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Relationships among units and important values

1ft=03m 100ft=30m

1 mile {mi) = 1609 m = 1.6 km 1 mile = 5280 ft

o KRR R R R R R R R R R R R R R

Distance = ut u: speed t: time

Distance {m) =0.278 ut u:speed in km/hr t: time in seconds

0.278 = 1000/3600 = 1000 m / 3600 second {to absorb the difference between speed in {km/hr) and

time in {second) and distance in {meters)
Distance {m)=1.47 ut u:speed in mi/hr t: time in seconds
1.47 = 5280/3600 = 5280 ft / 3600 second {to absorb the difference between speed in {mi/hr)

and time in {second)and distance in {feet)

g=9.81m/sec’ =322t/ sec’

254 =2x9.81 /{0.278 x 0.278) D u?
Cu{m), u {km/hr), f{unit-less), G{unit-less) ’ 254” = Gi

30=2x32.2 /{1.47 x 1.47)

u

Dy, {ft), u {mi/hr), f{unit-less), G{unit-less) Db - 1..”( r % G)
S S o S SR S SR S SR SR SR SR S SR R o SR o SR S SR R o SR o R R S S
127 =9.81 /{0.278 x 0.278)

u’
Cb {m), u {km/hr), f{unit-less), e {unit-less) R = —1,1—_?(— = fT\'

/e i

15 = 32.2 /{1.47 x 1.47)

u’
Cb{ft), u {mi/hr), f. {unit-less), e {unit-less) R=
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Relationships among: Distance, Velocity, and Acceleration

d={(Us+ U) t }/2

t=2d/ (Us+ U))

a=(Us- U)/t (at deceleration)
a = (Us- U / (2d/(Us + Uy)

a ={ (Up)’- (U)* }2d

at Usi=0 D a=-(U)*/2d
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W = weight of vehicle
f = coefficient of friction
g = acceleration of gravity
a = vehicle acceleration
= speed when brakes applied
Dy, = braking distance

y = angle of incline
G =tany (% grade/100)
x = distance traveled by the vehicle along the road during braking

Figure 3.7  Forces Acting on a Vehicle Braking on a Downgrade

always made with respect to the horizontal plane. Since the braking distance is an
input in the design of highway curves, the horizontal component of the distance x is
used.

Frictional force on the vehicle = Wf cos vy

The force acting on the vehicle due to deceleration is Wa/g, where g is accelera-
tion due to gravity. The component of the weight of the vehicle is W sin y. Substituting
into 2f = ma, we obtain

W
Wsiny — Wf cosy = —gff (3.18)

The deceleration that brings the vehicle to a stationary position can be found in
terms of the initial velocity u as a = —u?/2x (assuming uniform deceleration), where
x is the distance traveled in the plane of the grade during braking. Eq. 3.16 can then
be written as

: Wu?
Wsiny — Wfcosy = ——— (3.19)
2gx
However, D, = x cos vy, and we therefore obtain
2

2gD!)

cosy = Wfcosy — Wsiny
giving

- o — te
Zng anvy



uz

" 2g(f - tany)

Note, however, that tan 7 is the grade G of the incline (that is, percent of grade/100),
as shown in Figure 3.7.
Eq. 3.20 can therefore be written as

D, (3.20)

££2

P, = 321
" 2%(f-G) i)
If g is taken as 9.81 m/sec’*and u is expressed in km/h, Eq. 3.19 becomes
M2
Dy = ——= 3.22
* 7 254(f - G) D

and D, is given in m.
A similar equation could be developed for a vehicle traveling uphill, in which case
the following equation is obtained.

ul

D, = 254(f + G) (3.23)

A general equation for the braking distance can therefore be written as

uZ

f= % a =3.41 m/sec’
2
u
Db =
325
254(E + G) 3:23)
8

Similarly, it can be shown that the horizontal distance traveled in reducing the
speed of a vehicle from u, to u, in km/h during a braking maneuver 1s given by

-
Pl

254;(1E + G) 5:26)

g
‘ -~

»n 7 /-6 2

S@) = 0.278ut + ”
254(1§ e G) (227

t= perception-reaction time = 2.5 sec
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Minimum Radius of circular curve

Qi 1 accears hion
"’f’ CAVYY |Pneay
mot] onm

W = weight of vehicle

f; = coefficient of side friction
g = acceleration of gravity

u = speed when brakes applied
R = radius of curve

a = angle of incline

e = tan « (rate of superelevation)
T = track width

H = height of center of gravity

fo-—%

Figure 3.8 Forces Acting on a Vehicle Traveling on a Horizontal Curve Section of a Road

When the vehicle is in equilibrium with respect to the incline (that is, the vehicle
moves forward but neither up nor down the incline), we may equate the three relevant

forces and obtain

2
2 cosa = Wsina + W, cosa (3.31)
gR

where f, = coefficient of side friction and (¢*/g) = R(tan « + f,). This gives

2
— _._F.E__,_,. (332)

k= gltana + f)

Tan «, the tangent of the angle of inclination of the roadway, is known as the rate of

superelevation e. Eq. 3.32 can therefore be written as

increased.

uZ

R = S
gle + fy)

Again, if g is taken as 9.81 m/sec? and u is measured in km/h, the minimum radius R
is given in m as

u?.

R= e+ 7)

Eq. 3.34 shows that to reduce R for a given velocity, either ¢ or f; or both should be

(3.33)

Cantvifugal Fayee

(3.34)

Coefficient of side friction

Design Speed (km/h)

Coefficient of side friction, f

48

0.20

64 0.16
80 0.14
96 0.12
112 0.1
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Example 3.9 Minimum Radius of a Highway Horizontal Curve

An existing horizontal curve on a highway has a radius of 142 m, which restricts the
posted speed limit on this section of the road to only 61.5% of the design speed of
the highway. If the curve is to be improved so that its posted speed will be the design
speed of the highway, determine the minimum radius of the new curve. Assume that
the rate of superelevation is 0.08 for both the existing curve and the new curve to be
designed. | et

Solution:

¢ Use Eq. 3.34 to find the posted speed limit on the existing curve. Since the
posted speed limit is not known, assume f;is 0.16.

MZ

R= e+ r)

2

u
! 127(0.08 + 0.16)
u = 65.79 km/h

* The posted speed limit is 64 km/h, as speed limits are usually posted at inter-
vals of 8 km/h.

e Check assumed f, for 64 km/h = 0.16.

¢ Determine the design speed of the highway.

64

* Design speed = 104 km/h.

* Find the radius of the new curve by using Eq. 3.34 with the value of f; for
104 km/h from Table 3.3 (f. = 0.11, interpolating between 96 km/h and
104 km/h). ;

= 1047

" 127(0.08 + f,)

' (104>
~ 127(0.08 + 0.11)

R

= 44824 m
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Example 3.9 Minimum Radius of a Highway Horizontal Curve

An existing horizontal curve on a highway has a radius of 465 ft, which restricts the
posted speed limit on this section of the road to only 61.5% of the design speed of
the highway. If the curve is to be improved so that its posted speed will be the design
speed of the highway, determine the minimum radius of the new curve. Assume that
the rate of superelevation is 0.08 for both the existing curve and the new curve to be
designed.

Solution:

* Use Eq. 3.24 to find the posted speed limit on the existing curve. Since the
posted speed limit is not known, assume f;is (.16.

W

R ——M
15(e + f,)
w

~ 15(0.08 + 0.16)
u = 40.91 mi/h

465

The posted speed limit is 40 mi/h, as speed limits are usually posted at inter-
vals of 5 mi/h.
Check assumed f, for 40 mi/h = 0.16.

Determine the design speed of the highway.

40

m = (5.4 [TlljJ"h

Design speed = 65 mi/h.

Find the radius of the new curve by using Eq. 3.34 with the value of f, for
65 mi'h from Table 3.3 (f; = 0.11, interpolating between 60 mi/h and
65 mi/h).

2

65°
~15(0.08 + f,)
~ (65)
~15(0.08 + 0.11)

= 1482451t
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DECISION SIGHT DISTANCE

Decision sight distance reaction time =3-14.5s
Complex location - driver reaction > 2.5 s
Example locations:

. exit or entrance gore

. lane drop

. freeway left-side entrance or exit

. railroad/highway grade crossing

. approach to detour or lane closure

. toll plaza

. Intersection location where unusual or unexpected maneuvers are required.
Table 3.5

Columns A and B were developed using:

SSD =0.278 ut + Dy,

~N o OB~ WD P

Columns C, D, and E were developed using Equation : DSD = 0.278 ut
where: DSD = decision sight distance, m

Table 3.5 Decision Sight Distances for Different Design Speeds and Avoidance Maneuvers

US. Customary

Decision Sight Distance (ft)

Avoidance Maneuver

Design Speed
(mi/h) A B C D E
30 220 490 450 535 620
35 275 590 525 625 720
40 330 690 600 715 825
45 395 800 675 800 930
50 465 910 750 890 1030
55 535 1030 865 980 1135
60 610 1150 990 1125 1280
65 695 1275 1050 1220 1365
70 780 1410 1105 1275 1445
75 875 1545 1180 1365 1545
80 970 1685 1260 1455 1650

Note: Brake reaction distance predicted on a time of 2.5 s; deceleration rate of 11.2 ft/s” used to determine
calculated sight distance.

Avoidance Maneuver A: Stop on rural road—t = 3.0 s

Avoidance Maneuver B: Stop on urban road— = 9.1 s

Avoidance Maneuver C: Speed/path/direction change on rural road—¢ varies between 10.2 and 11.2 s

Avoidance Maneuver D: Speed/path/direction change on suburban road —r varies between 12.1 and [2.9s
Avoidance Maneuver E: Speed/path/direction change on urban road—/ varies between 14.0 and 14.5 s



Passing sight distance (PSD)
PSD=d1+d2+d3+d4

FIRST PHASE
OPPOSING VEHICLE
PASSING APPEARS WHEN PASSING
vEMICLE VEHICLE REACHES POINT A
A B/
m: "‘m.. s f‘:_ T it Srim— ———
— '"r':r-!- -.4'::-: Ee— i— Aii— P———  —— —-—;l——

d, = distance traversed during perception-reaction time and during initial
acceleration to the point where the passing vehicle just enters the left lane

d, = distance traveled during the time the passing vehicle is traveling in the left
lane

d; = distance between the passing vehicle and the opposing vehicle at the end
of the passing maneuver )

d, = distance moved by the opposing vehicle during two thirds of the time the
passing vehicle is in the left lane (usually taken to be 2/3 d,)

The distance d, is obtained from the expression

at,
d, = U.278£1(u -m+ 7) (3.36)

t; = time for initial maneuver (sec)

a = average acceleration rate (km/h/sec)

u = average speed of passing vehicle (km/h)

difference in speeds of passing and impeder vehicles

3
I

The distance d, is obtained from
d, = 0278 ut,
where

1, = time passing vehicle is traveling in left lane (sec)
u = average speed of passing vehicle (km/h)

The clearance distance d, between the passing vehicle and the opposing vehicle
at the completion of the passing maneuver has been found to vary between 30 m and
90 m.

"able 3.6 shows these components calculated for different speeds. It should be
made clear that values given in Table 3.6 are for design purposes and cannot be used
for marking passing and no-passing zones on completed highways. The values used



Table 3.6 Components of Safe Passing Sight Distance on Two-Lane Highways

Speed Range in mi/h
(Average Passing Speed in mi/h)

30-40 40-50 50-60 60-70

Component ' (34.9) (43.8) (52.6) (62.0)
Initial maneuver:
= average acceleration (mi/h/sec)” 1.40 1.43 1.47 1.50

f, = time (sec)” 3.6 4.0 43 4.5

d, = distance traveled (ft) 145 216 289 366
Occupation of left lane:

L, = time (sec)” ' 93 10.0 10.7 113

d, = distance traveled (ft) 477 643 827 1030
Clearance length:

dy = distance traveled (ft)” ' 100 180 250 300
Opposing vehicle:

d, = distance traveled (ft) 318 429 552 687
Total distance, d, + d, + dy + d, (ft) 1040 1468 1918 2383

16



Functional Classification of highways

Urban: Population >= 5000 person. Urbanized >= 50000 person

Rural: Population < 5000 person

Urban Highways:
1. Arterials
e Principle
¢ Freeways (full control of access)
s Expressways (partial control of access)
¢ Others
e Minor
2. Collectors
3. Local

Rural Highways:
1. Arterials
e Principle
¢+ Freeways (full control of access)
¢+ Others
e Minor
2. Collectors
e Major
e Minor
3. Local

17
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Highway Design Standards

Design Hourly Volume (DHV)

e Projected hourly volume that is used for design

e Percentage of the expected ADT on the highway

e Figure shows the relationship between the highest hourly volumes and ADT.

DHV: Design Hourly Volume

Highway | Normal Fluctuation Unusual Remarks
Type Fluctuation
Rural 30th-highest  hourly | 50 percent of the | <» Lower level of service than that which
volume volume that normally exists on rural roads with
12-18% of ADT occurs for only a normal fluctuations
(15% Average) few peak hours | < This may result in some congestion
during the design during the peak hour, but the capacity of
year the highway normally will not be
exceeded.
Urban 30th-highest  hourly | average of the

volume
8-12% of ADT

highest afternoon
peak hour volume
for each week in
the year

19



36

32 Road with Average Fluctuation
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Hours in One Year with Hourly Volume Greater Than Shown
Relationship between Peak Hour and Annual Average Daily Traffic on Rural
Highways
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Table 15.1 Minimum Design Speeds for Rural Collector Roads
Design Speed (mi/h) for Specified Design Volume (veh/day)

Type of Terrain 0 to 400 400 to 2000 Over 2000
Level 40 50 60
Rolling 30 40 50
Mountainous 20 30 40

Note: Where practical, design speeds higher than those shown should be considered.
SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used with permission.

Table 15.2 Minimum Design Speeds for Various Functional Classifications

Speed (mi/h)
Class 20 30 40 50 60 70
Rural principal arterial ~ Min 50 mi/h for freeways X X X X
Rural minor arterial X X X X
DHYV over 400 X X X
Rural DHYV 20-400 X X X
Collector DHYV 100-200 X X X
Road Current ADT over 400 X X X
Current ADT under 400 X X X
DHYV over 400 X X X
DHYV 200-400 X X X
Rural DHYV 100-200 X X X
Local Current ADT over 400 X X X
Road Current ADT 250-400 X X X
Current ADT 50-250 X X
Current ADT under 50 X X
Urban principal arterial ~ Minimum 50 mi/h for X X X X X
freeways
Urban minor arterial X X X X
Urban collector street X X X
Urban local street X X

SOURCE: Road Design Manual, Virginia Department of Transportation, Richmond, VA. (See www
.virginiadot.org/business/locdes/rdmanual-index.asp for most current version.)
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Cross-Section Elements

Hinpe point

d:1 or 4; 1 fill
slopes an low [ills
Hounded

Bounded «. ¢

=1 cut slopes Shoulder Lane Lune Shoulder

in deep cufs - - ot n -

except i rock
1 Inslope 4:1 1 g)ape Slape Slupe Slope

or flatter - il — —e
E—
41 or 501 cui stopes Matural ground-  —j——
in shallow cuts Rounded levwe Fill
dith

/

Meakural grooand-

o

high fiTl
201 it slopes on high
N1l -usually with guard rai
Typical Cross Section for Two-Lane Highways
Tnside
Median shoulder Lanes Shoulder
[ T 2 or more-12 f1 wide
Variable width
and design Sio
pe Slupe
| Slape
| _*
|
Roadway symmetrical ;
___ > - Cut or Mill
L _ slopes as
about centerline lor X-lane
roads

Typical Cross Section for Multilane Highways (half section)

Width of Travel Lanes:
2.7t03.6m

v’ 3.6m: High initial cost/low maintenance cost

3m: Low initial cost/High maintenance cost

3-3.3 m: two- lane, two-way rural roads

3.3 m: low-speed

3 m: urban areas: Low traffic volume and there are extreme right-of-way constraints
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Shoulders:

Functions:

e Necessary stop

o Laterally support the pavement structure

Width:

e Width: 0.6 m on minor roads to 3.6 m on major arterials
e Minimum =0.6 m.

e Preferable=1.8-2.4 m.

Recommended slopes:
e 2to 6 % for bituminous and concrete-surfaced shoulders

e 4 to 6 % for gravel or crushed-rock shoulders

Medians:
A median is the section of a divided highway that separates the lanes in opposing
directions.
v' The width of a median is the distance between the edges of the inside lanes,
including the median shoulders.
v" Width= 1.2 to 24 m or more
Functions:
@ Recovery area for out-of-control vehicles
@ Separating opposing traffic
@® Stopping areas during emergencies
@ Storage areas for left-turning and U-turning vehicles
@ Refuge for pedestrians
@ Reducing the effect of headlight glare
@® Temporary lanes and cross-overs during maintenance operations

Median type:
e Raised
e Flush
e Depressed

23



Median Barriers

e Prevent an errant vehicle from crossing the portion of a divided highway

Roadside Barriers:

Protect vehicles from obstacles or slopes on the roadside.

Shield pedestrians and property from the traffic stream.

Should be provided when the slope of an embankment is high or when traveling

under an overhead bridge.

Curbs and Guitters:
Curbs:

Portland cement concrete or bituminous concrete

Mainly on urban highways

Delineate pavement edges

Pedestrian walkways

Control drainage, improve aesthetics, and reduce right of way.

Vertical or sloping.

No vertical curbs with:

barriers
design speeds > 64 km/h

Gutters or drainage ditches:

v’ Located on the pavement side of a curb to provide drainage facility for the

highway

v" Sloped to prevent any hazard to traffic

v" Cross slopes=5to 8 %
v Width=0.3to2m

v" Gutters can be designed as V-type sections or as broad, flat, rounded sections.

24



Guard Rails:
Guard rails are longitudinal barriers placed on the outside of sharp curves and at sections
with high fills.
v Main function: prevent vehicles from leaving the roadway
Install Guard rail when:
Fill height >=2.4m
Shoulder slopes > 4:1
v The weak post system provides for the post to collapse on impact, with the rail

deflecting and absorbing the energy due to impact.

