Prof. Mahmoud Enieb 59
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Unequal-Tangent Parabolic Curve
A grade g,of -2% intersects g, of +1.6% at a vertex whose station and elevation are
87+00 and 743.24, respectively. A 400 ft vertical curve is to be extended back from
the vertex, and a 600 ft vertical curve forward to closely fit ground conditions.
Compute and tabulate the curve for stakeout at full stations.
Slaliore it i =
S S R S & E-: % s o Eﬂ
= + t + = :
+ + t == i o é = o ] =]
B TR R | e e
. | LR S =
S __.-.-.'-""'r"'-?. 5284
(751.24) Ly _F_F__s""
|_T-1._'_El1:| . e |.IE::IE:H -'ﬂ‘iq:l I.?.m-n.‘l.l
PR e T
I [, 04
15-11-2023 60
Prof. Mahmoud Enieb
60
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Solution:

The CVC is defined as a point of compound vertical curvature. We can determine the station
and elevation of points A and B by The CVC is defined as a point of compound vertical
curvature. We can determine the station and elevation of points A and B by reducing this
unequal tangent problem to two equal tangent problems. Point A is located 200’ from the BVC
and Point B is located 300’ from the EVC. Knowing this we can compute the elevation of
points A and B. Once A and B are known we can compute the grade from A to B thus allowing
us to solve this problem as two equal tangent curves.

Pt. A STA 85 + 00, Elev. = 743.24 + 2 (2) = 747.24’
Pt. B STA 90 + 00, Elev. = 743.24 + 1.6 (3) = 748.04°

Sialions

= =1
(=] = =

=] [=] = g E E ﬂ =] .',

= [} e -

= ':'L i i | + k3 P o o

Ch ] = B = m =1 e }
o W o = X,

=z il -] @ "ID | 1 -

09-09-2024

FA7.243 ;
15-11-2023 I pda s 61
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Solution (continued):
The grade between points A and B can be calculated as:
qap = (748.04 -747.24) / 5=+ 0.16 %
and the rate of curvature for the two equal tangent curves can
be computed as:
r; =(0.16+2.0)/4 =+ 0.54 and r, = (1.6 -0.16) / 6 = +0.24
Therefore: r,/2 = +0.27 and r,/2= +0.12
- : 8 . E-:a:l:i‘:.l"s =: 5 E : E
s DETER T Ra e T
Tyt~ T e S T g i P I":-;'::
75124 i P
o ___\_\____ ____‘_____:--JP
.7.1.-':1.2-1;- RN e B
' w:‘:u,:"ﬁ'“-' . 'i'i-"c&'“'h
15-11-2023 : ¥ l:.".d-'_‘. I'-'l:l 62
62
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Solution (continued):

BVC STA 83 + 00, Elev. 743.24 + 2 (4) = 751.24’
EVCSTA 93 + 00, Elev. 743.24 + 1.6 (6) = 752.84’
CVCSTA 87 +00, Elev. 747.24 + 0.16 (2) = 747.56’

the second equal tangent curve.

The station and elevations of the BVC, CVC and EVC are computed as:

Please note that the CVC is the EVC for the first equal tangent curve and the BVC for