Sidewalks:

Sidewalks are usually provided on roads in urban areas, but are uncommon in rural areas.
e [or pedestrians
e Minimum clear width of 1.2 m in residential areas

e Width range (1.2 to 2.4 m) in commercial areas

Figure Steel-Backed Timber Guardrail

25



Figure 15.7 Single-Slope Concrete Median Barrier
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(b} Sloping curbs

Figure Typical Highway Curbs
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Cross Slopes:
e One-way drainage
e Two-way drainage
Shape:
o Plane
o Curved
Curved:
v A parabola is generally used for curved cross sections
v" highest point of the pavement (called the crown) is slightly rounded
v" cross slope increasing toward the pavement edge
Advantage:
v" Slope increases outward to the pavement edge
v Enhancing the flow of surface water away from the pavement
Disadvantage:

Difficult to construct

Plane

v Uniform slopes at both sides of the crown.

Recommended rates of cross slopes:
o 1.5to 2 percent for high- type pavements

o 2 1o 6 percent for low-type pavements

Side Slopes:

e Embankments and fills

e Stability for earthworks

e Recovery area for out-of-control vehicles (Safety feature)
Slopes:
3:1 or flatter are generally used for high embankments

27



Right of Way:
The right of way is the total land area acquired for the construction of a highway.
e Two- lane urban collector streets 12 and 18 m
e Minimum for two-lane arterials is 25 m
e Undivided four-lane arterials 19 to 33 m
e Divided arterials 36 to 90

Table 15.3 Guide for Earth Slope Design
Height of Cut or Fill (ft) Earth Slope, for Type of

Flator  Moderately Steep

0-4 6:1 6:1 4:1
4-10 4:1 4:1 2:1%
10-15 4:1 2.50:1 1.75:1*
15-20 2:1% 2:1* 1.75:1*
Over 20 2:1% 2:1* 1.75:1*

*Slopes 2:1 or steeper should be subject to a soil stability analysis and should be

reviewed for safety.

Maximum Highway Grades (See Table)

28



Table 15.4 Recommended Maximum Grades

Rural Collectors®
Design Speed (mi/h)

Type of Terrain 20 25 30 35 40 45 50 55 60
Grades (%)
Level 7 7 7 7 7 7 6 6 5
Rolling 10 10 9 9 8 8 7 7 6
Mountainous 12 11 10 10 10 10 9 9 8
Urban Collectors”
Design Speed (mi/h)
Type of Terrain 20 25 30 35 40 45 50 55 60
Grades (%)
Level 9 9 9 9 9 8 7 7 6
Rolling 12 12 11 10 10 9 8 8 7
Mountainous 14 13 12 12 12 11 10 10 9
Rural Arterials
Design Speed (mi/h)
Type of Terrain 40 45 50 55 60 65 70 75 80
Grades (%)
Level 5 5 4 4 3 3 3 3 3
Rolling 6 6 5 5 4 4 4 4 4
Mountainous 8 7 7 6 6 5 5 5 5
Rural and Urban Freeways®
Design Speed (mi/h)
Type of Terrain 50 55 60 65 70 75 80
Grades (%)
Level 4 4 3 3 3 3 3
Rolling 5 5 4 4 4 4 4
Mountainous 6 6 6 5 5 - -
Urban Arterials
Design Speed (mi/h)
Types of Terrain 30 35 40 45 50 55 60
Grades (%)
Level 8 7 7 6 6 5
Rolling 9 8 8 7 7 6 6
Mountainous 11 10 10 9 9 8 8

“Maximum grades shown for rural and urban conditions of short lengths (less than 500 ft) and on one-way down-

grades may be up to 2% steeper.

Grades that are 1% steeper than the value shown may be used for extreme cases in urban areas where develop-
ment precludes the use of flatter grades and for one-way downgrades, except in mountainous terrain.

SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used with permission.

755
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(b) Each pavement slopes one way.

Figure 15.9 Basic Cross Slope Arrangements for Divided Highways
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Volume calculations

V = L/2 (A1+A2)
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Mass-haul diagram:

Continuous curve showing the relationship between the accumulated algebraic sums of corrected
earthwork volume and distance for the purpose of minimizing the cost of excavating hauling &
damping the materials (Soil).

Elevation {m}) Ground Line

A

Profile

1+00 2+00 | 3+00 4+0p 5+00 6+00 7+00 B8+00 O+00 10+00 11+00 12+00
Distance (Sta.)

Cut (+)

dyids = 0
Corrected accumulated

Volume (m3)

/

\/ys{ance (Sta.)

Fill (-}

- Rising - Cut

- Falling - Fill

- Steep slop = High cut or fill

- Zero slop - Change from cut to fill or vice versa.
- Zero value - Balance between cut and fill

Haul = Volume (m®) * Distance (station)

Haul distance: The distance of moving the masses of soil from one place to another, in the process of
earthwork.

Free haul distance (FHD) : The distance within which there is a fixed price for excavating, hauling,
and damping the materials regardless of the distance moved.
Free haul charge (FHC) = $/m*® (1ID/m?)

Over haul distance (OHD):The distance beyond (FHD) for which there is an additional price for each
Over haul charge = $/m®. Station (ID/m* .Station)

Borrow: material brought from regions located away from right of way (pits approved by engineer
according to the specifications).
Waste: Excess of excavated material used to flatten slopes.

max.OHD. = Borrow charge/ OH Charge

Limit of economical haul distance (LEHD) : The distance beyond which it is more economical to
waste and borrow rather than to pay for the cost of over hauling.

LEHD = FHD + max. OHD

Waste Cost (WC) = FHC  [Usually]

32



Correction:

* Sandy, Silty clay

Shrinkage: 5 — 15 % = 10%

* Lime stone, Sand stone

Bulking: 25 —35 % ~ 30%

Ex.
Sta. | End Area Cut + (or) (- Corrected Fill - (o) Balance | Accu.
[nf] Shrinkage | Cut+(ur) Vol (or) | Vol
Cut | Fill 10% (o) (Cut-Fill) | (or)
(=00 | 40 | 26 0
0.5%(4+2)*200 | 600*%0.1 600-60 0.5%(2.6+0)*200 +280
=600 =60 =540 =160
2400 | 2 0 +280
0.5*%(2+1)*200 | 300%0.1 300-30 0.5%(0+3)*200 -30
=300 =30 =170 =300
400 [ 10 ) 3 +250
0.5*%(1+7)*200 | 800%0.1 $00-80 0.5%(3+2)*200 +220
=800 =80 =720 =500
600 | 7 2 +470
0.5*(7+0)*300 | 1050*%0.1 | 1050-105 | 0.5%(2+8)*300 -555
=1050 =105 =045 =1500
00 [ 0 § -85
M-H. Diagram

500

400

300 -

200

100 4

Corrected accumulated volume
{m3)

[ 100 200 300 400 500 GO0 700 800 \QEID 1000
-100
Distance (Sta.)



Example

Using the following data, Find the total cost

FHD =400 m (4 station)

FHC =10 $/m®

OHC =7.5 $/m3.Sta
Borrow Cost = 15 $/m3

Station

Accumulated

Volume

0

1100

2400

3900

5400

5475

4045

2395

965

©O©| O N| o O &~ W N | O

-135

[HEN
o

-55

[N
[N

1345
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Principles of Highway Location

Principle for locating highways is roadway elements

Roadway elements:

Curvature
Grade
Others

Must provide:

Easy flow of traffic at the design capacity,
Safety

Minimum disruption to historic and archeological sites and to other

land-use activities.

The highway location process involves four phases:

1- Office study of existing
Information:

Data:

Engineering reports
Maps
Aerial photographs
Charts

Engineering: topography, geology, climate, and
volumes.

Social and demographic: land use and zoning patterns.

Environmental

Economic

traffic
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2-Reconnaissance Survey
Identify several feasible routes

Factors
» Terrain and soil conditions.
« Serviceability of route to industrial and population areas.
« Crossing of other transportation facilities, such as rivers,
railroads, and other highways.
» Directness of route.

& Control points between the two terminals are determined for each
feasible route.

3- Preliminary Location Survey
3.1 Economic Evaluation

3.2 Environmental Evaluation

4- Final Location Survey
The final location survey is the detailed layout of the selected route

Determine:
e Final horizontal and vertical alignments

e Final positions of structures and drainage
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FACTORS INFLUENCING HIGHWAY DESIGN
* Functional classification

* Design hourly traffic volume and vehicle mix

* Design speed

* Design vehicle

* Cross section of the highway, such as lanes, shoulders, and medians
* Presence of heavy vehicles on steep grades
 Topography of the area that the highway traverses

* Level of service

* Available funds

* Safety

* Social and environmental factors

& These factors are often interrelated
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Vertical Curve

Length of Crest Vertical Curves
Provision of a minimum stopping sight distance (SSD) is the only criterion used
for design of a crest vertical curve. As illustrated in Figures 15.12 and 15.13, there are

TYPE 111 TYPEIV

(b) Sag vertical curves

5y . G = grades of tangents (%)
A = algebraic difference

I. = length of vertical curve

PVC = point of vertical curve

PVI = point of vertical intersection
PVT = point of vertical tangent

A=Gl1-G



L. = length of vertical curve (ft)

5 = sight distance (ft)

H, = height of eye above roadway surface (ft)
H, = height of object above roadway surface (ft)
(. G, = grades of tangents (%)

PWC = point of vertical curve

PWT = pomt of vertical tangent

Sight Distance on Crest Vertical Curve (S = [)

I. = length of vertical curve (ft)

5 = sight distance (ft)

H| = height of eye above roadway surface (ft)
H, = height of object above roadway surface (ft)
(7, . G, = grades of tangents (%)

PV = point of vertical curve

PVT = point of vertical tangent

Sight Distance on Crest Vertical Curve (S < [
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From the properties of the parabola,

The S5D S1s

L
S=X|I'EI'X:

(15.1)

X and X, can be determined from grades &, and G, and their algebraic differ-

ence A.

The minimum length of the vertical curve for the required sight distance is obtained as

000V H, + VH,)?

Loin =28 1 (for § = L)
Hi=11m
H2 =0.6m
658
Lmin = 25 — A (for§S = L)
AS?
Liin = — ——(for § < L)
2000 H, + VH,Y
AS? )
Loin = 258 for§ < L)

(15.2)

(15.3)

(15.4)

(15.5)
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Example 15.1 Minimum Length of a Crest Vertical Curve

A crest vertical curve is to be designed to join a +3% grade with a —2% grade at a
section of a two-lane highway. Determine the minimum length of the curve if the
design speed of the highway is 96 km/h, § < L, and a perception-reaction time of
2.5 sec. The deceleration rate for braking () is 3.41 m/s%.

Solution:

e Use the equation derived in Chapter 3 to determine the SSD required for the
design conditions. (Since the grade changes constantly on a vertical curve, the
worst-case value for G of 3% is used to determine the braking distance.)

2

SSD = 0.278ut + -
254{(5%) - 6}
2
= 0.278 X 96 X 2.5 + 3 4916
— — 0.03
254{9.81 0.0 }
= 66.72 + 114.24
= 180.96 m
e Use Eq. 15.5 to obtain the minimum length of vertical curve:
AS?
Lmin % 658
55X (180.96)*
% 658
= 248.83 m

Example 15.2 Maximum Safe Speed on a Crest Vertical Curve

An existing vertical curve on a highway joins a +4.4% grade with a —4.4% grade.
If the length of the curve is 82 m, what is the maximum safe speed on this curve?
What speed should be posted if 8 km/h increments are used?

Assume a = 3.41 m/sec?, perception-reaction time = 2.5 sec, and that § < L.

Solution:
¢ Determine the SSD using the length of the curve and Eq. 15.5.

AS?
Lmin T 658
8.8 X §?
B T
S =7830m

e Determine the maximum safe speed for this sight distance using the equation
for SSD from Chapter 3. -

u2

78.30 = 0.278 X 2.5u +

3.41
22 0,044
254{ S2r'— 00

u =55.4 km/h
Speed limit intervals = 8 km/h (..., 24, 32, 40, 48, 56, 64, 72, 80, 88, 96, 104, 112 km/h)

=>» Nearest Speed limit is 48 km/h



Example 15.1 Minimum Length of a Crest Vertical Curve

A crest vertical curve is to be designed to join a +3% grade with a —2% grade at a
section of a two-lane highway. Determine the minimum length of the curve if the
design speed of the highway is 60 mi/h, § < L, and a perception-reaction time of
2.5 sec. The deceleration rate for braking (a) is 11.2 ft /sec”.

Solution:

¢ Use the equation derived in Chapter 3 to determine the SSD required for the
design conditions. (Since the grade changes constantly on a vertical curve, the
worst-case value for G of 3% is used to determine the braking distance.)

H.E

"))

11.2
30{@ - 0.{]3}

SSD = 1.47ut +

=147 X 60 X 25 +

= 220.50 + 377.56
= 598.1 ft

* Use Eq. 1.5 to obtain the minimum length of vertical curve:

AS?
L. =—
mn 9158
5% (598.1)
2158

= 828.8 ft
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An existing vertical curve on a highway joins a +4.4% grade with a —4.4% grade.

If the length of the curve is 275 ft, what is the maximum safe speed on this curve?
What speed should be posted if 5 mph increments are used?
Assume a = 11.2 ft/sec?, perception-reaction time = 2.5 sec, and that § < L.

Solution:

* Determine the SSD using the length of the curve and Eq. 15.5.

AS?
Lmin = 7753
8.8 x §2
275 = 2158
S = 259.69 ft

* Determine the maximum safe speed for this sight distance using the equation
for SSD from Chapter 3.

N2

259.69 = 1.47 X 2.5u +

11.2
304 —=—= — 0.044
322

which yields the quadratic equation
w + 33.50u — 2367.02 = 0
* Solve the quadratic equation to find the u, the maximum safe speed.
u =347 mi/h

The maximum safe speed for an SSD of 259.69 ft is therefore 34.7 mi/h.

If a speed limit is to be posted to satisfy this condition, a conservative value of
30 mi/h will be used.
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Sag
1. SSD Criterion

Headlight
beam

S>L
S -
200(H + Stan B)
L’min = 2S - (TOI‘S = L)
A
H=0.6m B=1 degree
120 + 3.58 A
Lyin = 25 — — (forS > L)

Similarly, for the condition when § < L, it can be shown that

L..,= AS” (forS§ < L)
™ 200(H + S tan B)

H=0.6m B =1 dearee

2
D) (for S < L)
min = 920 + 3.55

2. Comfort Criterion
Au?

L. . = —
min 395
3. Appearance Criterion: Lmin = 30A

4. Drainage Criterion : L

(15.9)
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Example 15.3 Minimum Length of a Sag Vertical Curve

A sag vertical curve is to be designed to join a ~5% grade to a +2% grade. If the
design speed is 64 km/h, determine the minimum length of the curve that will satisfy
all criteria. Assume a = 3.41 m/sec’ and perception-reaction time = 2.5 s.

Solution:

o Find the stopping sight distance.
: 2

SSD = 0.278 it + . Z1
T

9.81
= 0278 X 64 X 2.5 + L = 44.48 + 53.75
' i -2 254(0.35- = .03) ' :
=9823m
¢ Determine whether § < L or § > L for the headlight sight distance criterion.
ForS> L,
iy (120 + 3.55)
min A
+ 3.5 X 98.
L osige s = 120 3§ 98.23
=130.2 m
(This condition is not appropriate since ;ZAHQ%/, 439.6%‘ herefore S # L.)
ForS< L, i302%¢ 98- 23"
AS?
T s i i
Pr 25900358
X (98.23)
120 + 3.5 X 9823
= 145.63 m

This condition is satisfied since 98.23 < 145.63.
¢ Determine minimum length for the comfort criterion.

- Au?

min E
_ T x64%
395

L

= 72.60 m

Lmin = 30A = 30(7) = 210 m

=>» Lnin Which satisfy all criteria is 210 m
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Example 15.3 Minimum Length of a Sag Vertical Curve

A sag vertical curve is to be designed to join a —5% grade to a +2% grade. If the
design speed is 40 mi/h, determine the minimum length of the curve that will satisfy
all criteria. Assume @ = 11.2 ft/sec® and perception-reaction time = 2.5 sec.

Solution:

* Find the stopping sight distance.

HE
SSD =147t + ——————
30( 112 _ G)
322
40,2
— b4 e
147 x40 X 25 + 30(0.35 — .05) 147.0 + 177.78
= 32478 11
* Determine whether § < L or § = L for the headlight sight distance criterion.
ForS = L,
% = (400 + 3.55)
min A
400 + 3.5 x 32478
=2 X 32478 — =
= 430.03 ft
{ This condition is not appropriate since 324.78 < 430.03. Therefore § # L.)
ForS <1,
AS?
Luin = 300 + 3.55

7 X (324.78)
400 + 3.5 % 324.78
= 48048 1

This condition 1s satisfied since 324.78 < 480.45,
* Determine minimum length for the comfort criterion.
Au®
JIL‘rr.|i|:| =5 465
7 X 4F
465

= 240.86 ft

® Determine minimum length for the general appearance criterion.

L., =100 A
= 100 X 7 = 700 ft

The minimum length to satisfy all criteria is 700 ft.
(Note: In order to check the maximum length drainage requirement, it is necessary
to use procedures for calculating curve elevations that are discussed later in this
chapter.)
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Length of curve by K value
L =KA

Table 15.5 Values of K for Crest Vertical Curves Based on Stopping Sight Distance

Rate of Vertical Curvature, K

Stopping Sight
Design Speed (mi/h) Distance (ft) Calculated Design
15 80 3.0 3
20 115 6.1 7
25 155 11.1 12
30 200 18.5 19
35 250 29.0 29
40 305 43.1 44
45 360 60.1 61
50 425 83.7 24
55 495 113.5 114
60 570 150.6 151
65 645 192.8 193
70 730 246.9 247
75 820 311.6 312
80 910 383.7 384

“Rate of vertical curvature, K, is the length of curve per percent algebraic difference in intersecting grades (A4).
K= LiA

Table 15.6 \alues of K for Sag Vertical Curves Based on Stopping Sight Distance

Rate of Vertical Curvature, K*

Stopping Sight

Design Speed (mi/h) Distance (ft) Calculated Design
15 80 9.4 10
20 115 16.5 17
25 155 25.5 26
30 200 36.4 37
35 250 49.0 49
40 305 63.4 64
45 360 78.1 79
50 425 95.7 96
55 495 114.9 115
60 570 135.7 136
65 645 156.5 157
70 730 180.3 181
75 820 205.6 206
80 910 231.0 231

“Rate for vertical curvature, K, is the length of curve (ft) per percent algebraic difference intersecting grades (A).
K=LiA



Elevation of Crest and Sag Curve

e L/2 >te L[2——

PVI = point of vertical intersection.

BVC = beginning of vertical curve (same point as PVC)
EVC = end of vertical curve (same point as PVT)

E = external distance

G, G, = grades of tangents (%)

L = length of curve

A = algebraic difference of grades, ¢, — G,

Parabola
Y =ax’+bx+c :b=0:c=0-> Y =ax’

Y maximin = 28X
Totla change in Slope=A (A% > A/100) & x=L >

A
=200
A
_ 2
Y=Z00L*
2 AL
Atx=L2>  E==-(3) = =
200L \2 800

X

V=0r

)’E



_Gix

vi=To Y
_ Gx A
100 0 2000
Gx (G — Gy |
=100 —( So0L )x' (15.16)

Differentiating Eq. 15.16 and equating it to 0 will give the value of x at the highest
point on the curve:

ay' G, (G, — Gz)
- —0 15.17
dx 100 w00 /)" (15.17)

Therefore:
100L G, LG,

Y. _ 15.18
=G - G 100 (G- Go) (1>-18)
Neh = 200(G, — Gs) (15.19)
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Example 15.4 Cesign o Crest Vertical Curve

A crestvertical curve joining a +3 percent and & —4 pereent grade 1s to be designed
for 75 mi/h. If the tangents intersect at station (345 + 60.00) at an elevation of
250 ft, determine the stations and elevations of the BVC and EVC. Also, calculate
the elevations of intermediate points on the curve at the whole stations. A sketch of
the curve is shown in Figure 15.16,

Solution: For a design speed of 75 mi/h, K = 312. From Table 155,

Minimum length = 312 X [3 — (~4)] = 218411

21 + 84
2

Station of EVC = (334 + 68) + (21 + 84) = 356 + 32

Station of BVC = (345 + 60) — ( ) = 334 + 68

2184
Elevation of BVC = 250 — (D.DB X T) =217.24 1

The remainder of the computation is efficiently done using the format shown in
Table 15.7.

EL 250 ft
~.

334 + 68 345 + 60 336 + 52
Figure 15.16 Layoutof a Vertical Curve for Zxample 15.4
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Table 15.7 Elevation Computations for Exarmple 15.4

Crirve
Elevation
Lvistance ﬂﬂ%ii (Tangent
from BVC Tangen [T _ A ] (ft) Ele vation -
St ien fx) (fi) Elevation ‘ft ) 2n0L O ffset) | fil

BW{ 334 + 68 ] 217.24 (.01 21724
BY (335 4+ 00 A2 211244-?3];[‘] X3 =21820) 002 21818
BWY{ 336 + (0 132 221.20 (.28 22082
BYC 33T 4 () 232 22420 (1, 5 2233
BV 334 + (0 332 227.2) 1.77 22543
BYC 3349 4 0] 432 230,4) 2.9 22721
BYC 340 + () 32 233,20 4.54 22566
BY {34 400 32 236,20 40} 22980
BYC 342 + 0 732 239.7) a5 23061
BYW{C 343 + 00 832 242,72 1108 23111
BYC 344 4 () 32 24520 13,92 2312K
BYC 345 + 00 1052 2457 17.407 23113
BYC 346 + 00 1132 251,240 20,5 230,66
BWC 347 () 1232 254,20 2432 220 8
BY (348 4 () 1332 25720 2843 228,77
BV 3449 + (i) 1432 260,241 3256 227
BYC 350 + (i) 1332 263,20 A7.al 22558
BY (350 400 1632 266,20 42,68 22352
BYC 352 + 0 1732 268.4) 45,07 221.13
BYC 353 + 0 1432 272.7) 33,79 21241
BW{C 354 + 000 1932 275.20 59.852 21538
BY (355 4+ () 2032 27820 ff 17 212,03
BYC 356 + () 2132 251,27 T2.84 2018, 36

BV 356 + 52 2154 28276 Th.44 20632




..................................................................................................................................................................................................................

Example 15.4 Design of Crest Vertical Curve

A crest vertical curve joining a +3 percent and a —4 percent grade is to be designed
for 120 km/h. If the tangents intersect at station (345 + 18) at an elevation of

76.2 m determine the stations and elevations of the BVC and EVC. Also, calculate -

the elevations of intermediate points on the curve at the whole stations. A sketch of
the curve is shown in Figure 15.16.

Solution: For a design speed of 120 km/h, K = 93.5. From Table 15.5,

Minimum length = 935 X [3 = (—4)] = 654.5 m
21 +25

Station of BVC = (345 + 18) — ( ) =334 +21

Station of EVC = (334 + 21) + (21 + 25) = 356 + 16

Elevation of BVC = 76.2 — (0.03 X —6—6-;—5-> = 66.38

The remainder of the computation is efficiently done using the format shown in
Table 15.7.

El. 76.2m

:

334 + 21 345 + 18 356 + 16

Figure 15.16 Layout of a Vertical Curve for Example 15.4
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Table 15.7  EHevation Computations for Example 154

Curve
' " Elevarion
Distance Offser . (Tangenr
Jrom BV C Tangent [ L Ax ] (m) Elevation -
~ Station (x) (m) Elevation (1) LA 2007, Offser) (m)
BVC335 + o 9 ,16’9 66.38 + % i 3= 666.68‘ 0.01 = 65.6,1‘;"’
BVC336 + 0 40 67.58 i 0.09 . L 6749
. BVC337 49 T 2 g D26t "k 68.22
- BVC338 +p 100 6938 0.53 o
~ BVC339 +qp 130 7028 - 0905 13 et 169.38
- BVC340 + 0o 160 7118 L3700 i e ey’

- BVC341 + 0 190 72.08 1.93 7015
BVC342 + g 220 72.98 259 - 7039
BVC343 + 0 250 s 73.88 3.34 7054
BVC 344 + 0o 280 7478 41955 Sl b ey gy
BVC345 + 00 310 75.68 5.14 70.54
BVC 346 + (0 340 76.58 6.18 70.40
BVC347 + (0 370 7748 7.32 70.16

" BVC348 + () 400 78.38 856" . - 69.82
BVC 349 + go 430 79.28 9.89 6939

BV 350 + (g _ 460 80.18 11.32 ; 68.86

" BVC351 + 00 490 81.08 12.84 69.76
BVC352 + 00 520 81.98 14.46 6752

- -BVC353 + 0 550 82.88 16.18 66.70
BVC 354 + 00 580 83.78 17.99 65.79
BVC355 + 0p 610 84.68 1990 64.78
BVC 356 + 0o 640 84.58 21.90 6368

EVC356 + 16 654.5 85.85 2291 62.94




Example 15.5 Design of Sag Vertical Curve

Asag vertical curve joins a —3 percent grade and a +3 percent grade. 11 the PVI ol
the grades s al station (435 + 5)) and has an elevation of 235 01, determine the sta-
tiovnand elevationol the BVC and EVC lor a design speed of 70 m/h. Also compute
the elevaton onthe curve at 100-[t mtervals, Figure 15,17 shows a lavout of the curve.

430+ 107 435 + 50 41 + 93

A%

EVC

-
e - | - e
E1.235 0400 M

Figure 15.17 |ayout for a Sag Vertical Curve for Ekample 15.5

Solution: Fora design speed of 70 mi‘h, K = 181, using the higher rounded value
i Table 15.7.

Length of curve = 181 % 6 = 1086 f1

Station of BVC = (435 + 50) — (5 + 43) = 430 + 07

Station of EVC = (435 + 50) + (5 + 43) = 440 + 93
Elevation of BVC = 235 + (.03 % 543 = 251.29
Elevation of EVC = 235 + 0.03 x 543 = 251.29

The computation of the elevations 1s shown in Table 15.5.

Table 15.8 Elevation Computatiors for Example 15.5

Curvee
. Elevarion
Distance Opses_ (Tangent
from BVC Tangent y - Ax” (ft) Elevation +
Stawion {x) (fi) Elevarion (ft) 2007 | Cffser) | fr)
BWC 430 + 07 [ 251.2% (.25 231.%
BOW 431 + 00 93 248.50 .24 248.74
BiCW 432 4 100 193 24550 1.003 246,53
BOW 433 4 00 23 24250 257 244 57
BOW 434 4 10 393 23550 427 243,77
BYC 435 + 00 4493 23650 .71 24321
BOW 436 4 00 b | 233,50 Q.71 24321
BOW 437 + i) A3 230,50 13.27 24377
BOW 438 + 00 93 227.50 1737 244 57
BiW 439 4 10 3 224 .51 2203 246,53
BOW 440 + 00 993 221.50 27.24 248.74
EVC 440 + 93 116 21871 3258 25129
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A sag vertical curve joins a —3

the grades is at statio
n (4
and ele s

the ele

percent grade and a +3 percent grade. If the PVI of

. 5) and has an elevati
vation of the BVC and EVC for a desi(;r;auon Pl L

vatio : speed of 112 k
n on the curve at 30 m intervals. Figure 15.17 shows arltl/y%u?cl)sfotlf e
e curve.

430 + 02 435+15 440 + 28

+3%

EVC

P
-

L™
PVl EL70m

Figure 15.17 Layout for a Sag Vertical Curve for Example 15.5

Solution: For a design speed of 112 km/h, K = 543, using the higher rounded
value in Table 15.6.

Length of curve = 543 X 6 = 325.8

Station of BVC = (435 + 15) — (5 + 43) = 430 + 02

Station of EVC = (435 + 15) + (5 + 43) = 440 + 28
Elevation of BVC = 70 + 0.03 X 163 = 74.89
Elevation of EVC = 70 + 0.03 X 163 = 74.89

The computation of the elevations is shown in Table 15.8.

Table 15.8 FElevation Computations for Example 15.5

Curve
o Elevation
Distance Offs ft (Tangent
from BVC Tangent { s Ax” } (m) Elevation +
Station (x) (m) Elevation (m) 200L Offset) (m)
BVC 430 + 02 0 74.89 0.00 74.89
BCV 431 + 00 28 74.05 0.08 74.13
BCV 432 + 00 58 T3S 0.32 73.47
BCV 433 + 00 88 1225 0.73 72.98
BCV 434 + 00 118 7135 1.19 72.54
BVC 435+ 00 148 70.45 2.02 72.47
BCV 436 + 00 178 69.55 2.92 72.47
BCV 437 + 00 208 68.65 3.99 72.54
BCV 438 + 00 238 67.75 523 72.98
BCV 439 + 00 268 66.85 6.62 73.47
BCV 440 + 00 298 65.95 8.18 7413
EVC 440 + 28 3258 65.11 9.79 74.90
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Horizontal Alignment

Simple Curves

Figure 15.18 is a layout of a simple horizontal curve. The curve isa segment of a circle

with radius R, which is discussed in Chapter 3 for the case when SSD is unobstructed.
The relationship was shown to be

T
gle + )
where
R = minimum radius
1 = design speed
¢ = superelevation |
f, = coefficient of side friction

R R
a
2
A

R = radius of circular curve PC = point of curve
T = tangent length PT = point of tangent
A = intersection angle Pl = point of intersection
M = middle ordinate E = external distance

Figure 15.18 layout of a Simple Horizontal Curve



180
since
TR _ 100
180 D°
Solving for R vyields
p - 180 ;GHH] R = ST29.6
Ly, DE

{a) Arc definition {b) Chord definition

Figure 15.19  Arc and Chord Definitions for a Circular Curve

Attention :R = 5729.6/D;°

This equation is used in case of Station length = 100 units




Formulas for Simple Curve

Figure 15.18

A
T = Rtan— (15.22)

The expression for the length C of the chord A B, which is known as the long chord, is

A
C =2Rsin> (15.23)

The expression for the external distance E, which is the distance from the point
of intersection to the curve on a radial line is

A
E = RsecE - R
1
E=R —a—l (15.24)
CDS.E

The expression for the middle ordinate M, which is the distance between the mid-
point of the long chord and the midpoint of the curve is:

A
M=R - Rcos—

2
A
= R(l — (:DSE) (15.25)
The expression for the length of the curve L is:
RAw
L= 180 (15.26)
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Field Location of a Simple Horizontal Curve. Simple horizontal curves are usually

A vALe SaAUasee A AR Y AC e U AL S LS AASAIAMVAIS Ua vaaw pa v ss SV LY ULY WL

The first deflection angle VAp to the first whole station on the curve, which is usu-

8
ally less than a station away from the PC, is equal to ?1 based on the properties of a
circle.

The next deflection angle VAgq is

7+7
2

and the next deflection angle VAv is
6 . D D 9

o+ ==+
2 2 2 2 b

The next deflection angle VAs is

o, D D D 3D
ST+ =o+
2 2 2 2

N | >

and the last deflection angle VAB is

& D D D & & & 3D A
Sttt o+ o=+ =
2 2 2 2 2 2 2 2 2

To set out the horizontal curve, it is necessary to determine §; and §,.

Figure 15.20 Deflection Angles on a Simple Circular Curve

60


ahmed
Stamp

ahmed
Stamp

ahmed
Stamp

ahmed
Stamp


The length of the first arc, /;, is related to ; as
R

LL=—-6 15.2
L= 10 0 (1527)
Solving for R provided the following expression.
I, X 180
R=———7—
6177
Equating R from Eq. 15.27,
180L
R=—"3—
A

provides the relationship between the central angle that subtends the length of arc as
follows.

L_L_bh
C, = 2R sin2
= n—
1 S1 2
D
Cp=2R sinz (15.28)

C, = 2Rsi %
2 = 2Rsin
where C;, Cp, and G, are the first, intermediate, and last chords, respectively.
To summarize the relationships for deflection angles and chord lengths required

to lay out a simple curve, refer to Figure 15.20 and the following formulas:

) )
Chord: Ap = 2R sinE1 Deflection angle: VAp = El

. D, . 8 +D
Chord: pg = 2R sm7 Deflection angle: VAq = T
6+D+D+D+65 A

6
Chord: sB = 2R sinE2 Deflection angle: VAB = > =5
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Example 15.6 Design of a Simple Horizontal Curve

The intersection angle of a 4" curve 1s 55°25°, and the PC is located at station 238 +
44.75. Determine the length of the curve, the station of the P, the deflection angles
and the chord lengths for setting out the curve at whole stations from the PC.
Figure 15.21 illustrates a layout of the curve.

Solution:

57296 5729.6
Radius of curve = =

D 4
= 1432.4 ft
Length of curve = RAw _ 14324 X 554167w
180 180
= 138542 ft

The station at PT is equal to station (238 + 44.75) + (13 + 8542) = 252 + 30.17
stations. The distance between the PC and the first station is 239 — (238 + 44.75) =
5525 ft.

l,
L
§ 5525
554167 1385.42

8
A

I3+ 4475

Figure 15.21 layout of Curve for Exarmple 15.6
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Therefore,
8, = 2.210°

0
C,=2x14324 sin( ) = 55251

The first deflection angle to station 239 is §,/2 = 1.105° = 1°6'18".
Similarly,

[, = (252 + 30.17) — (252) = 30.17 ft

5,  30.17 554167
2 " 13saz N g 000
= 36'12"
C, = 2 X 1432.4 sin(0.6034°)
= 3017 ft
D=4

4
Cp=2x 143242 sin(i)

= 9998 ft

Note that the deflection angle to PT is half the intersection angle A of the tan-
gents. This relationship serves as a check of the computation. Since highway curves
are relatively flat, the chord lengths are approximately equal to the arc lengths.

The other deflection angles are computed in Table 15.9.

Table 15.9 Computations of Deflection Angles and Chord Lengths for Example 15.6

Station Deflection Angle  Chord Length (ft)
PC2358 + 4475 0 0
PC239 17618 5525
PC 240 3°6'18" 99.958
PC241 518" 99.958
PC242 T7°6"18" 99.958
PC243 9°6'18" 99.98
PC 244 11°6'18" 99.98
PC 245 1376 18" 99.958
PC 246 157187 99,98
PC 247 176" 18" 99.98
PC 2458 19%6°18" 99.98
PC 249 21%6'18" 99.98
PC 250 2376 18" 99.95
PC251 25%'18" 09,98
PC252 27%'18" 09.98

PT 252 + 30.17 27°42' 30" 3017




Example 15.6 Design of a Simple Horizontal Curve

The intersection angle of a 4° curve is 55°25’, and the PC is located at station 238 +
13.43. Determine the length of the curve, the station of the PT, the deflection angles
and the chord lengths for setting out the curve at whole stations from the PC.
Figure 15.21 illustrates a layout of the curve.

Solution:
: 1719 1719
Radius of curve = ST
~ 429.8 m
Length of curve = RAm - 429.8 X 554167
180 180
= 4157 m

The station at PT is equal to station (238 + 13.43) + (13 + 25.63) = 252 + 9.05
stations. The distance between the PC and the first station is 239 — (238 + 13.43) =

16.57 m.
_4h
A5
B 1 H65T

55.4167 415.7

238 +13.43

pC

Figure 15.21 Layout of Curve for Example 15.6
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Therefore,
6, = 2.210°

0
C,=2X4298 sin( 5 > = 16.57m

The first deflection angle to station 239 is §,/2 = 1.105° = 1°6'18".