Stalions
= =
ST e Che e S
5'&'(:;._ T
[751.2d) L et
e e e
F47.20 ”_II_E'::E#I -., 1745048
1:':":'.2:.--"'-. - ---':-:ﬁ::\I
By
15-11-2023 W ird43,04) 63
63
Solution (continued):
In case using (e) to determine the CVC elevation:
1112 A
e=——— % ——
2(11+12) 100
400 * 600 (1.6+2) 432 ft
e = * =4,
2(400 + 600) 100
Elev. (CVC) =743.24 + 4.32 =747.56 ft (the same value determined by the previous method)
Statlions = s iy =
e L s
+ + = @ : & a
VEE hn i B S e
[l il et e )
" e E TR
[TE1.24) Ly _.-f'f_’.-fp'"'
,d-.- -""-__ - _.-—____F-—___.-"’-l'-:\' )
747240 1 s -,:, 1748040
B f;_{_'?:i:'"'
15-11-2023 [ R Prof. Mahmoud Enieb 64
64
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Computation of values for g,x and g,x
STATION x g,x (r/2)x*> Curve Elevation
BVC 83+00 0O O 0] 751.24'
84 +00 1 -2.00
85+00 2
86 +00 3
CVvC 87 +00 4 747 .56'
88 +00 1 0.16
89 +00 2
90 +00 3
91+00 4
92 +00 5
EVC 93+00 6
g.x =-2 (1) =-2.00
g.x =.16(1) =0.16
15-11-2023 Prof. Mahmoud Enieb 65
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Computation of values for (r,/2)x? and (r,/2)x?
STATION x g;x (r/2)x*> Curve Elevation
BVC 83+00 0O O 0 751.24"
84 +00 1 -2.00 0.27
85+ 00 2 -4.00
86 +00 3 -6.00
CVC 87 +00 4 -8.00 747 .56
88+00 1 0.16 0.12
89+00 2 0.32
90 +00 3 0.48
91+00 4 0.64
92+00 5 0.80
EVC 93+00 6 0.96
(r,/2)x* = (0.27)(1)*= 0.27
(ro/2)x? = (0.12)(1)*=0.12
15-11-2023 Prof. Mahmoud Enieb 66
66
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15-11-2023

Elevation Computations for both Vertical Curves

STATION x g;x (r/2)x> Curve Elevation
BvC 83+00 O 0 o 751.24"
84 + 00 1 -2.00 0.27
85 +00 2 -4.00 1.08
86 +00 3 -6.00 2.43
CvC 87 +00 4 -8.00 4.32 747 .56'
88 +00 1 0.16 0.12
89 +00 2 0.32 0.48
90+ 00 3 048 1.08
91+ 00 4 0.64 1.92
92+ 00 5 0.80 3.00
EVC 93+00 6 096 4.32

Y, =751.24 -2.00 + 0.27 = 749.51'
Y, =747.56 + 0.16 + 0.12 = 747.84'

Prof. Mahmoud Enieb
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Computed Elevations for Stakeout at Full Stations

STATION x g,x (r/2)x*> Curve Elevation
BVC 83+00 O O 0 751.24'
84 +00 1 -2.00 0.27 749.51°
85+00 2 -4.00 1.08 748.32'
86 +00 3 -6.00 2.43 747.67'
CVC 87 +00 4 -8.00 4.32 747.56'
88+00 1 0.16 0.12 747.84'
80+00 2 0.32 0.48 748.36'
90+00 3 0.48 1.08 749.12'
91+00 4 0.64 1.92 750.12
92+00 5 0.80 3.00 751.36'
EVC 93+00 6 0.96 4.32 752.84"

Prof. Mahmoud Enieb
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Crest Vertical Curves
- SSD
l Line of Sight o'
hy
L
69
Crest Vertical Curves
SSD
l Line of Sight o l
G, . PVT G,
h,
L
ForSSD=sL For SSD > L
P— )} 2000/ ++/I |
= L=2(SSD)-
200(/h, + I, | 4
70 I Deaf flol ool
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Crest Vertical Curves

* Assumptions for design
* h, =driver’s eye height = 3.5 ft.
* h, = taillight height = 2.0 ft.

* Simplified Equations

ForSSD <L For SSD > L
2
21
L:M LIZ(SSD)— 58
2158 A

71

Sight Distance on Vertical Curve

Height of
h] E:nu. of sight Ohbject
Height of eve #—@5_ — e _"'*i
e = T .----_---_- ’
e Ohject —
- S "l

Stopping sight distance diagram for crest vertical curve

; A l-."-’

- when SSDsL
200Vh, + Vh,)
Lupin = ¢

min

200Vh, + Vh,)?
g — (Vi + Vi) when SSD>L

- A

Prof. Mahmoud Enieb
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* where S sight distance (from Green book)
* [ vertical curve length

* A absolute value of the algebraic difference in grades, in
percent, |g2- g1|

* h, height of eye
* h, height of object
* Height of eye is assumed to be h, = 3.5 ft. =1.07 m.

* For stopping sight distance, the height of object is normally
taken to be h, =2.0 ft. = 0.60 m.

* For passing sight distance, the height of object used by
AASHTO is h, = 4.25 ft. = 1.300 m.