Similarly,

L, = (252 + 9.05) — (252) = 9.05m

8 905 _ 554167

F o s et

=.36"12"
C, = 2 X 429.8 sin(0.6034°)
=9.05m
D=4
Cp =2 %4098 sin(%)
=30m

Station Deflection Angle Chord Length (m)
PC 238 + 13.43 0 0
PC 239 1°6'18" 16.57
PC 240 3°6'18" 29.99
PC 241 5°6'18" 29.99
PC 242 7°6'18" 29.99
PC 243 9°6'18" 29.99
PC 244 11°6'18" 29.99
PC 245 13°6'18" 29.99
PC 246 15°6'18" 29.99
PC 247 17°6'18" 29.99
PC 248 19°6'18" 29.99
PC 249 21°6'18" 29.99
PC 250 23°6'18" 29.99
PC 251 25°6'18" 29.99
PC 252 27°6'18" 29.99
PT 252 + 9.05 27°42'30" 9.05
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Compound Curves
Used to:

e at-grade intersections,

e ramps of interchanges,

o difficult topographic

To avoid abrupt changes in the alignment, the radii of two consecutive simple

curves that form a compound curve should not be widely different (< 2:1)

R, , R, = radii of simple curves forming compound curve
A,, A, = intersection angles of simple curves

A = intersection angle of compound curve

t,,t, = tangent lengths of simple curves

T,, T, = tangent lengths of compound curve

PCC = point of compound curve

PI = point of intersection

PC = point of curve

PT = point of tangent
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Table 15.10 Lengths of Circular Arc for Different Compound Curve Radii

Radius ( ft)

Minimum Length

of Circular

Arc (fi) 100 1510 200 250 300 400 500 or more
Acceptable 40 50 fi) 80 100 120 140
Desirable ) 70 90 120 140 180 200

nFigure 15.22, R, and K, are usually known. The following equations
can be used to determine the remaining variables.

A=A+ A, (15.29)
A

t, = R, Lan?l (15.30)
A,

t, = R;tan . (15.31)
VG _VH __tith _hth (15.32)
sinA, sind; sin(180 — A) sin A

T,=VG +t, (15.33)

T,=VH +1, (15.34)

where

R, and R, = radu of simple curves forming the compound curve
Ay and A, = intersection angles of simple curves
fy and , = tangent lengths of simple curves
I'yand T, = tangent lengths of compound curves
A = intersection angle of compound curve
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Example 15.7 Design of a Compound Curve

Figure 15.23 illustrates a compound curve that is to be set out at a highway intersec-
tion. If the point of compound curve (PCC) is located at station (565 + 35), deter-
mine the deflection angles for setting out the curve.

Figure 15.23 Compound Cures for Example 157
Solution:
t; — Sid mu% = 15287 ft
t; =— 3500 mu% - HOUHED [t
For lkength of horizomtal cwrve of 500 0 radios,

a 31“
180~ S g

- FR6.TI i
For lkength of horizontal curve of 350 0 radias,

L — RA,

c. o Wim

- 15B.EZ
Therefiore, station of the PC is equal tof 565 + 35000 — (2 + 96,71 — 562 + 3839

The station of the FT is egual o {365 + 35.00) + (1 + 585.82) — 566 + 93 .82,
For curve of 500 it radius,

I 5T29.6 e
?—m—543i? (froim Eag. 1520
fy — (563 + 0) — (562 + IB.29) — G1.71 (i)
H_A

I '

L 61.71 = 34 3=32°R"

72T 2 29671
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I; = (565 + 35.00) — (565 + 00) = 35 ()
B 3«

2 3wz S0

For curve of 350 fit radius,

D 57296
22X 350

I, = (566 + (0) — {565 + 35.00) = 65 fi

B 65x26
2 2x 15882

I, = (566 + 93.82) — (566 + 00) — 9382 AL
5, 9382 x 26
2 2x 1588

- BT

- 57 19"16"

- T4 44"

Computation of the deflection angles are in Table 15.11.

The deflection angles for the 350 ft radius curve are turned from the common
tangent with the transit located at PCC. Since each simple curve is relatively flat,
calculated lengths of the chords are almost equal to the corresponding arc lengths.

Table 15.11 Computations for Example 157

500 ft Radins Curve
Starion Deflection Anple Chord Lengih (i)
PCSA2 + 3829 il il
<63 F1R" hl6h"
<64 g"15'55" 4954
S65 14759' 427 09 84"
POC 565 + 35,00 1700 (™ 350N
350 i Radins Curve
Starion Defleciion Anple Chord Iengih (i)
POC 565 + 35,00 il il
S66 5°19'16" 6.9

PT 566 + 93.82 13700 00" 3.5




Example 15.7 Design of a Compound Curve
Figure 15.23 illustrates a compound curve that is to be set out at a highway intersection.
If the point of compound curve (PCC) is located at station (565+10.5), determine the deflection angles for

setting out the curve.

Figure 15.23 Compound Curve for Example 15.7

Solution:

34

L = 150 tan—z— = 4586 m
26

t, = 105 tan—z— = 2424 m

For length of horizontal curve of 150 m radius,

: T 34ar
= —_— = X —
L = RA, 150 150 180
= 89.01 m
For length of horizontal curve of 105 m radius,
T 26
= —_— = > S
L = RA, 180 105 130

= 47.65m

Therefore, station of the PCis equal to (565 + 10.50) — (2 +29.01) =562 + 11.49.
The station of the PT is equal to (565 + 10.50) + (1 + 17.65) = 566 +28.15.
For curve of 500 ft radius,

D 1719

el _ go ’ " ; 3 52
= 5150 5°43'47 (from Eq. 15.20)
I, = (563 + 00) — (562 + 11.49) = 1851 m
a_a |

L2k

8 1851 X 34

gl S R Sevimtciee Sl e 51 QN

2 2 X 89.01 e
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= (565 + 10.50) — (565 + 00) = 10.5 (m)

8¢ I053E34 . o
2 - Zxeool 20
For curve of 105 m radius,

D 17.19

SRR~ — 01 17”

2 2 %105 g Al 3 :
I, = (566 + 00) — (565 + 10.50) = 19.5m
51 19.5 X 26 i

2 —2><47.6S_51916 ’

‘ L, = (566 + 28.15) — (566 + 00) = 28.15

Bp ORISR

g 2><4L7.65‘_74044

Computation of the deflection angles are in Table 15.11.

The deflection angles for the 105 m radius curve are turned from the common
tangent with the transit located at PCC. Since each simple curve is relatively flat,
calculated lengths of the chords are almost equal to the corresponding arc lengths. -

Table 15.11 Computations for Example 15.7

150 m Radius Curve i
Station Deflection Angle Chord Length (m)

PC562 + 1149 0. - : - om
563 35287 18.51 m
564 9°15'55% : 29.95m
565 14°59742" 29.95m
PCC 565 + 10.5 17°00'00" 10.5m
105 m Radius Curve v . s
Station Deflection Angle Chord Length (m)
PCC565+10.5 0 om o
566 5°19'16" ' 19.5m

PT 566 + 28.15 13°00'00" 28.15m




Reverse Curves

Seldom recommended because sudden changes to the alignment result in
difficulty to keep lanes

v" When it is necessary > a preferable design separate by a sufficient length of

tangent/ spiral

f————

+——— ]

R = radius of simple curves

Ay, Ay = intersection angles of simple curves
d = distance between parallel tangents

D = distance between tangent points

lé ~ 2 k| 1
Y
Figure 15.24 Geomnetry of a Reverse Curve with Parallel Tangents

If d and D are known, the following variables can be determined.

A = .":1.| - .':1.2

A Ag

Angle OWX = — = —
2 2

LA A

Angle OYZ = — = —
2 2

Therefore, WOY is a straight line, and hence,

l"l]'jg_—
2 D

d=R— RcosA, + R — RcosA,
= 2R(1 — cosA)

B d

"~ 2(1 — cosA)

If d and R are known,

cosd =1 — —
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Transition Curves (Spiral)

Placed between:
e tangents and circular curves

e Dbetween two adjacent circular curves having substantially different radii

Used to provide:
e Vehicle path that gradually increases or decreases the radial force as the
vehicle enters or leaves a circular curve
e More safety and control
e Means of superelevation before circular curve

e Improve appearance

Length of Spiral Curves
% Tangent/circle: Curvature (0 — D,)

¢+ Circle/Circle: Curvature (D,; - D)

L __0.0215u3
S, min RC Use Larger Value
LS, min — \/24(Pmin )R o "Ei"‘ (15.37)
Lopia = V2P R (15.38)
L.; = minimum length of curve {1t}
u = speed {mifh)
R = radius of curve (ft)
C = rate of increase of radial acceleration {fi/secsec). Values range {rom
where Ito3

P = minimum lateral offset between the tangent and the circular curve

L, = minimum length of curve (m) Lol
u = speed 7 km/h
R = radius of curve (m)

C = rate of increase of radial acceleration (m/sec’/sec) Values range from

0.3 -1 m/sec?/sec

P_., = minimum lateral offset between the tangent and the circular curve

(0.2 m)
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Table 4.1 Desirable Length of Spiral Curve Transition

CustoImary
ST units U5, units
design speed spiral length design speed spiral length

tkph) {1 (mph) (i)
20 11 15 44
30 17 20 ol
40 22 25 74
a3l 25 30 83
G 33 35 103
7o 39 40 117
20 44 45 132
a0 i Al 147
L0l 1] 55 161
110 Gl il 176G
120 67 G5 191
130 72 T 205
75 220
=i 235

Figure 4.13 Detail Elements of a Transition Spiral

|

Xs

long tangent

TS5

L)

Figure 4.12 Fully Spiraled Circular Curve Layout
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Length of Superelevation Runoff when Spiral Curves Are Not Used
Sometimes no Spiral / Tangent-to-curve transition
v’ Superelevation transition length is comprised of superelevation runoff and

tangent runout

Wity e
L,r _ [: _1:) d {b‘u}
L, = minimum length of superelevation runoff
A = maximum relative gradient (%) (0.78% @ 24 km/h to 0.35% @ 128 km/h)
n, = number of lanes rotated
by = adjustment factor for number of lanes rotated (1_1.00, 2 0.75, 3 0.67)
w = width of one traffic lane (m) (typically 3.6 m)

eq = design superelevation rate (%)

Superelevation runoff is defined as the distance over which the pavement cross slope

on the outside lane changes from zero (flat) to full superelevation of the curve (e).
v" Runoff length is divided between the tangent and the curved section

Avoids placing the runoff either entirely on the tangent or the curve

Length of tangent runout consists of the length of roadway needed to accomplish a
change on the outside-lane cross slope from normal (i.e., 2 percent) to zero, or vice

Versa.

Runoff + Runout = Distance over which transition from normal crown to full superelevation

e
L=-"°L,
€q
where
[, = minimum length of tangent runout (m)

enc = normal cross slope rate (%)
e, = design superelevation rate (%)
L, = minimum length of superelevation runoff (M)
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Attainment of Superelevation. It is essential that the change from a crowned cross
section to a superelevated one be achieved without causing any discomfort to
motorists or creating unsafe conditions. One of four methods can be used to achieve
this change on undivided highways.

1. A crowned pavement is rotated about the profile of the centerline.

2. A crowned pavement is rotated about the profile of the inside edge.
3. A crowned pavement is rotated about the profile of the outside edge.
4. A straight cross-slope pavement is rotated about the profile of the outside edge.

Table 15.12 Superelevation Runoff L, (ft) for Horizontal Curves

e (%) Design Speed (mph)
20 30 40 50 60 70 80

(3]
[S]
(%]
—_
(%]
=t
(%]

1 2 1 2 1

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2.0 32 49 36 35 4 62 48 72 53 80 60 90 69 103
3.0 49 73 55 82 62 93 72 108 80 120 90 135 103 154
4.0 65 97 73 109 83 124 96 144 107 160 120 180 137 206
5.0 81 122 91 136 103 155 120 180 133 200 150 225 171 257
6.0 97 146 109 164 124 186 144 216 160 240 180 270 207 309
7.0 114 170 127 191 145 217 168 252 187 280 210 315 240 360
§0 130 195 145 218 166 248 192 288 213 320 240 360 274 411
90 146 219 164 245 186 279 216 324 240 360 270 405 309 463
100 162 243 182 273 207 310 240 360 267 400 300 450 343 514
1.0 178 268 200 300 228 341 264 396 293 440 330 495 377 566
120 195 292 218 327 248 372 288 432 320 480 360 540 411 617
Note: (1) Two-lane — 12 ft 2% cross slope
(2) Multilane — 12 ft each direction rotated separately
Table 15.13 Tangent Runout Length for Spiral Curve Transition Design
Tangent Runout Length (ft)
Superelevation Rate (%)

Design Speed (mi/h) 2 4 6 8 10

15 +H — — — —

20 59 30 — — —

25 74 37 25 — —

30 88 44 29 — —

35 103 52 34 26 —

40 117 59 39 29 —

45 132 66 44 33 —

50 147 74 49 37 —

55 161 81 54 40 —

60 176 88 39 44 —

65 191 96 64 48 38

70 205 103 68 51 41

75 220 110 73 55 44

80 235 118 78 59 47

Note: (1) Values for ¢ = 2% represent the desirable lengths of the spiral curve transition.
(2) Values shown for tangent runout should also be used as the minimum length of the spiral transition
curve.



Superelevation

NORHALITINGENT'L!NGTH OF RUN | FULLY SUPER-

NORMAL| TANGENT| LENGTH OF RUN - | FULLY SUPER-

CROWN | RUNOUT | ~OFF ~ELEVATED CURVE cnouﬂ RUNOUT I -OfF |-¢Ltvrr:o CURVE
' ! !
OQUTSIDE EDGE OF _ OUTND!! l?lt OF
1--" PAVEMENT K l I = TEees
- -

¢ PROFILE =

TR Lo

PAVEMENT

PROFILE
CONTROL

(a) Crowned pavement revolved about centerline

NORMALITANGENTILENGTH OF RUN-|{FULLY SUPER—
CROWN |a'uuou'rT -OFF ~ELEVATED CURVE

THEORETICAL
PROFILE

TOUTSIOE EDGE OF
N ' PAVEMENT

ACTUAL t PROFILE

INSI0€ EOGE OF
PAVEMENT

- \Leuz-.ws £06E _
PROFILE CONTROL

' ¢ eROFiLE

THEORETICAL
'IIOFIL! —

—_—— —}'—,{- -h— —l '}umot EDGE OF

' PAVEMENT

- ,H. 4-4 e

(b) Crowned pavement revolved about inside edge

’

NORMAL |[TANGENT| LENGTH OF RUN-| FULLY SUPER—

CROWN RUNOUT' - OFF '-tLtV‘Y!D CURVE
]
OUTSIDE EDGE OF
—---S--Pi---l—--------—---
~
~
h S
~
~|msme eove or
r- PAVEMENT
I ' 1 [] ]
- _L. L _L. L kgu:uos £ooe _
- PROFILE CONTROL
A [ ] c [+ E

(c) Crowned pavement revolved about outside edge (d) Straight cross slope pavement revolved about

— - o—— whe

outside edge

—.L_.—---”'

(e) Angular breaks appropriately rounded (dotted lines)
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Right-Hand Curve

Full Super

Reverse Crown

Level Crown

MNormal Crown

]

Left-Hand Curve

i
i
FuIISuper:

Reverse Crown

— & Level Crown

Normal Crown!
|
i

/

Description of superelevation under the stationing aligment of a road

\

Transition points

- The start or the end of a transition is described

[ Right level \ f Single—slope\ ( Sigle-slope full\

/ Double—sloped\
ML

—

<Property label="slope"
value="-2.00 -2.00"/>

ML ML "#,

? f’
<Properly label="slope”

<Property label="slope” <Property label="slope”
value="-2.00 0.00"> value="-2.00 2.00"> value="-3.00 3.00"=

: . "' -. Illl

" : L !

. ' . GU'NG _;I'l.
| . . 2CuNETY
|
! Line [l Transition curve |
I<Line> 1 <Spiral> T

P

/
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Runoff Length{L

L, *(C/)

Superelevation
opposes the normal
roadway slopes

Funoff Length (L 4)
o -

i

' A
_'_—‘___‘_,_-—-"';_ Superelevation

| continues the normal

B  roadway slope

g

EI |-|* II.':-'-"ll'r-"-:I _‘*\-—*\___i‘:_ o
"_‘——:;:-_.___‘_ Hﬁ:\
A B C

|

Transition Length (L)

o

-
Runout Length Runeff Length [Le) :

" >

-"""..-.-_,'

: H
HM'!'EHE Croven BEemowval hi_-—--—._“-—._____ii -

End Normal Level Reverse Begin Full
Crowm Crovwn Crown Super
2% -2% 0% . +2% -2y +e%

I —ﬂ-—.g.%_f:'_ ! g
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Curve Radii Based on Stopping Sight Distance

uZ

R =7+ m

2Réw

=8
180
and
180(S)  28.65
6 = "R - R (S) (15.41)
where
R = radius of horizontal curve
§ = stopping sight distance
¢ = one half central angle
From Figure 15.26(a), we can write
R -
T’" = cos 6 (15.42)

+—— Sipht Distance (§) —— 4

Highway E:nlm
/ T T .
ffﬂ' . H“‘-\‘_
";"J ___.-l""‘ } -'_'--___‘-' T,
A - HSO TR
~7A -—'f,/"‘"'f.rr } H—H—‘"“-\_ RN/ RO

Line of
sight

-

Centerline inside lune Sight obstruction

i

Equating the cosines of 8 from Eqs. 1541 and 15.42 yields

28.65 R—m
R ($) = R

COs

where m = the Horizontal Sightline Offset, HSO (ft). Solving for m produces the
following relationship:

2865
R

Eq. 15.43 can be used to determine m, R, or S, depending on which two of the
three variables are known.

m = R(l — COs S (15.43)
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anmple 15.8 Location of Object Near a Horizontal Curve

A horizontal curve with a radius of 240 m connects the tangents of a two-lane
highway that has a posted speed limit of 56 km/h If the highway curve is not super-
elevated, e = 0, determine the horizontal sightline offset (HSO) that a large bill-
board can be placed from the centerline of the inside lane of the curve, without
reducing the required S5D. Perception-reaction time is 2.5 sec, and f = 0.35.

Solution:

* Determine the required SSD.