Prof. Mahmoud Enieb
15-11-2023

73
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AASHTO design tables

* Vertical curve length can also be found in design tables

* Assumptions for design
* h, =driver’s eye height = 3.5 ft.
* h, = taillight height = 2.0 ft.

L=K *A
Where

K = length of curve per percent algebraic difference in
intersecting grade

Charts from Green Book

15-11-2023 Prof. Mahmoud Enieb
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Metric US Customary
Slopping Rate of vertical Slapping Rate of verlical
Design sight curvature, K- Design sight curvature, K°
speed dislance speed distance
[km/h) {rm} Calculated  Design {mph) [ft) Calculated Design
20 20 0.6 1 15 80 3.0 3
an kia 1.4 2 20 115 g1 7
40 50 3 4 25 155 11.1 12
a0 G5 5.4 ¥ A0 20 1B8.5 14
60 85 11.0 11 35 250 28.0 prac]
70 105 16.8 17 40 305 431 44
80 130 257 26 45 50 0.1 &1
a0 160 380 39 50 425 gar B4
100 185 2.0 52 fets] 445 1135 114
110 220 T73.6 74 60 570 150.6 151
120 250 a5.0 95 G5 45 1528 143
130 285 123.4 124 70 730 245.4 247
75 820 316 312
A0 410 R 4
*  Rate of vertical curvature. K, is the length of curve per percent algebraic difference in
inlarsecting grades {(A). K= LA
Exhibit 3-T6, Design Controls futi Stopping Sight Disranuelaud for Crest M\-’mim]
Curves
From Green book
15-11-2023 Prof. Mahmoud Enieb
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Metric US Customary
Rate of Rate of
varlical varlical
Design speed  Passing sight  curvature, K* § Design speed  Passing sight  curvature, K
(krmi'h} dislance {m) design {rmgph) dislanca (fl) dasign
an 200 A5 20 o 180
40 270 24 25 00 284
a0 45 134 30 1080 424
60 410 185 a5 1280 585
m 445 272 40 1470 e
80 B4 134 45 1625 B3
a0 G815 4 50 1835 1202
100 G0 52 55 1085 1407
110 T30 17 60 2135 1628
120 s ikl 65 Pt 1865
130 815 784 o 2480 2187
75 2580 2377
Bl 2B 2565
Mote: “Rate of vertical curvature, K. is the l2ngth of curve per percent algebraic difference in
inlarsecling agrades (&), K=LiA
Fxhibit 3-77. Design Controls for Crest Vertical Corves Based on Passing Sight DNstance
From Green book
15-11-2023 Prof. Mahmoud Enieb
76
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Design Controls for Crest Vertical Curves for SSD

Algabraic difference in grade. A (%)

vy {1 ]
Ked | We25 Ve30
| K=t2 K=t@
14 ez L f
a7

V-&ﬁ-//r

from AASHTO’s A Policy on Geometric Design of Highways and Streets 2004

" e ] o Sal | L
"'Trl,-_//’.i c=e=p--—— Drainage Maxmum K=167
| | [ |
L= |l G
0 200 400 800 800 1000 1200 1400 1600 1800 2000
Length of crast vartical curverE-fy—
15-11-2023 Prof. Mahmoud Enieb 77
77
= US CUSTOMARY -
L1-] | - -
1) A 5 At ey
» F.f— ol b e i
7 ke
| / f / / / Vel =
E 12 i ;!'1 / —— ) P ..-‘“"151_d
P / III[ / / / / /—"---_
im “1; 7 - / ) f..--‘" i --‘"#ﬁmg
I I A A o
8 s }'f‘ E: / o /i-: ..-"’/ o
. XN Zl T AL s
Lt i — e p— . B _—
e JX"' /’.:"‘"I- |'f _...-"‘"H I il
¢ A 5 7= L | —] ""F.“.:-:-"":"'T-:"'-‘—
- f =1 . _...---"""
W= | |
=1 | | — ~= Drhinags Maxinum K=187
—t—- sh |
0
o on “00 800 BOO 000 1200 1800 1800 2000
Langth of crest varical cun, L (1)
Exhibit 3-75. Design Coatrols for Crest Vertical Curves—Open Road Conditions
15-11-2023 Prof. Mahmoud Enieb
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Maximum Change of Grade Permitted Without Use of a Vertical
Curve, and
Min. length of vertical curve for good appearance