SSD = 0.278 ut + U%/254(f+G)

(56)
0.278 (56)(2.5) + = 74.2m
254(0.35)

* Determine m using Eq. 15.39.

m=240| | - ms(@(m.z )) =74.2(1 — 0.988) m
240

= 2.86m
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Example 15.8 location of Object Near a Horizontal Curve

A horizontal curve with a radius of 800 ft connects the tangents of a two-lane
highway that has a posted speed limit of 35 mi/h. If the highway curve is not super-
elevated, e = 0, determine the horizontal sightline offset (HSO) that a large bill-
board can be placed from the centerline of the inside lane of the curve, without
reducing the required SSD. Perception-reaction time is 2.5 sec, and f = 0.35.

Solution:
* Determine the required SSD.
SSD = 1.47 ut + u*/30 (f = G)

1.47 x 35 x 25) + B5F _ 245.29 ft
(1. ) 30(035) T

* Determine m using Eq. 15.39.

28.65
m =800 1 — cos( <00 (245.29)) = 800(1 — 0.988) ft

= 9.6 ft

Check solution using Fig. 15.26(b).
For R = 800 and V = 35 mph from Figure 15.26(b) m is estimated to be 9.5 ft.
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Extra Widening on Curve

1. Mechanical widening

at a horizontal curve as shown in figure 15.5. Let R; is the radius of the outer track line of the rear wheel, Ry
is the radius of the outer track line of the front wheel [ is the distance between the front and rear wheel, n is
the number of lanes, then the mechanical widening Wy, (refer figure 15:1) is derived below:

R, = Ri+P

(Ry =W )2+ 17

R2— 2Ry W + W2 412
12

2R W, — W2

Therefore the widening needed for a single lane road is:
12
2Ry W

W (15.)

If the road has n lanes, the extra widening should be provided on each lane. Therefore, the extra widening of
a road with n lanes is given by,

nl?
W, = TR (15.3)
Please note that for large radius, Ry ~ R, which is the mean radius of the curve,then W, is given by:
nl?
Wo = Y (15.4)

2. Psychological Widening:

u
W.. = —
P 95+R

u= design speed km/h
R= curve radius

)! I':
i

Figure 15:1: Extra-widening at a horizontal curve

Wtotal = Wm + Wps
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Path of the front wheel

‘-'lll....

Path of the rear wheel

&
|
|
|
|
®
a
®
L
B
.
)
)
L

Example: find the widening necessary for a horizontal curve having R=100m, wheel base =6.1m,
pavement width =7m, V=70 km/hr.

o v nlt
W= total widening = Wy,+ Wy, = 95 t R
2
Db 2O 0244037 = 101m

954100 2X100

If the radius R=350m, the widening will be = 1.8m (more widening is required)
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BITUMINOUS MATERIALS (Asphalts or Tars)

Hydrocarbons :

Natural deposits
Product of the distillation of crude petroleum. The bituminous materials used in

highway construction are either.

Bitumen has strong adhesive properties
Colors: ranging from dark brown to black

Consistency: from liquid to solid; (liquids, semisolids, and solids)

The solid form is usually hard and brittle at normal temperatures but will flow when

subjected to long, continuous loading
The liquid form is obtained from the semisolid or solid forms by heating,
dissolving in solvents, or breaking the material into minute particles and dispersing

them in water with an emulsifier to form an asphalt emulsion

Petroleum Asphalt (See the figure)

BITUMINOUS BINDERS:

Asphalt cement
Asphalt cutbacks
Emulsified asphalt

+ Blown asphalt and road tars are also other types of bituminous material that now are

not used commonly in highway construction.
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ASPHALT CEMENTS
Obtained after separation of the lubricating oils

Semisolid hydrocarbons

Good cementing agents

Very viscous
% When used as a binder for aggregates in pavement construction, it is necessary to
heat both aggregates and the asphalt cement prior to mixing the two materials

& Grade > penetration and viscosity
Penetration:
e Penetration is the distance in 0.1 mm that a standard needle will penetrate a given
sample under specific conditions of loading, time, and temperature .
e Softest grade used for highway pavement construction has a penetration value of 200
to 300
e Hardest: 60 to 70

v Used in: Hot-mix, hot-laid asphalt concrete

ASPHALT CUTBACKS

e Slow-curing asphalts (SC)

e Medium-curing cutback asphalts (MC)

e Rapid-curing cutback asphalts (RC)
Used in:

v Cold-laid plant mixes

v" Road mixes (mixed-in-place(

v' Surface treatments

Slow-Curing Asphalts (SC)
Obtained:
e Directly as slow-curing straight run asphalts
e Slow-curing cutback asphalts by “cutting back” asphalt cement with a heavy
distillate such as diesel oil
Lower viscosities than asphalt cement
» Very slow to harden
SC-70, SC-250, SC-800, or SC-3000
Numbers relate to the approximate kinematic viscosity in centistokes at 60°C (140°F)

)
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Medium-Curing Cutback Asphalts (MC)
e Produced by: fluxing, or cutting back, the residual asphalt (usually 120 to 150
penetration) with light fuel oil or kerosene

0 Medium - Medium volatility of the kerosene-type diluter used

U

MC hardens faster than slow-curing liquid asphalts, although consistencies of the
different grades are similar to those of the slow-curing asphalts

O MC-30 is a unique grade in this series as it is very fluid and has no counterpart in the

SC and RC series

< Fluidity of MC depends on the amount of solvent in the material.
For example :
e MC-3000 has 20 % of solvent by volume ,
e MC-70 has up to 45%
e MC can be used for the construction of pavement bases, surfaces, and surface

treatments

Rapid-Curing Cutback Asphalts (RC)
O Produced by blending asphalt cement with a petroleum distillate that will evaporate
easily
- Quick change from the liquid form at the time of application to the consistency of the

original asphalt cement

O Solvent: Gasoline (Benzene) or naphtha

& The grade of rapid-curing asphalt required dictates the amount of solvent to be added
to the residual asphalt cement
For example:

e RC-3000 requires about 15% of distillate

e RC-70 requires about 40%

e Used for jobs similar to those for which the MC series is used



Emulsified Asphalts

Q

Produced by breaking asphalt cement (usually of 100 to 250 penetration range) into
minute particles and dispersing them in water with an emulsifier .

These minute particles have like-electrical charges and therefore do not coalesce .

They remain in suspension in the liquid phase as long as the water does not evaporate or
the emulsifier does not break .

Consist of:

Asphalt about 55 to 70 % by weight

Water

Emulsifying agent

Stabilizer (some cases)

Classified as: anionic (Negatively charged), cationic (Positively charged), or nonionic
(neutral)

Anionic and Cationic are used in highway maintenance and construction

Nonionic may be used more frequently in the future as emulsion technology advances

Divided into subgroups:

Rapid-setting (RS), medium-setting (MS), and slow-setting (SS)
A cationic & “C” in front of the emulsion type

No letter is placed in front of anionic and nonionic emulsions
For example :

CRS-2 denotes a cationic emulsion

RS-2 denotes either an anionic or nonionic emulsion

Used in: cold-laid plant mixes and road mixes (mixed- in-place) for several purposes,
including the construction of highway pavement surfaces and bases and in surface
treatments .

Since anionic emulsions contain negative charges, they are more effective in treating
aggregates containing electropositive charges (such as limestone )

Cationic emulsions are more effective with electronegative aggregates (such as those
containing a high percentage of siliceous material)

Ordinary emulsions must be protected during very cold spells because they will break
down if froze



Blown Asphalts

O Obtained by blowing air through the semisolid residue obtained during the latter
stages of the distillation process

O The material is maintained at a high temperature while air is blown through it

+» Relatively stiff compared to other types of asphalts

+ Can maintain a firm consistency at the maximum temperature normally experienced
when exposed to the environment

Not used as a paving material

v Very useful as a roofing material, for automobile undercoating, and as a joint filler
for concrete pavements .

& If a catalyst is added during the air-blowing process, the material obtained usually
will maintain its plastic characteristics, even at temperatures much lower than that at
which ordinary asphalt cement will become brittle .

& The elasticity of catalytically blown asphalt is similar to that of rubber, and it is used
for canal lining.

ReadTars

O Obtained from the destructive distillation of such organic materials as coal

e Their properties are significantly different from petroleum asphalts

e More susceptible to weather conditions than similar grades of asphalts

e Set more quickly when exposed to the atmosphere

e Rarely used for highway pavements

O Road tars also have been classified by AASHTO into 14 grades :

e RT-1through RT-12

e RTCB-5

e RTCB-6

@ RT-1

% Lightest consistency

v Can be used at normal temperatures for prime or tack coat

& The viscosity of each grade increases as the number designation increases to RT-12,
which is the most viscous

v' RTCB-5 and RTCB-6 are suitable for application during cold weather, since they are

produced by cutting back the specific grade of tar with easily evaporating solvent.



PROPERTIES OF ASPHALT MATERIALS

Four main categories:

Consistency
Aging and temperature sustainability
Rate of curing

Resistance to water action

Consistency

&

&

Variation of consistency with temperature

Variation of Consistency with Temperature

Consistency of any asphalt material changes as the temperature varies .
Consistency of blown asphalt is affected less by temperature changes than the
consistency of regular paving-grade asphalt

This property = temperature susceptibility

Temperature susceptibility depends on the crude oil

Consistency at a specified temperature (Tests ....)

Aging and Temperature Sustainability

When asphaltic materials are exposed to environmental elements, natural deterioration

gradually takes place, and the materials eventually lose their plasticity and become

brittle

This change is caused primarily by chemical and physical reactions that take place in the

material

This natural deterioration of the asphalt material is known as weathering

Weathering must be minimized as much as possible .

The ability of an asphalt material to resist weathering is described as the durability of the

material



Some of the factors that influence weathering are:
Oxidation: is chemical reaction that takes place when the asphalt material is attacked by
oxygen in the air

< This chemical reaction causes gradual hardening (eventually permanent hardening)

and considerable loss of the plastic characteristics of the material

Volatilization: is the evaporation of the lighter hydrocarbons

=>» causes the loss of the plastic characteristics

Temperature
e The higher the temperature, the higher the rates of oxidation and volatilization

e Rate of organic and physical reactions in the asphalt material ~ doubles for each

10°C (50°F) increase in temperature

Surface Area

e There is a direct relationship between surface area and rate of oxygen absorption and
loss due to evaporation in grams /cm3/minute

e An inverse relationship exists between volume and rate of oxidation and
volatilization .

e This means that the rate of hardening is directly proportional to the ratio of the
surface area to the volume

e This fact is taken into consideration when asphalt concrete mixes are designed for
pavement construction in that the air voids are kept to the practicable minimum

required for stability to reduce the area exposed to oxidation

10



Rate of Curing

Curing is defined as the process through which an asphalt material increases its consistency

as it loses solvent by evaporation.

Rate of Curing of Cutbacks

O Rate of curing depends on the distillate used in the cutting-back process.

O This is an important characteristic of cutback materials, since the rate of curing
indicates the time that should elapse before a cutback will attain a consistency that is
thick enough for the binder to perform satisfactorily.

QO Rate of curing is affected by both inherent and external factors.

The important inherent factors are:
e Volatility of the solvent:
& Gasoline and naphtha - rapid-curing cutbacks
& Light fuel oil and kerosene - medium-curing cutback

e Quantity of solvent in the cutback: (More quantity - more time to cure)

e Consistency of the base material:

& The higher the penetration of the base asphalt, the longer it takes for the

asphalt cutback to cure

The important external factors that affect curing rate are:
e Temperature
e Ratio of surface area to volume

e Wind velocity across exposed surface

Rate of Curing for Emulsified Asphalts

Depend on the rate at which the water evaporates from the mixture:
o \Weather

e Surface

v" A major advantage of cationic emulsions is that they release their water more readily.

11



Resistance to Water Action

v/ It is important that asphalt continues to adhere to the aggregates even with the
presence of water.
If this bond between the asphalt and the aggregates is lost, the asphalt will strip from

the aggregates, resulting in the deterioration of the pavement.

v In hot-mix, hot-laid asphalt concrete, where the aggregates are thoroughly dried

before mixing, stripping does not occur and so no preventive action is usually taken.

& When water is added to a hot-mix, cold-laid asphalt concrete, commercial antistrip
additives usually are added to improve the asphalt’s ability to adhere to the

aggregates.

Temperature Effect on Volume of Asphaltic Materials
O Volume increases with an increase in temperature
O The rate of change in volume is given as the coefficient of expansion
O Because of this variation of volume with temperature, the volumes of asphalt
materials usually are given for a temperature of 60°F (15.6°C)
O Volumes measured at other temperatures are converted to the equivalent volumes at

60°F by using appropriate multiplication

12



Table 18.1

Specifications for Rapid-Curing Cutback Asphalts

RC-70 RC-250 RC-800 RC-3000
Min. Max. Min. Max. Min. Max. Min. Max.
Kinematic viscosity at 60°C (140°F)
(See Note 1) centistokes 70 140 250 500 800 1600 3000 6000
Flash point (Tag, open-cup), °C (°F) 27 27 27
(80) (80) (80)
Water, percent 0.2 oo 0.2 o 0.2 o 0.2
Distillation test:
Distillate, percentage by volume
of total distillate to 360°C (680°F)
to 190°C (374°F) 10 e e
to 225°C (437°F) 50 35 15 ..
to 260°C (500°F) 70 60 45 25
to 315°C (600°F) 85 80 75 70
Residue from distillation to 360°C
(680°F) volume percentage of 55 65 75 80
sample by difference
Tests on residue from distillation:
Absolute viscosity at 60°C (140°F)
(See Note 3) poises 600 2400 600 2400 600 2400 600 2400
Ductility, 5 cm/min at 25°C 100 100 100 100
(77°F) cm
Solubility in trichloroethylene, 99.0 99.0 99.0 99.0

percent

Spot test (See Note 2) with:
Standard naphtha
Naphtha-xylene solvent,

-percent xylene
Heptane-xylene solvent,
-percent xylene

Negative for all grades
Negative for all grades

Negative for all grades

Note I:  As an alternate, Saybolt Furol viscosities may be specified as follows:

Grade RC-70—Furol viscosity at 50°C (122°F)— 60 to 120 sec.

Grade RC-250—Furol viscosity at 60°C (140°F)— 125 to 250 sec.
Grade RC-800—Furol viscosity at 82.2°C (180°F)— 100 to 200 sec.
Grade RC-3000—Furol viscosity at 82.2°C (180°F)— 300 to 600 sec.

Note 2:  The use of the spot test is optional. When specified, the engineer shall indicate whether the standard naphtha solvent, the
naphtha-xylene solvent, or the heptane-xylene solvent will be used in determining compliance with the requirement, and also, in
the case of the xylene solvents, the percentage of xylene to be used.
Note 3:  In lieu of viscosity of the residue, the specifying agency, at its option, can specify penetration at 100 g; 5 s at 25°C (77°F)

of 80 to 120 for Grades RC-70, RC-250, RC-800, and RC-3000. However, in no case will both be required.

SOURCE: Standard Specifications for Transportation Materials and Methods of Sampling and Testing, 20th ed., Washington,
D.C., The American Association of State Highway and Transportation Officials, Copyright 2007. Used with permission.
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Table 18.2 Specifications for Medium-Curing Cutback Asphalts
MC-30 MC-70 MC-250 MC-800 MC-3000

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

Kinematic Viscosity at 60°C (140°F)

(See Note 1) mm?/s 30 60 70 140 250 500 800 1600 3000 6000
Flash point (Tag, open-cup), 38 — 38 — 66 — 66 — 66 —
°C (F) (100) (100) (150) (150) (150)
Water percent — 0.2 — 0.2 - 0.2 — 0.2 — 0.2

Distillation test
Distillate, percentage by volume
of total distillate to 360°C (680°F)

to 225°C (437°F) — 25 0 20 0 10 — — — —
to 260°C (500°F) 40 70 20 60 15 55 0 35 0 15
to 315°C (600°F) 75 93 65 90 60 87 45 80 15 75
Residue from distillation to 50 — 55 — 67 — 75 — 80 —

360°C (680°F) volume per-

centage of sample by difference
Tests on residue from distillation:

Absolute viscosity at 60°C (140°F)

(See Note 4) Pa - s (Poises) 30 120 30 120 30 120 30 120 30 120
(300) (1200) (300) (1200) (300) (1200) (300) (1200) (300) (1200)

Ductility, 5 cm/min, cm 100 — 100 — 100 — 100 — 100 —
(See Note 2)

Solubility in Trichloroethylene, 99.0 — 99.0 — 99.0 — 99.0 — 99.0 —
percent

Spot test (See Note 3) with:
Standard naphtha Negative for all grades
Naphtha-xylene solvent, Negative for all grades

percent xylene
Heptane-xylene solvent, Negative for all grades
percent xylene

Note I:  As an alternate, Saybolt-Furol viscosities may be specified as follows:

Grade MC-70—Furol viscosity at 50°C (122°F)— 60 to 120 s

Grade MC-30—Furol viscosity at 25°C (77°F)—75t0 150 s

Grade MC-250—Furol viscosity at 60°C (140°F)—125to 250 s

Grade MC-800—Furol viscosity at 82.2°C (180°F)— 100 to 200 s

Grade MC-3000—Furol viscosity at 82.2°C (180°F)—300 to 600 s
Note 2:  If the ductility at 25°C (77°F) is less than 100, the material will be acceptable if its ductility at 15.5°C (60°F) is more
than 100.
Note 3:  The use of the spot test is optional. When specified, the engineer shall indicate whether the standard naphtha solvent, the
naphtha-xylene solvent, or the heptane-xylene solvent will be used in determining compliance with the requirement and also
(in the case of the xylene solvents) the percentage of xylene to be used.
Note 4: 1n lieu of viscosity of the residue, the specifying agency, at its option, can specify penetration at 100 g; 5 s at 25°C (77°F)
of 120 to 250 for Grades MC-30, MC-70, MC-250, MC-800, and MC-3000. However, in no case will both be required.
SOURCE: Standard Specifications for Transportation Materials and Methods of Sampling and Testing, 20th ed., Washington,
D.C., The American Association of State Highway and Transportation Officials, Copyright 2007. Used with permission.
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TESTS FOR ASPHALT MATERIALS

Review Tables 18.1 and 18.2 =====

Consistency Tests

O The consistency of asphalt materials is important in pavement construction because

the consistency at a specified temperature will indicate the grade of the material.