Table 6.2 Vertical Curve Appearance Criteria

Design Maximum Change of Grade | Minimum Length of
Speed Permitted Without Use of a | Vertical Curve for Good
{(km/h) Vertical Curve (%) Appearance (m)

30 1.5 15

40 1.2 20

50 1.0 30

65 0.8 40

80 06 50

100 0.5 60

Source: adapted from Table 7.42 & 7.43, RMSS, Vol. V11A

15-11-2023 Prof. Mahmoud Enieb 79

79

Maximum Change of Grade Permitted Without
Use of a Vertical Curve (Ahmed Hassan, 2023)

Design speed

20 | 30 | 40 | 50 | 60| 70 | 80 | 90 | 100 110|120 | 130
(Km/h)

Maximum change
in 2 1.5 1 (0.75|/0.6| 0.5 {04504 | 0.35 |0.3|0.25| 0.2
Grade in percent

15-11-2023 Prof. Mahmoud Enieb 80

80
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Chart vs computed

From Exhibit: 3.76 of stopping sight distance:
V = 60 mph K =151 ft / % change
Forg,=3 g,=-1
A=(g,—8)=(-1-3)= -4
L=(K*]A|) =151*4 = 604
From chart of stopping sight distance:

|A]=4
L =~ 600 ft

81

Example 1

Forg,=4 g,=-2,V=70mph, K=247
A=(g,—8)=(-2-4)=-6
L=(K*|A|) =247*6 = 1482 ft
From chart of stopping sight distance:
|Al=6
L ~ 1480 ft

82
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Example 2

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 (h1 =1.07, h2 = 0.15)m. Round up to the next greatest
20 m interval.
Solution:
Stopping sight distance criterion: assume S < L

AS? [0.5 — (— 1L.0O)](190%)

L= — — = — ——— = |1340m
2000V + Vi 2000V 1.070 + V0.150)°

1340 m< 190 m, so S >LL

E s 2000V + Vg P 2000VT.070 + VO.150)
15-11-2023 A Prof. Mahmoud Enieb |.1 .5 { 1.0 ]J 83
83
Example 2
L =380.0-269.5=110.5 m, Okay S >L

Appearance criterion:

Design speed =100 km/hr but grade break = 1.5% < 2.0%,

curve length should be more than 60 m.

Conclusion:

Sight distance criterion governs. Use 120 m vertical curve
84
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Sag Vertical Curves
Headlight Sight Distance

Light Beam Distance (SSD)

G === | headlight beam (diverging from LOS by B degrees) G,
PVC . PVT

hy PVI h,=0
Daytime sight distance
unrestricted ]
ForSSD=<L For SSD > L
A(SSD)
_ (SSD) L=2(ssD)- 200(/, +(SSD)tan f3)
o 200(%, + S tan j3) A
85
Headlight Sight Distance
English units
* Assumptions for design
* h, = headlight height = 2.0 ft.
* B=1degree
* Simplified Equations
ForSSD=sL For SSD > L
2
_ A(ssD) L= SSD)_(400 + 3.5(531)))
400 +3.5(SSD) A
86
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Headlight Sight Distance
(Metric units)

* Assumptions for design
* h, = headlight height = 0.6 m.
* B=1degree

* Simplified Equations

ForSSDsL ForSSD > L
AS? . (120+3.58
= ———————— L=28—-] ——
120+ 3.58 A
87
Headlight and stopping sight distance K values
Table 3: K Values for Sag Vertical Curves
English units
design speed | stopping sight K
(mph) distance (fi.)
30 200 37
35 250 49
40 305 64
45 360 7
50 425 96
A5 495 115
60 570 136
65 645 157
15-11-2023 ‘1'[] Prof. Mdﬁ@ﬂ Enieb 181 88
88
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Headlight and stopping sight distance K values

metric units

design speed | stopping sight K
(kmv/h) distance (m)
50 65 13
60 85 18
70 105 23
80 130 30
90 160 38
100 185 45
15-11-2023 1 l 0 Prof. Mahm;‘dzg 5 5 89
89
Sag Vertical Curves
* Sight distance is governed by night- time conditions
* Distance on curve illuminated by headlights need to be considered
* Driver comfort
* Drainage
* General appearance
90
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Sag Vertical Curve, Passenger Comfort

Centripetal acceleration does not exceed 1 ft./s? (0.3 m/s?)