Q It is important that the temperature at which the consistency is determined be

specified, since temperature significantly affects consistency of asphalt materials.

++ Liquid state - the viscosity: Saybolt Furol test, or kinematic viscosity test

% Semisolid and solid states = penetration test and the float test

+*» Ring-and-ball softening point test may be used for blown asphalt

Saybolt Furol Viscosity Test (Figure 18.2)

Viscometer tube (5 in. long , 1in. in diameter)

An orifice at bottom of the tube

The orifice is closed with a stopper, and the tube is filled with a quantity of the
material to be tested

The standard tube then is placed in a larger oil or water bath and fitted with an
electric heater and a stirring device

The material in the tube is brought to the specified temperature by heating the bath.
Immediately upon reaching the prescribed temperature, the stopper is removed, and

time in seconds for exactly 60 ml of the asphalt material to flow through the orifice is

recorded.
Temperatures include: °25C (77°F), 50°C (122°F), and 60°C (140°F)

Higher viscosity - Longer time

15



Figure 18.2 Saybolt Furol Viscometer

Kinematic Viscosity Test (Figure 18.3)
It is defined as the absolute viscosity divided by the density.
U The test uses a capillary viscometer tube to measure the time it takes the asphalt
sample to flow at a specified temperature between timing marks on the tube.
Three types of viscometer tubes:
e Zcitfuch’s cross-arm viscometer: induced by gravitational forces
e Asphalt Institute vacuum viscometer: induced by creating a partial vacuum

e Cannon Manning vacuum viscometer: induced by creating a partial vacuum

16



l.a—— Constant temperature
bath

Figure 18.3 Kinematic Viscosity Apparatus

Cross-arm__viscometer

Q

Q

(R W

Place the viscometer tube in a thermostatically controlled constant-temperature bath
(Figure 18.3)

Preheated sample and pour it into the large side of the viscometer tube until the
filling line level is reached

Brought the temperature of the bath to 135°C (275°F), and some time is allowed for
the viscometer and the asphalt to reach a temperature of 135°C (275°F)

Induce flow by applying a slight pressure to the large opening or a partial vacuum to
the efflux (small) opening of the viscometer tube

Continuous flow is induced by the action of gravitational forces

Record the time it takes for the material to flow between two timing marks

Obtain the kinematic viscosity in centistokes by multiplying the time in seconds by a

calibration factor for the viscometer used

Asphalt Institute vacuum viscometer / Cannon-Manning vacuum viscometer

a
Q

Similar procedure as above
The product of the time interval and the calibration factor in this test gives the

absolute viscosity of the material in poises

17



Rotational Viscosity Test
O Temperatures = 60°C to over 200°C.
O Measure the torque (Pascal seconds) required to rotate a cylinder submerged in a

heated sample of the asphalt binder at a required speed (20 rpm)

Penetration Test (Figure 18.4)
U Gives an empirical measurement of the consistency
O Place a sample of the asphalt cement in a container which in turn is placed in a
temperature-controlled water bath
O Bring the temperature = 25°C (77°F)
O Leave standard needle (loaded to a total weight of 100 g) to penetrate the sample of

asphalt for time = 5 seconds

(]

Record the penetration in units of 0.1 mm

(W

For example, if the needle penetrates a distance of exactly 20 mm, the penetration is 200

Start After 5 seconds

Figure 18.4 Standard Penetration Test and Equipment
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Float Test (Figure 18.5)

‘0

% For semisolid asphalt that are more viscous than grade 3000 or have penetration
higher than 300, since these materials cannot be tested conveniently using either the

Saybolt Furol viscosity test or the penetration test.

U

The brass collar is filled with a sample

U

It is attached to the bottom of the float and chilled to a temperature of 5°C (41°F) by

immersing it in ice water

O The temperature of the water bath is brought to °50C (122°F), and the collar (still
attached to the float) is placed in the water bath which is kept at 50°C (122°F)

O The head gradually softens the sample until the water eventually forces its way
through the plug into the aluminum float

O The time in seconds is a measure of the consistency

& The higher the float-test value, the stiffer the material

Aluminum saucer ———"R
(float) ——

Brass collar——=—= —_—— .

Water bath
at 122°F

(a) Start of test {b) End of test

Figure 18.5 Float Test
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Ring-and-Ball Softening Point Test (Figure 18.6)

& The ring-and-ball softening point test is used to measure the susceptibility of blown
asphalt to temperature changes by determining the temperature at which the material
will be adequately softened to allow a standard ball to sink through it.

% Two small brass ring of 58 in. inside diameter and 1/4 in. high, a steel ball 3/8 in. in
diameter, and a water or glycerin bath.

O Place a sample in the ring which is cooled and immersed in the water or glycerin
bath that is maintained at a temperature of 5°C (41°F)

O Immerse the ring to a depth such that its bottom is exactly 1 in. above the bottom of
the bath.

O Increase temperature of the bath gradually, causing
the asphalt to soften and permitting the ball to
eventually sink to the bottom of the bath

O Record the temperature in °C at which the asphalt
touches the bottom of the bath as the softening
point.

% The resistance characteristic to temperature shear
. . .E!
also can be evaluated using this test. e 5_

Note. This diameter 1o be
slhightly fopproximately 005 mm}p
farger than 3.5 mm o aliow o
and cemtering 5.5-mm steel boll. '

- 12‘(!_
H_. .. ,,,_J --Rounded Fillet
-23.0[- --, > ———2-‘_3———]
) Y + 0.8 : 3
L -3
¥ =
s i)
=-19.0- - MNote: This diamerer fo be 1
la) Shouldered Rll'lﬂ - Fuft 12.0mm fo permit insarfion - - 2!0‘ -"‘J
- of ring.

lnside ﬂrame.l'er Fult 23.0 mmr
to siide over ring

(b} Ball Centering Guide

{c) Ring Holder

{d} Two-Ring Assembly
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Durability Tests

< Asphalt in pavements is subjected to changes in temperature (freezing and

thawing) and other weather conditions over a period of time.

These changes cause natural weathering of the material which may lead to - :

o

Loss of plasticity
Cracking
Abnormal surface abrasion

Eventual failure of the pavement

For evaluation: Use thin- film oven test

Thin-Film Oven Test (TFO)
< This actually is not a test but a procedure that measures the changes that take place in

asphalt during the hot-mix process by subjecting the asphalt material to hardening

conditions similar to those in a normal hot-mix plant operation.

D)
D)

The consistency of the material is determined before and after the TFO procedure
Using either the penetration test or a viscosity test
To estimate the amount of hardening that will take place in the material when used to

produce plant hot-mix asphalt

Pour 50 cc of material into a cylindrical flat- bottom pan, 5.5 in. (14 cm) inside
diameter and 3/8 in. (1 cm) high

Place the pan containing the sample on a rotating shelf in an oven and rotate for 5
hours while the temperature is kept at 163°C (325°F)

The amount of penetration after the TFO test is then expressed as a percentage of that
before the test to determine percent of penetration retained

The minimum allowable percent of penetration retained is usually specified for

different grades of asphalt cement
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Rate of Curing
& Tests for curing rates of cutbacks are based on inherent factors which can be
controlled
& These tests compare different asphalt materials on the assumption that the external
factors are held constant
 Volatility and quantity of solvent are used commonly to indicate the rate of curing

¢ Distillation Test is used for curing rate measuring

Other General Tests

Specific Gravity Test
3 To determine the amount of voids in compacted mixes
3 To correct volumes measured at high temperatures
% The specific gravity of bituminous materials changes with temperature ->
- The temperature at which the test is con-ducted should be indicated
¢ For example, if the test is conducted at 20°C (68°F) and the specific gravity is
determined to be 1.41, this should be recorded as 1.41/20°C
R~ Note that both the asphalt material and the water should be at the same temperature
R~ The usual temperature at which the specific gravities of asphalt materials are
determined is 25°C (77°F)

q

The test normally is conducted with a pycnometer (Figure 18.8)

The dry weight (W1) of the pycnometer and stopper is obtained

The pycnometer is filled with distilled water at the prescribed temperature.

The weight (W2) of the water and pycnometer together is determined.

If the material to be tested can flow easily into the pycnometer, then the pycnometer
must be filled completely with the material at the specified temperature after pouring

o000

out the water
The weight W3 is obtained
O The specific gravity of the asphalt material is given as

(]

Hr'; — H"r]

G = ——
b H__.-: _ H__r]
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O If the asphalt material cannot flow easily, a small sample of the material is
heated gradually to facilitate flow and then poured into the pycnometer and left
to cool to the specified temperature.

O The weight W4 of pycnometer and material then is obtained

O Water is poured into the pycnometer to completely fill the remaining space not
occupied by the material.

U The weight W5 of the filled pycnometer is obtained.

U The specific gravity then is given as

]',i,f;t - 1"Il"r|
(W, = W) — (W; — W)

Gy = (18.2)

22 to 26 mm 22 to 26 mm
(approx. ) {approx.)

1.0 to 2.0 mm diameter
{approx.)

1.0 to 2.0 mm diameter
lapprox.)

i |

L= .
s “w | 5 mm{approx.)

f

Figure 18.8 Pycnometers for Determining Specific Gravity of Asphalt Materials
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Ductility Test

D

(H

Q

Ductility is the distance in centimeters a standard sample of asphalt material will
stretch before breaking when tested on standard ductility test equipment at 25°C
(T7°F).

The result of this test indicates the extent to which the material can be
deformed without breaking.

This is an important characteristic for asphalt materials, although the exact value of
ductility is not as important as the existence or nonexistence of the property in the
material.

The test is used mainly for semi-solid or solid materials.

Samples are heated gently to facilitate flow and then poured into a standard mold to
form a briquette of at least 1 cm2 in cross section.

The material is allowed to cool to 25°C (77°F) in a water bath.

The prepared sample is placed in the ductility machine and extended at a specified
rate of speed until the thread of material joining the two ends breaks.

The distance (in centimeters) moved by the machine is the ductility of the material.

Solubility Test

D)
D)

D

U000

To measure the amount of impurities in the asphalt material

Since asphalt is nearly 100 % soluble in certain solvents, the portion of any
asphalt material that will be effective in cementing aggregates together can be
determined from the solubility test

Insoluble materials include free carbon, salts, and other inorganic impurities

Dissolve quantity of the material in a solvent (such as trichloroethylene)

Filter it through a Gooch crucible

Dry and weigh the material retained in the filter is dried

The test results are given in terms of the percent of the asphalt material that dissolved

in the solvent
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Flash-Point Test {open-cup apparatus} (Figure 18.10)

D

D

DUt

(R W

The flash point of an asphalt material is the temperature at which its vapors will
ignite instantaneously in the presence of an open flame

Note that the flash point normally is lower than the temperature at which the material
will burn

Cleveland open-cup test is more suitable for materials with higher flash points
Tagliabue open-cup is more suitable for materials with relatively low flash points,

such as cutback asphalts

Fill, partly, the cup with the asphalt material

Increase, gradually, its temperature at a specified rate

Pass small open flame over the surface of the sample at regular intervals as the

temperature increases

The increase in temperature will cause evaporation of volatile materials from the

material until a sufficient quantity of volatile materials is present to cause an

instantaneous flash when the open flame is passed over the surface

The minimum temperature at which this occurs is the flash point

% It can be seen that this temperature gives an indication of the temperature limit at
which extreme care should be taken, particularly when heating is done over open

flames in open containers

Figure 18.10 Apparatus for Cleveland Open-Cup Test
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Loss-on-Heating Test

¢ U U 0O

& To determine the amount of material that evaporates from a sample of asphalt
under a specified temperature and time
& The result indicates whether asphalt material has been contaminated with lighter

materials

Pour 50 g of the material into cylindrical tin

Leaving it in an oven for 5 hours at a temperature of 163°C (325°F)

Determine the weight of the material remaining in the tin

The loss in weight is expressed as a percentage of the original weight

The penetration of the sample also may be determined before and after the test in
order to determine the loss of penetration due to the evaporation of the volatile
material.

This loss in penetration may be used as an indication of the weathering

characteristics of the asphalt.

Water Content Test

o

o

The presence of large amounts of water in asphalt materials used in pavement
construction is undesirable

To ensure that only a limited quantity of water is present, specifications for these
materials usually include the maximum percentage of water by volume that is

allowable

Mix quantity of the sample with an equal quantity of a suitable distillate in a
distillation flask that is connected with a condenser and a trap for collecting the water
Heat the sample gradually in the flask causing all of the water to evaporate and be
collected. The quantity of water in the sample is then expressed as a percentage of

the total sample volume
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ASPHALT MIXTURES
& Asphalt mixtures are a uniformly mixed combination of asphalt cement, coarse
aggregate, fine aggregate, and other materials, depending on the type of asphalt
mixture.
Types:
e Hot-mix, hot-laid
e Cold-mix, cold-laid

When used in the construction of highway pavements, it must:

B> Resist deformation from imposed traffic loads
R> Be skid resistant even when wet,

R~ Not be affected easily by weathering forces

& The degree to which an asphalt mixture achieves these characteristics mainly is

dependent on the design of the mix used in producing the material.

Hot-Mix, Hot-Laid Asphalt Mixture
Blending:
e Asphalt cement
e Coarse aggregate
e Fine aggregate
o Filler (dust)
R- at temperatures ranging from about: 79 to 163 °C ( 175to 325°F ) depending on the
type of asphalt cement used

Suitable types of asphalt materials include:
e AC-20, AC-10

e AR-8000 with penetration grades of:
¢ 60to 70
¢ 8510100
¢ 120t0 150
4 200 to 300

27



% Hot-mix, hot-laid asphalt mixture normally is used for high-type pavement
construction

The mixture can be described as:

e Open- graded
e Coarse-graded
e Dense-graded

e Fine-graded

For high-type surfacing, maximum sizes of aggregates normally range from:

¢ 381to 34 in. for open-graded mixtures
¢ 12 to 34 in. for coarse-graded mixtures
¢ 12to 1in. for dense graded mixtures,
¢ 12 to 34 in. for fine-graded mixtures

When used as base, maximum sizes of aggregates are:

¢ 3/4to 1.5 in. for open- and coarse-graded mixtures
¢ 1to 1.5in. for dense-grades

¢ 34 in. for fine-graded mixtures

3 When designing a hot-mix asphalt mixture, a favorable balance must be found
between a highly stable product and a durable one.

' Therefore, the overall objective of the mix design is to determine an optimum blend
of the different components that will satisfy the requirements of the given

specifications.
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Aggregate Gradation
R~ Aggregates usually are categorized as crushed rock, sand, and filler
R~ The rock material is predominantly coarse aggregate retained in a No. 8 sieve
R~ Sand is predominantly fine aggregate passing the No. 8 sieve

R’ Filler is predominantly mineral dust that passes the No. 200 sieve

& |t is customary for gradations of the combined aggregate and the individual fractions
to be specified.

< Table 18.3 gives suggested grading requirements of aggregate material based on the
ASTM Designation 3515

& The first phase in any mix design is the selection and combination of aggregates to
obtain a gradation within the limits prescribed.

& This sometimes is referred to as mechanical stabilization.

& The procedure used to select and combine aggregates will be illustrated in the

following example.
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Table 18.3 Examples of Composition of Asphalt Paving Mixtures

Dense Mixtures

Mix Designation and Nominal Size of Aggregate

No. 4 No. 16
(4.75 mm) (1.18 mm)
2in. 1% in. 1in. Y in. Y2 in. Vs in. (Sand No. 8 (Sheet
Sieve Size (50 mm) (37.5 mm) (25 mm) (19 mm) (12.5 mm) (9.5 mm) Asphalt) (2.36 mm) Asphalt)
Grading of Total Aggregate (Coarse Plus Fine, Plus Filler if Required)
Amounts Finer Than Each Laboratory Sieve (Square Opening), Weight %
2%, in. (63 mm) 100 e
2 in. (50 mm) 90 to 100 100 ...
1% in. (37.5 mm) e 90 to 100 100
1 in. (25 mm) 60 to 80 . 90 to 100 ..
¥4 in. (19 mm) e 56 to 80 ... 90 to 100 100 ..
Y in. (12.5 mm) 35to 65 56 to 80 . 90 to 100 100 e
¥ in. (9.5 mm) 56 to 80 90 to 100 100
No. 4 (4.75 mm) 17 to 47 23t0 53 29 to 59 35to0 65 44 to0 74 55to0 85 80 to 100 100
No. 8 (2.36 mm)* 10 to 36 15to 41 19 to 45 23 to 49 28 t0 58 32to 67 65 to 100 95 to 100
No. 16 (1.18 mm) 40to 80 85 to 100
No. 30 (600 wm) 25 to 65 70 to 95
No. 50 (300 wm) 3to 15 4to 16 S5to17 S5to19 S5to21 7 to 23 7 to 40 45to 75
No. 100 (150 pum) 3t020 20 to 40
No. 200 (75 wm)? 0to5 0to6 1to7 2to8 2to 10 2to 10 2to 10 9t020
Open Mixtures
Mix Designation and Nominal Maximum Size of Aggregate
No. 4 No. 16
(4.75 mm) (1.18 mm)
2in. 12 in. 1in. Yain. Yy in. Vs in. (Sand No. 8 (Sheet
Sieve Size (50 mm) (37.5 mm) (25 mm) (19 mm) (12.5 mm) (9.5 mm) Asphalt) (2.36 mm) Asphalt)
Base and Binder Courses Surface and Leveling Courses
2% in. (63 mm) 100 .
2 in. (50 mm) 90 to 100 100
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Q Table below gives the specifications for the aggregates and mix composition for
highway pavement asphaltic concrete and shows the results of a sieve analysis of samples
from the materials available. Determine the proportions of the separate aggregates that

will give a gradation within the specified limits. Use any method.