AV? AV?
- English umts L = —— metric units
46.5 ‘ 395

L

15-11-2023 Prof. Mahmoud Enieb

91

Sag Vertical Curve, Drainage

* 1. The same drainage criterion used for crest vertical curves on
curbed roadways applies to sag

* 2. vertical curves: K = 167 for English units and
* K =51 metric units :

* 3. A minimum longitudinal grade of at least 0.5% is reached at a
point about 15 m from either side of the low point.

* 4. There is at least a 100-mm elevation differential between the
low point in the sag and the two points 15 m to either side of the
low point. (Slope = 0.1*100/15 = 0.67%).

15-11-2023 Prof. Mahmoud Enieb
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Sag Vertical Curve, Appearance

* The general controlling factor for appearance of a sag curve is K 2 100 for
English units and

* K 2 30 for metric units for small to intermediate values of A, which
corresponds to speeds of 50 mph (80 km/h) and greater.

* Thus, for design speeds less than 50 mph (80km/h) the designer will want to
strongly consider using K values greater than presented in previse tables
whenever site conditions allow

* In general, the larger the K value, the better the appearance of a curve.

Prof. Mahmoud Enieb
15-11-2023

93

Sag Vertical Curve, Appearance

* MinL=2V(m) when (V>60km/h)and grade break >2%
or

* As in crest, use min L =3V ft (V mph)

Grade break < 2% and V > 60 km/h take L=60 m

e L=60m forV <60 km/h, Grade break < 2%

15-11-2023 Prof. Mahmoud Enieb
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Sag Vertical Curve: Example
A sag vertical curve is to be designed to join a -3% to a +3% grade. Design
speed is 40 mph. What is L?
Skipping steps: SSD = 313.67 feet S>L
Determine whether S<L or S>L 400+35S
=285 —"-"~2
55
L = 2(313.67 ft) - (400 + 3.5 x 313.67) = 377.70 ft
[3-(-3)]
313.67 < 377.70, so condition does not apply
95
Sag Vertical Curve: Example
A8’
SSD = 313.67 feet l.=
400+3.58
L=  6x(313.672 = 394.12 ft
400 + 3.5 x 313.67
313.67 < 394.12, so condition applies
96
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Design Controls for Sag Vertical Curves
Metric US Customary
Stopping Stopping
Design sight Rate of vertical Design sight Rate of vertical
speed distance __ curvature, K* 1 speed distance __ curvature, K* |
(km/h) (m} Calculated  Design {mph) (it} Calculated  Design
20 20 2.1 3 15 80 9.4 10
30 a5 5.1 6 20 115 16.5 17
40 50 8.5 9 25 155 25.5 26
50 65 12.2 13 a0 200 36.4 ar
60 85 17.3 18 0 49.0 = K*A=
70 105 226 23 L=k :\'
80 130 29.4 30 : : T 3 =64%6
90 160 376 38 S0 425 95.7 96 =384 ft
100 185 446 45 55 495 114.9 115
110 220 54.4 55 B0 570 135.7 136
120 250 62.8 63 65 845 156.5 157
130 285 723 73 70 730 180.3 181
Fi=] 820 205.6 206
80 510 231.0 231
" Rate of vertical curvature, K, is the length of curve (m) per percent algebraic difference
intersecting grades (A). K =LA
from AASHTO’s A Policy on Geometric Design of Highways and Streets 2004
Prof. Mahmoud Enieb 97
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Sag Vertical Curve: Example

A sag vertical curve is to be designed to joina -3%
to a +3% grade. Design speed is 40 mph. What is L?

Skipping steps: SSD = 313.67 feet

Testing for comfort:

L= AVZ2 = (6 x [40 mph]?) = 206.5 feet
46.5 46.5

Testing for appearance:
L=3*40= 120 feet

Use 400 ft vertical curve

15-11-2023 Prof. Mahmoud Enieb
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Example 1

greatest 20 m interval.