Percent Passing by Weight
Sieve Size A B Required Mix
1in. (25 mm) 96 100 96-100
3/8 in. (9.5 mm) 74 83 70-80
No. 4 (4.25 mm) 43 53 40-52
No. 10 (2 mm) 30 46 35-40
No. 40 (10.425 mm) 27 23 15-30
No. 200 (0.075 mm) 10 4 4-10
Solution

Trial 1 : Assume the proportion:a=0.5and b=0.5

Percent Passing by Weight
Sieve Size A B Required axA bxB Blended Check
Mix axA+ bxB
1in. (25 mm) o | 100 | s6.100 0.5x96 = | 0.5x100 48450 = 98 ok
48 =50
3/8 in. (9.5 mm) 74 | 83 60-85 37 41.5 78.5 ok
No. 4 (4.25 mm) 43 | 53 | 37.57 21.5 26.5 48 ok
No. 10 (2 mm) 30 | 46 30-43 15 23 38 ok
No.40 (0.425mm) | 27 | 23 | 12-39 135 115 25 ok
No. 200 (0.075 mm) 10 4 4-10 5 2 7 ok

Proportion:a=05and b=0.5
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972 Part 5 Materials and Pavements

Example 18.1 Determining Proportions of Different Aggregates to Obtain a Required Gradation

Table 18.4 gives the specifications for the aggregates and mix composition for
highway pavement asphaltic concrete and Table 18.5 shows the results of a sieve
analysis of samples from the materials available. We must determine the proportions
of the separate aggregates that will give a gradation within the specified limits.

Table 18.4 Required Limits for Mineral Aggregates Gradation and Mix Composition
for an Asphalt Mixture for Example 18.1

Passive Sieve Retained on Percent

Designation Sieve Designation by Weight
¥4 in. (19 mm) Y in. 0-5
% in. (12.5 mm) ¥s in. 8-42
¥s in. (9.5 mm) No. 4 8-48
No. 4 (4.75 mm) No. 10 6-28
Total coarse aggregates No. 10 48-65
No. 10 (2 mm) No. 40 5-20
No. 40 (0.425 mm) No. 80 9-30
No. 80 (0.180 mm) No. 200 3-20
No. 200 (0.075 mm) — 2-6
Total fine aggregate and filler Passing No. 10 35-50
Total mineral aggregate in asphalt concrete 90-95
Asphalt cement in asphalt concrete 5-7
Total mix 100

Table 18.5 Sieve Analysis of Available Materials for Example 18.1

Percent by Weight

Retained

Passing Sieve on Sieve Coarse Fine Mineral

Designation Designation Aggregate Aggregate Filler
¥s in. (19 mm) Y in. 5 — —
Y in. (12.5 mm) ¥sin. 35 — -
Y5 in. (9.5 mm) No. 4 38 — —
No. 4 (4.75 mm) No. 10 17 8 —
No. 10 (2 mm) No. 40 5 30 —
No. 40 (0.425 mm) No. 80 — 35 S
No. 80 (0.180 mm) No. 200 — 26 35
No. 200 (0.075 mm) — — 1 60
Total 100 100 100

Solution: Tt can be seen that the amount of the different sizes selected should not
only give a mix that meets the prescribed limits but also should be such that allowance
is made for some variation during actual production of the mix. It also can be seen
from Table 18.4 that to obtain the required specified gradation some combination of
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Chapter 18  Bituminous Materials 973

all three materials is required, since the coarse and fine aggregates do not together
meet the requirement of 2 to 6 percent by weight of filler material. Therefore, a trial
mix is selected arbitrarily within the prescribed limits. Let this mix be

Coarse aggregates = 55% (48-65% specified)

Fine aggregates = 39% (35-50% specified)

Filler = 6% (5-8% specified)
The selected proportions are then used to determine the combination of the dif-
ferent sizes as shown in Table 18.6. The calculation is based on the fundamental

equation for the percentage of material P passing a given sieve for the aggregates 1,
2,3 and is given as

P =aA, +bA, + cA; + - (18.3)
where
Ay, A,, Az = the percentages of material passing a given sieve for aggre-
gates 1, 2,3
a, b, c = the proportions of aggregates 1,2, 3 used in the combination
a+b+c+---=100

Note that this is true for any number of aggregates combined.

It can be seen that the combination obtained, as shown in the last column of
Table 18.6, meets the specified limits as shown in the last column of Table 18.4. The
trial combination is therefore acceptable. Note, however, that the first trial may not
always meet the specified limits. In such cases, other combinations must be tried
until a satisfactory one is obtained.

Table 18.6 Computation of Percentages of Different Aggregate Sizes for Example 18.1

Percent by Weight

Passing Retained

Sieve on Sieve Total

Size Size Coarse Aggregate Fine Aggregate Mineral Filler Aggregate
Y4 1in. Y in. 0.55 X 5=2.75 — — 2.75
Y in. ¥s1n. 0.55 X 35 =19.25 — — 19.25
¥sin. No. 4 0.55 X 38 = 20.90 — — 20.90
No. 4 No. 10 0.55 X 17 = 9.35 0.39 X 8 =3.12 — 12.47
No. 10 No. 40 0.55 X 5=275 0.39 X 30 = 11.70 — 14.45
No. 40 No. 80 — 0.39 X 35 = 13.65 0.06 X 5=0.3 13.95
No. 80 No. 200 — 0.39 X 26 = 10.14 0.06 X 35 =2.10 12.24
No. 200 — — 0.39 X 1 =0.39 0.06 X 60 = 3.60 3.99
Total 55.0 39.0 6.0 100.00

Several graphical methods have been developed for obtaining a suitable mixture of

different aggregates to obtain a desired gradation. These methods tend to be rather
complicated when the number of batches of aggregates is high. They generally can be
of advantage over the trial-and-error method described here when the number of
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Asphalt Content

D

D

D

Determine the optimum percentage of asphalt that should be used in the asphalt
mixture.

The gradation of the aggregates determined earlier and the optimum amount of
asphalt cement determined combine to give the proportions of the different
materials to be used in producing the hot-mix, hot-laid mixture for the project under
consideration.

These determined proportions usually are referred to as the job-mix formula.

Two commonly used methods:

Marshall method (more widely used)

Hveem method

Mar shall Method Procedure

Q
Q

Test specimens of 4 in. diameter and 21/2 in. height are used in this method.

They are prepared by a specified procedure of heating, mixing, and compacting
the mixture of asphalt and aggregates which is then subjected to a stability- flow
test and a density-voids analysis.

The stability is defined as the maximum load resistance N in pounds that the
specimen will achieve at (60°C) 140°F under specified conditions.

The flow is the total movement of the specimen in units of (0.25 mm) 0.01 in. during
the stability test as the load is increased from zero to the maximum.

Test specimens for the Marshall method are prepared for a range of asphalt contents
within the prescribed limits.

Usually the asphalt content is measured by 0.5 percent increments from the
minimum prescribed, ensuring that at least two are below the optimum and two
above the optimum so that the curves obtained from the result will indicate a well-
defined optimum.

For example, for a specified amount of 5 to 7percent, mixtures of 5, 5.5, 6, 6.5, and 7
are prepared.

At least three specimens are provided for each asphalt content to facilitate the

provision of adequate data.
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For this example of five different asphalt contents, therefore, a total minimum of 15
specimens are required.

The amount of aggregates required for each specimen is about 1.2 kg.

A quantity of the aggregates having the designed gradation is dried at a temperature
between 105°C (221°F) and 110°C (230°F) until a constant weight is obtained.

The mixing temperature for this procedure is set as the temperature that will produce
a kinematic viscosity of 170 = 20 centistokes or a Saybolt Furol viscosity of 85 £ 10
seconds.

The compacting temperature is that which will produce a kinematic viscosity of 280
+ 30 centistokes or a Saybolt Furol viscosity of 160 + 15 seconds.

These temperatures are determined and recorded.

The specimens containing the appropriate amounts of aggregates and asphalt are
prepared by thoroughly mixing and compacting each mixture.

The compaction effort used is 35, 50, or 75 blows of the hammer falling a distance
of 18 in., depending on the design traffic category.

After the application on one face, the sample mold is reversed and the same number
of blows is applied to the other face of the sample.

The specimen then is cooled and tested for stability and flow after determining its
bulk density.

The bulk density of the sample usually is determined by weighing the sample in air
and in water.

It may be necessary to coat samples made from open-graded mixtures with paraffin
before determining the density.

The bulk specific gravity G, of the sample—that is, the compacted mixture—is

given as

Gmb R — (18‘1)

where

W, = weight of sample in air (g)

o

W,, = weight of sample in water (g)
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Stability Test (Figure 18.12)

a

a

The specimen is immersed in a bath of water at a temperature of 60 £ 1°C (140 *
1.8°F) for a period of 30 to 40 minutes.

It is then placed in the Marshall stability testing machine and loaded ata constant
rate of deformation of 2 in. (5 mm) per minute until failure occurs.

The total load N in pounds that causes failure of the specimen at 60°C (140°F) is
noted as the Marshall Stability value of the specimen.

The total amount of deformation in units of 0.01 in. that occurs up to the point the
load starts decreasing is recorded as the flow value.

The total time between removing the specimen from the bath and completion of the

test should not exceed 30 seconds.

{l
\|

!

|

Figure 18.12 Marshall Stability Equipment
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Analysis of Results from Marshall Test
Steps:
e Determine average bulk specific gravity for all test specimens having the same
asphalt content

e Obtain the average unit weight of each mixture by multiplying its average specific
gravity by the density of water y,

e Determine a smooth curve that represents the best fit of plots of unit weight versus
percentage of asphalt (Figure 18.13(a)). This curve is used to obtain the bulk specific
gravity values that are used in further computations as in Example 18.2

e For different asphalt contents, Compute:

¢ the bulk specific gravity of the aggregate mixture

¢ the apparent specific gravity of the aggregate mixture

% the effective specific gravity of the aggregate mixture,

¢ the maximum specific gravity of the paving mixtures

+¢ the percent air voids

+ the percent voids in the mineral aggregate

¢ the absorbed asphalt in pounds of the dry aggregate

R~ These different measures of the specific gravity of the aggregates take into
consideration the variation with which mineral aggregates can absorb water and
asphalt (see Figure 18.14).
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Figure 18.13 Marshall Test Property Curves for Example 18.2

39



Effective —

Asphalt
Binder
Water Permeable -
Voids Not Filled With Asphalt
/ (Part of Aggregate Volume
Aggregate < | for Effective 8.G.)

|
N~ \

Water Permeable Voids
— (Part of Aggregate
Volume of Effective S.G.,
not for Apparent S.G.)

Asphalt
Permeable
Voids (i.e.,
\ Absorbed Asphalt)

Air Void

Figure 18.14 Bulk, Effective, and Apparent Specific Gravities; Air Voids; and Effective Asphalt
Content in Compacted Asphalt Paving Mixture



Bulk Specific Gravity of Aggregate

@ It is the weight in air of a unit volume (including all normal voids) of a permeable

material at a selected temperature, divided by the weight in air of the same volume of

gas-free distilled water at the same selected temperature.

% Since the aggregate mixture consists of different fractions of coarse aggregate,

fine aggregate, and mineral fillers with different specific gravities

G, = Pca+Pfa+me (185)
N Pca Pfa me )

+ 4
Gbca bea Gbmf

where

(4, = bulk specific gravity of aggregates in the paving mixture
P.. Py P, = percent by weight of coarse aggregate, fine aggregate, and
mineral filler, respectively, in the paving mixture. (Note that
P.. P, and P_; could be found either as a percentage of the
paving mixture or as a percentage of only the total aggre-
gates. The same results will be obtained for Gy)
Ghear Goir Gpmp = bulk specific gravities of coarse aggregate, fine aggregate, and
mineral filler, respectively

It is not easy to accurately determine the bulk specific gravity of the mineral filler.

The apparent specific gravity may therefore be used with very little error

41



Apparent Specific Gravity of Aggregates
It is the ratio of the weight in air of an impermeable material to the weight of an equal

volume of distilled water at a specified temperature

Pca-l_Pfa-l_me

= 8.0
GﬂSb P Pfﬂ i me (1 ])

ca

4
Gaca Gafa Gamf

where

(. = apparent specific gravity of the aggregate mixture
P. Py, P,; = percent by weight of coarse aggregate, fine aggregate, and
mineral filler, respectively, in the mixture
G Gors G = apparent specific gravities of coarse aggregate, fine aggregate,
and mineral filler, respectively

Effective Specific Gravity of Aggregate

It is based on the maximum specific gravity of the paving mixture. It is therefore the
specific gravity of the aggregates when all void spaces in the aggregate particles are
included, with the exception of those that are filled with asphalt (see Figure 18.14.)

It is given as:

‘- 100 - A, &
* (100/Gym) — (P/G) (18

where

G,, = effective specific gravity of the aggregates
Gy = maximum specific gravity of paving mixture (no air voids)
P, = asphalt percent by total weight of paving mixture (thus 100 - P, is the
percent by weight of the base mixture that is not asphalt)
Gy, = specific gravity of the asphalt
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Maximum Specific Gravity of the Paving Mixture (G,,)

D)
D)

(R

Gmm assumes that there are no air voids in the asphalt concrete.

Although the G, can be determined in the laboratory by conducting the standard
test (ASTM Designation D2041), the best accuracy is attained at mixtures near the
optimum asphalt content.

Since it is necessary to determine the G,,, for all samples, some of which contain
much lower or much higher quantities than the optimum asphalt content, the
following procedure can be used to determine the G, for each sample.

The ASTM Designation D2041 test is conducted on all specimens containing
selected asphalt cement content and the mean of these is determined.

This value is then used to determine G using Eq. 18.7.

Gee Can be considered constant, since varying the asphalt content in the paving
mixture does not significantly vary the asphalt absorption.

G¢e Obtained then is used to determine the G, with different asphalt cement contents
using Eq. 18.8.

100

Com = (P/Ga) + (P/Cy)

(18.8)

where

G = maximum specific gravity of paving mixture (no air voids)
P, = percent by weight of aggregates in paving mixture
P, = percent by weight of asphalt in paving mixture
G, = effective specific gravity of the aggregates (assumed to be constant for
different asphalt cement contents)
Gy, = specific gravity of asphalt

Once these different specific gravities have been determined, the asphalt absorption,
the effective asphalt content, the percent voids in mineral aggregates (VMA), and the
percent air voids in the compacted mixture all can be determined.

Asphalt absorption is the percent by weight of the asphalt that is absorbed by the
agprepates based on the total weight of the agerepates. This is given as

Gsc B G.‘ih

B, = 100
e Gshcsz

Gy (18.9)

where

P, = amount of asphalt absorbed as a percentage of the total weight of
aggrepates

G, = effective specific gravity of the agorepates

G, = bulk specific gravity of the aggrepates

G, = specific gravity of asphalt
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Effective Asphalt Content
It is the difference between the total amount of asphalt in the mixture and that absorbed

into the aggregate particles. It is therefore that which coats the outside of the aggregate

particles and influences the pavement performance. It is given as:

Pba
Ro=PR- R (18.10)

where

P, = effective asphalt content in paving mixture (percent by weight)
P, = percent by weight of asphalt in paving mixture
P, = aggregate percent by weight of paving mixture
P,, = amount of asphalt absorbed as a percentage of the total weight of
ageregates

Percent Voids in Compacted Mineral Aggregates (VMA)

VMA is the percentage of void spaces between the granular particles in the compacted
paving mixture, including the air voids and the volume occupied by the effective asphalt
content.

It usually is calculated as a percentage of the bulk volume of the compacted mixture based

on the bulk specific gravity of the aggregates. It is given as

Gmst
VMA = 100 — (18.11)
Gsb

where

VMA = percent voids in compacted mineral aggregates (percent of bulk volume)
Gmp = bulk specific gravity of compacted mixture
G, = bulk specific gravity of aggregate
P, = aggregate percent by weight of total paving mixture
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Percent Air Voids in Compacted Mixture (P,)

This is the ratio (expressed as a percentage) between the volume of the small air voids

between the coated particles and the total volume of the mixture. It can be obtained from:

Gmm T lG:mb -
P, = 100 2 Zmb (18.12)

i

where

P, = percent air voids in compacted paving mixture
G, = maximum specific gravity of the compacted paving mixture
G = bulk specific gravity of the compacted paving mixture

To select the optimum Asphalt Content:

Q
Q

&

DU

Draw the 5 graphs (Fig. 18.13)

Use these graphs to select the asphalt contents for:

Maximum stability

Maximum unit weight

Percent voids in the total mix within the limits specified (usually the median of the
limits)

The average of the asphalt contents is the optimum asphalt content

The stability and flow for this optimum content then can be obtained from the
appropriate graphs to determine whether the required criteria are met

AASHTO suggested criteria for these test limits are given in Table 18.7

It should be noted that all criteria should be satisfied and not just the criterion for

stability

R~ This analysis is illustrated further in Example 18.2
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Table 18.7  Suggested Test Limits

(a) Maximum and Minimum Values

Light Traffic Medium Traffic Heavy Traffic

Marshall Method ESAL<I0'  10'<ESAL<I0®*  ESAL=I0®
Mix Criteria (see Chapter 19)  (see Chapter 19)  (see Chapter 19)
Compaction (No. of

blows each end of

Specimen) 35 75
Stability N (Ib) 3336 (750) 5338 (1200) 8006 (1800)
Flow, 0.25 mm 8tol6 dtol4
(0.1 in.)
Air Voids (%) 3to} 3to§

(b) Mineral Percent Voids in Mineral Aggregates

Standard Sieve
Designation Percent

No. 16 235

No. 4 21

No. 8 18

Y in. 16

1 in, 15

Yuin, 14

1in. 13

1% in. 12
2in. 115

2¥2in, 1

46



Evaluation and Adjustment of Mix Design

The mixture should have:

Q
Q

U

q

q

Adequate amount of asphalt to ensure a durable pavement

Adequate mix stability to prevent unacceptable distortion and displacement when
traffic load is applied

Adequate voids in the total compacted mixture to permit a small amount of
compaction when traffic load is applied without:

loss of stability

blushing

bleeding

But at the same time insufficient voids to prevent harmful penetration of air and
moisture into the compacted mixture

Adequate workability to facilitate placement of the mix without segregation

When the mix design for the optimum asphalt content does not satisfy all of the
requirements given in Table 18.7, it is necessary to adjust the original blend of

aggregates.