Solution:
Stopping sight distance criterion: assume S < L
AS? [0.5 — (—0.7)](220%)
120 + 355 120 + 3.5(220)

653 m<220m, so S >L

Determine the minimum length of a sag vertical curve between a -0.7% grade
and a +0.5% grade for a road with a 110 km/h design speed. The vertical curve
must provide 220 m stopping sight distance and meet the California
appearance criteria and the AASHTO comfort standard. Round up to the next

: 120 + 3.55 120 + 3.5(220)
L=28 ———=H220) — ——
A [05 — (—0.7)]
99

Solution 1

65.3m<220m, so S>L
120 + 3.55 120 + 3.5(220)
E=28 ————— =420 ——
A [0.5 — (—0.7)]
L =440 -741.7 =-301.7m

Since L < 0, no vertical curve is needed to provide stopping
sight distance.
Comfort criterion:

AV:  [05 — (=0.D](110%)
L= 395 = - 395 = 36.8 m
Appearance criterion:
Design speed =110 km/h >60 km/h but grade break =1.2%
<2%. Use 60 m.
Conclusion:
Appearance criterion governs. Use 60 m vertical curve. 100

100
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Solution 1

General appearance criterion:
Minimum curve length of 30A [100A], K =30 m [K = 100 ft].
Min. L=30*%1.2=36 m

Exhibit 3-78, are equal to 0.6 times the design speed in km/h [three times the
design speed in mph]. L=0.6*110 = 66 m

Conclusion:

Appearance criterion governs. Use 60 m vertical curve.

Drainage affects
A minimum grade of 0.30 percent should be provided within 15 m [50 ft] of
the level point). This criterion corresponds to K of 51 m [167 ft] per percent
change in grade

101

101
Design Controls for Sag Vertical Curves, Open Road
Conditions, economic reasons
Metric US Customary
<
S
L = K*A= Stopping Stopping Q
- - Design sight Rate of vertical Design sight Rate of vertical ?3
=51%1.2 speed distance curvature, K spead distance curvature, K” 3
_ (krmih) {m) Calculated  Design {mph) () Calculated  Design §
=66 m 20 20 71 3 5 B0 54 0 5
30 as 51 Li] 20 115 16.5 17 g
40 50 8.5 9 25 155 255 26 S
50 65 122 13 30 200 354 ar %
60 B5 173 18 35 250 49.0 49 s
70 105 226 23 40 305 B34 &4 E
BO 130 29.4 30 45 3680 78.1 Ta %
B0 160 ira 3a 50 425 85.7 28 %
00 B 44 5 4 55 485 114.9 115 §
60 570 135.7 136 8
B5 645 156.5 157 s
70 T30 180.3 181 2
75 820 205.6 206 s
Bl 910 231.0 231 <
"  Rate of vertical curvature, K, is the length of curve (m) per percent algebraic difference ;C_)
intersecting grades (A). K = LA é
<
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Design Controls for Sag Vertical Curves, Open Road
Conditions, Drainage

L= K*A TEEE =] = B = ] ¢
- ~ 14 i i ff 4 = | A 2 | vese 7] é
=167*1.2 | 3
= 200 ft zonl A . A N 7% I
~60m g ' T~ 1 B
E‘ 10 |— /_.. | N — —g L . — 3 /://:,"'// u:m :%
- 1= 2
£ 3
L ¥ BN ——
i 5 sl e
2| ——— — - ' <
| £ | l g II)ralnn;m magmum Ke167 | S
0 ._‘ h i P | ————— Computed valuss S<L P '%
0 200 400 &00 800 1000 1200 1400 1800 1800 2000 é
15-11-2023 Length of sag vertical curve (fi) £
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Design Controls for Sag Vertical Curves, Open Road

Conditions, Drainage
» a2 1;.:;3 ey m’ e verd’ | v | Viﬂﬂ;] %
' K=tE M3 H=30 ko
doF FlE Y e B2t P /,/“'
=51*1.2 £ S ; s
e A
E '.'r_-F'- Vi1 20| §
= / /-‘;f"/ W 120 km q
2 A = f— 8
E Ll ::::-’f | ; %
i - QO.
/ .............. Sal " >
i AR D;mmnu:ﬁn'llm K=51 g
......... Computed values S>L <
N 100 200 300 400 500 60 §

Length of sag vertical curvs (m})

15-11-2023
104

Prepared by Prof. Dr. Mahmoud Enieb 52



Highways and Airports Engineering

09-09-2024

Sag Vertical Curve Undercrossing

Sight distance through undercrossing usually does not present
a problem in the design of vertical curves.

sapping sight distoncs [5) — »‘

-
P

15-11-2023 Prof. Mahmoud Enieb 105
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Sag Vertical Curve Undercrossing

The equations for sag vertical curve length at an undercrossing
are:

J'.ll - fr:

-
=

fa’ﬂfl[ C -

L=25- ] S>L

A

15-11-2023 Prof. Mahmoud Enieb 106

106

Prepared by Prof. Dr. Mahmoud Enieb

53



Highways and Airports Engineering 09-09-2024

Stopping Sight Distance

With the height of the eye of the driver (4,) set at 8 feet (2.4
meters) for a truck driver and the height of the object (/,) set

at 2.0 ft. (0.6 m.) for stopping sight distance, these equations
simplify to:

AS® AS?
¥ o _ Eoss netric wits S<L
800(C— 5 | 00 15 )

- —
[ g 800(C 5 [ g 800(C iE:
A :

Ietric units

S>L

15-11-202
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Passing Sight Distance
With the height of the eye of the driver (/4,) set at 8 feet (2.4
meters) for a truck driver and the height of the object (4,) set
at 3.5 feet (1.07 m) for passing sight distance, these equations
simplify to:
__ 45° o A8 S<L
800(C =5.75) 8001 C —1.740)
L=25- e L=2§- i S metric units
A A
S>L
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Example

* A bridge is being designed to pass over a rural two-lane

highway with a design speed of 60 mph. The section of

the two-lane highway where the bridge crosses over is a

1740 feet vertical sag curve with A = 3.15. The bridge

bridge clearance need to be adjusted?

15-11-2023 Prof. Mahmoud Enieb

clearance is 16.8 feet. Does adequate passing sight
distance exist on the two-lane highway or does the

109
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Example

* Start by assuming S<L and solve the appropriate equation
for PSD

*  [300L(C_575)) (800* 1740(16.8 - 5.75)/ 3.15

\ y
e S=2210ft.>L
L 400(C -5.75)
— 4
2 A
* Passing sight distance for a design speed of 60 mph is 2273

feet, so adequate sight distance exists with a bridge
clearance of 16.8 feet.

= 2273 feel

=
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Problem 1

A car 1s traveling at 30 mph in the country at night on a wet
road through a 150 ft. long sag vertical curve. The entering
grade 1s -2.4 percent, and the exiting grade is 4.0 percent. A
tree has fallen across the road at approximately the PVT.
Assuming the driver cannot see the tree until it 1s lit by her
headlights, 1s 1t reasonable to expect the driver to be able to
stop before hitting the tree?

15-11-2023 Prof. Mahmoud Enieb 111
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Problem 2

Similar to Problem 1 but for a crest curve.

A car is traveling at 30 mph in the country at night on a wet
road through a 150 ft. long crest vertical curve. The
entering grade is 3.0 percent and the exiting grade is -3.4
percent. A tree has fallen across the road at approximately
the PVT. Is it reasonable to expect the driver to be able to
stop before hitting the tree?
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Solution Problem 1

Assume S < L
_ 64(S)
400+3.5(5)

From Table /=0.36 at V = 30 mph
SSD for this speed can be calculated:

=150,5 =146.17 ft

2
30(f £ G)
302
Or for SSD = 146.17ft, V = 24.6 mph
Hence the driver can’t to stop before hitting the tree

SSD =1.47Vt +

15-11-2023 Prof. Mahmoud Enieb
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Solution Problem 2

ForSSDsL ForSSD > L
2
/ A(SSD) L:Z(SSD)— 200(\/?5A+\/E)2

200+, |
For SSD h1 =3.5 ft, h2 = 0.5 ft.
assume S< L

2
P C2) 150,8SD =176.5ft > L
200(+/3.5 ++/0.5]
2
150 = 2(SSD) — 200(v35 +0.5) ,SSD = 178.84 ft Okay

6.4
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Problem 2
SSD for this speed can be calculated:
VZ
30(f £ G)
302

SSD =1.47Vt +

Hence the driver can’t to stop before hitting the tree
Speed = 28.38 mph
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