Trial mixes can be adjusted by using the following general guidelines

Low Voids and Low Stability

In this situation:

X

QO Increase the voids in the mineral aggregates by adding more coarse aggregates
O Reduce the asphalt content (if it is high)

Be careful; this can lead to:

decrease in durability

increase in permeability

Low Voids and Satisfactory Stability

Additional compaction with time =» instability or flushing

O Add more aggregates
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High Voids and Satisfactory Stability
High permeability
Allow water and air to circulate through the pavement
Hardening of the asphalt.

O Increase filler

Satisfactory Voids and Low Stability
This condition suggests low quality aggregates

O Improved the quality

High Voids and Low Stability
O Adjust the voids
Q If fail, improve aggregate quality

Example 18.2 Designing an Asphalt Concrete Mixture

In designing an asphalt concrete mixture for a highway pavement to support medium
traffic, data in Table 18.8 showing the aggregate characteristics and Table 18.9 (page
984) showing data obtained using the Marshall method were used. Determine the
optimum asphalt content for this mix for the specified limits given in Table 18.7.

Solution:  The bulk specific gravity of the mix for each asphalt cement content is
determined by calculating the average value for the specimens with the same asphalt

cement content using Eq. 18.4.
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For 5% asphalt content, the average bulk specific gravity is given as

1( 1325.6 N 1325.4 N 1325.0 )
3\1325.6 — 780.1  1325.4 — 780.3  1325.0 — 779.8

Gmb =

1
= (243 + 243 + 2.43)

=243

Therefore, the bulk density is 2.43 X 62.4 = 151.6 Ib/ft>.
For 5.5% asphalt content,

1 ( 1331.3 1330.9 1325.0 )

— — + +
G 3\ 1331.3 — 789.6  1330.9 — 789.3  1325.0 — 779.8

1
= 7 (246 + 246 + 2.46)

= 2.46

Therefore, the bulk density is 153.5 Ib/ft’.
For 6.0% asphalt content,
1 ( 1338.2 1338.5 1338.1 )

— — + +
mb 3\ 13382 — 798.6 13385 — 7983  1338.1 — 797.3

1
= 7 (248 + 248 + 247)
=248

Therefore, the bulk density is 154.8 Ib/ft’.
For 6.5% asphalt content,
_ 1( 1343.8 N 1344.0 N 1343.9 )
mb 3\ 1343.8 — 799.8  1344.0 — 797.3  1343.9 — 799.9

1
=3 (247 + 2.46 + 2.47)
=247
Therefore, the bulk density is 154.1 1b/ft’.
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For 7.0% asphalt content,

1 ( 1349.0 1349.3 N 1349.8 >

Gmb = A +
3\1349.0 — 7984  1349.3 — 799  1349.8 — 800.1

1
= 5 (245 + 245 + 2.46)
=245

Therefore, the bulk density is 152.9 Ib/ft’.
Average bulk density then is plotted against asphalt content as shown in
Figure 18.13(a). Similarly, the average stability and flow for each asphalt cement con-

tent are as follows.

% Stability Flow
5.0 1458 7.2
5.5 1602 9.5
6.0 1550 11.2
6.5 1412 132
7.0 1200 15.7

These values are plotted in Figures 18.13(b) and (c).
We now have to compute percent voids in the mineral aggregate VMA and the
percent voids in the compacted mixture for each asphalt cement mixture. First, use

Eq. 18.11.

Gmst

VMA = 100 —
Gsb

For 5% asphalt content,
G, = 243
P, = 95.0 (total aggregate percent)
Use Eq. 18.5 to calculate Gg,.

Pca + Pfa + me
(Pca/Gbca) + (Pfa/bea) + (me/Gbmf)

Gsb =

Determine P, Py, and P, in terms of total aggregates.

P, = 0.523 X 95.0 = 49.7
P, = 0.396 X 95.0 = 37.6
P = 0.081 X 95.0 = 7.7
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Therefore,

49.7 + 37.6 + 7.7 3
(49.7/2.65) + (37.6/2.75) + (7.7/2.70)
P, = (100 — 5) = 95

Gg = 2.69

and

2.43 X 95
VMA =100 — ———— = 14.18
2.69

For 5.5% asphalt content,

P, = 0523 X 94.5 = 49.4
P, = 0396 X 94.5 = 37.4
P, = 0.081 X 945 = 7.7

therefore,
494 + 374 + 7.7
Gsb = = 269
(49.4/2.65) + (37.4/2.75) + (7.7/2.70)
and
2.46 X 94.5
MA = 100 — ——— = 13.58
v 2.69

For 6% asphalt cement,

P, = 0.523 X 94 = 49.2
P, = 0396 X 94 = 372
P, = 0081 X94=176

therefore,
492 + 372 + 7.7
Gsb = = 269
(49.2/2.65) + (37.2/2.75) + (7.6/2.70)
and
2.48 X 94
VMA = 100 — T 13.34

For 6.5% asphalt content,

P, = 0.523 X 93.5 = 48.9
P, = 0.396 X 93.5 = 37.0
P, = 0081 X 935 = 7.6

therefore,

489+ 37.0 + 7.6
489 370 7.6

—— + 4+
265 275 27

= 2.69

Gsb
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and

2.47 X 93.5
VMA =100 — BT 14.15

For 7.0% asphalt content,

P, = 0.523 X 93.0 = 48.6
P, = 0.396 X 93.0 = 36.8
P, = 0081 X 93.0 = 7.5

therefore,
48.6 + 36.8 + 7.5
Go =486 368 75 >0
— +—+ =
265 275 2.7
and
2.45 %X 93
VMA = 100 — B 15.30

A plot of VMA versus asphalt content based on these calculations is shown in
Figure 18.13(d).

We now have to determine the percentage of air voids in each of the paving mix-
tures using Eq. 18.12.

Gmm - Gmb
P, =100 ————
For 5% asphalt content,
2.54 — 243
P, = 1007 =433
For 5.5% asphalt content,
2.56 — 2.46
P, =100———— = 3.91
@ 0 2.56 ?
For 6.0% asphalt content,
2.58 — 248
P, =100 —— = 3.
A 00 253 3.88
For 6.5% asphalt content,
2.56 — 2.47
P,=100——— = 3.
A 00 257 3.50
For 7.0% asphalt content,
2.54 — 245
P, =100—— = 3.54
A 00 254 3.5
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A plot of P, versus asphalt content based on these calculations is shown in
Figure 18.13(e).

The asphalt content that meets the design requirements for unit weight, stability,
and percent air voids then is selected from the appropriate plot in Figure 18.14. The
asphalt content having the maximum value of unit weight and stability is selected
from each of the respective plots.

1. Maximum unit weight = 6.0% [Figure 18.13(a)]

2. Maximum stability = 5.5% [Figure 18.13(b)]

3. Percent air voids in compacted mixture using mean of limits [that s, (3 + 5)/2 = 4]
= 5.4% [Figure 18.13(e)]. (Note the limits of 3 and 5% given in Table 18.7.)

The optimum asphalt content is determined as the average.
Therefore, the optimum asphalt cement content is

6.0 +55+54

=5.6%
3

The properties of the paving mixture containing the optimum asphalt content
now can be determined from Figure 18.13 and compared with the suggested criteria
given in Table 18.8. The values for this mixture are

Unit weight = 153.8 Ib/ft’

Stability = 1600 1b

Flow = 9.5 units of 0.01 in.

Percent void total mix = 3.9

Percent voids in mineral aggregates = 13

This mixture meets all the requirements given in Table 18.7 for stability, flow,
and percent voids in total mix.

Example 18.3 Computing the Percent of Asphalt Absorbed

Using the information given in Example 18.2, determine the asphalt absorbed for
the optimum mix. The maximum specific gravity for this mixture is 2.57 and the
specific gravity of the asphalt cement is 1.02. From Eq. 18.9, the absorbed asphalt is
given as

G - Gsb

P, = 100 =%

——— G
Gsb X Gse °

Solution: Tt is first necessary to determine the effective specific gravity of
aggregates using Eq. 18.7.
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100 — P,
(100/Gmm) _ (Pb/Gb)
100 — 5.6

G = (100/2.57) = (5.6/1.02) ~ =52

Gse =

The bulk specific gravity of the aggregates in this mixture is
0.523 X 94.4 + 0.396 X 94.4 + 0.081 X 94.4

= = 2.
G0 = 0,523 x 94.4 L 0396 X944 0.081 X 94.4 o
2.65 2.75 2.7
The asphalt absorbed is obtained from Eq. 18.9.
_ 2.82 — 2.69 _ o
B,, = 100 560 X 2.82 1.02 = 1.75%
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Abstract of Calculations for Example 18.2

AC% | Gmb Stability Flow - Ps Gsb VMA Pa

(Ib) (0.25 mm) % % %

5 243 1458 7.2 254 | 95 | 2.69 | 14.18 | 4.33

55 |246 1602 9.5 256 |945| 2.69 | 13.58 | 3.91

6 2.48 1550 11.2 258 | 94 | 2.69 | 13.34 | 3.88

6.5 |247 1412 13.2 256 |93.5| 2.69 | 1415 | 35

7 2.45 1200 15.7 254 | 93 | 2.69 153 | 3.54
Gmb = Wa/(Wa-Ww) - Average Stability - Average Flow - Average

Pca + Pfa + me
Pca + }Dfa + Prnf
Gbca bea Gbmf

Gsb: G bPS

Gsb

mm

G . —G _ _ m
Pa — 1(}{]“‘”1—"']3 VMA = 100
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DESIGN OF FLEXIBLE PAVEMENTS

Asphalt concrete surface

// / Subbase
NIANTRYTRNTRY7RYTRYTRY 7ANY Subgrade

Subgrade (Prepared Road Bed)
R Natural material
R~ Foundation of the pavement structure
R~ It may consist of a layer of selected borrow materials, well compacted
R~ It may be necessary to treat the subgrade material to achieve certain strength

properties required for the type of pavement being constructed

Subbase Course
R~ Immediately above the subgrade

> Consists of material of a superior quality

R> Requirements: gradation, plastic characteristics, and strength

Base Course
R~ Immediately above the subbase
R~ It is placed immediately above the subgrade if a subbase course is not used
R~ Granular materials: crushed stone, crushed or uncrushed slag, crushed or uncrushed
gravel, and sand
R~ Material stabilized with Portland cement, asphalt, or lime

R~ Requirements: gradation, plastic characteristics, and strength

Surface Course
R~ Upper course of the road pavement
R~ Immediately above the base course

R~ Mixture of mineral aggregates and asphalt
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It should be capable of withstanding:

e high tire pressures
e resisting abrasive forces due to traffic
e providing a skid resistant
e driving surface
e preventing the penetration of surface water into the underlying layers
R~ Thickness = 7.5 to more than 15 cm depending on the expected traffic on the pavement

R> Surface may consists of 2 layers or more (Base, Binder, Wearing)

AASHTO Design Method

Design Considerations:
4 Pavement Performance
& Carry the traffic load

& Resist: cracking, faulting, raveling, and so forth ...

5 Present serviceability index (PSI) =0-5
Initial serviceability index (pi): immediately after construction
Terminal serviceability index (pt): which is the minimum acceptable value before
resurfacing or reconstruction
pi =4.2
pt = 2.5 or 3.0 for major highways
= 2.0 for highways with a lower classification

= 1.5 economic constraints restrict capital expenditures for construction

Traffic Load
Traffic load is determined in terms of the number of repetitions of an 18,000-Ib
(80 kilonewtons (kN)) single —axle load applied to the pavement on two sets of dual tires
[equivalent single-axle load (ESAL)]
& Table Appendix D



The growth factors:

Gm = [(1 + r)ﬂ _1]";'?

r = i/100 and is not zero. If annual growth is zero, growth factor = design period
I =growth rate

n = design life, yrs

A general equation for the accumulated ESAL for each category of axle load is obtained as:

ESAL. = f, X G, X AADT, X 365 X N; X Fy, (192)

where

ESAL; = equivalent accumulated 18,000-Ib (80 kN) single-axle load for the
axle category i
f4 = design lane factor
G,, = growth factor for a given growth rate r and design period n
AADT; = first year annual average daily traffic for axle category i
N. = number of axles on each vehicle in category i
F; = load equivalency factor for axle category i
* D= 0.5 typically

* D;:
fd = Dp x D,

Number of Lanes Percent of 18-kip ESAL

in Each Direction in Design Lane
1 100
2 80-100
3 60-80
4 50-75

R~ The equivalent 18,000-1b load can also be determined from the vehicle type, if the
axle load is unknown, by using a truck factor for that vehicle type

R~ The truck factor is defined as the number of 18,000-Ib single-load applications
caused by a single passage of a vehicle

R~ These have been determined for each class of vehicle from the expression

(number of axles X load equivalency factor)

Truck factor = -
number of vehicles
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Example 19.1 Computing Accumulated Equivalent Single-Axle Load for a Proposed Eight-Lane

Highway Using Load Equivalency Factors

An eight-lane divided highway is to be constructed on a new alignment. Traffic
volume forecasts indicate that the average annual daily traffic (AADT) in both
directions during the first year of operation will be 12,000 with the following vehicle
mix and axle loads.

Passenger cars (1000 Ib/axle) = 50%
2-axle single-unit trucks (6000 Ib/axle) = 33%
3-axle single-unit trucks (10,000 Ib/axle) = 17%

The vehicle mix is expected to remain the same throughout the design life of
the pavement. If the expected annual traffic growth rate is 4% for all vehicles, deter-
mine the design ESAL, given a design period of 20 years. The percent of traffic on
the design lane is 45%, and the pavement has a terminal serviceability index (p,) of

2.5 and SN of 5.
The following data apply:

Growth factor = 29.78 (from Table 19.4)

Percent truck volume on design lane = 45

Load equivalency factors (from Table 19.3)
Passenger cars (1000 Ib/axle) = 0.00002 (negligible)
2-axle single-unit trucks (6000 Ib/axle) = 0.010
3-axle single-unit trucks (10,000 Ib/axle) = 0.088

Solution: The ESAL for each class of vehicle is computed from Eq. 19.2.

ESAL = f; X G, X AADT X 365 X N; X Fp;
2-axle single-unit trucks = 0.45 x 29.78 % 12,000 x 0.33 X 365 x 2 x 0.010
= 0.3874 x 10°
3-axle single-unit trucks = 0.45 x 29.78 x 12,000 x 0.17 X 365 x 3 x 0.0877
= 2.6343 x 10°

Thus,
Total ESAL = 3.0217 = 10°

It can be seen that the contribution of passenger cars to the ESAL is negligible. Pas-
senger cars are therefore omitted when computing ESAL values. This example illus-
trates the conversion of axle loads to ESAL using axle load equivalency factors.
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Triaxial Resilient Modulus Test

Triaxial resilient modulus test a repeated axial cyclic stress of fixed magnitude, load
duration and cyclic duration is applied to a cylindrical test specimen. While the specimen is
subjected to this dynamic cyclic stress, it is also subjected to a static confining stress
provided by a triaxial pressure chamber. The total resilient (recoverable) axial deformation
response of the specimen is measured and used to calculate the resilient modulus using the

following equation:

Mg ('5"“ Eﬂ)z %

¥
Test Description

1. The specimen is a cylindrical sample normally 100 mm (4 in.) in diameter by 200
mm (8 in.) high (Figure 1a). The sample is generally compacted in the laboratory;
however, undisturbed samples are best if available (which is rare).

2. The specimen is enclosed vertically by a thin “rubber” membrane and on both ends
by rigid surfaces (platens) as sketched in Figure 1b.

3. The sample is placed in a pressure chamber and a confining pressure is applied (S3) as
sketched in Figure 1c.

4. The deviator stress is the axial stress applied by the testing apparatus (s;) minus the
confining stress (s3). In other words, the deviator stress is the repeated stress applied
to the sample. These stresses are further illustrated in Figure 2a.

5. The resulting strains are calculated over a gauge length, which is designated by “L”
(refer to Figure 2b).

6. Basically, the initial condition of the sample is unloaded (no induced stress). When
the deviator stress is applied, the sample deforms, changing in length as shown in

Figure 2c. This change in sample length is directly proportional to the stiffness.
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(200
mm)

Figure 1a: Basic Triamal Specimen Configuration

Platen

1| —sample

1 "*—Membrane

Platen

Figure 1b: Enclosure of Triaxial Specimen

G4 = confining
stress

- Chamber

Figure 1c: Triaxial Specimen in Pressure Chamber

o4 =total axial stress

o 4 = deviator stress

04= confining stress
01 =0 d‘ [} 3

or
Gd -01—03

Figure 2a: Stresses Acting on Tniaxal Specimen

No Load

L = length over which repeated
deformation is measured

Figure 2b: Gage Length for Measurement of Strain on
Triaxaal Specimen

Loaded Deviator stress (o4 )

Figure 2¢c: Deformation of Triaxal Specimen Under Load
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California Bearing Ratio (CBR) Test

(unit load for 0.1 piston penetration in test

specimen) (1b/in.
CBR - P ) (1b/in”.)

(unit load for 0.1 piston penetration in standard
crushed rock) (Ib/in’.)

(unit load for (0.1 piston penetration in test sample)

CBR =
1000

Load Related to penetration (0.1/0.2 in = 2.5/5 mm)

x 100
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Hveem Stabilometer Test

100

R =100 —
2.5(1{, )
1) +1
D\ P,

R = resistance value

P, = vertical pressure (160 1b/in.%)

horizontal pressure at P, of 160 Ib/in.? (1b/in.?)
D = number of turns of displacement pump

=0
I

U Head of testing machine

%27

/

~—— Follower for applying
load to specimen

Needle valve

Manually operated
screw-type pump

-y

Pressure gauge
recording pounds
per square inch

@\\\\\\\\\\\\\
6\\ AMMIN

R Air chamber
Specimen

/LSS

Liquid under small
Adjustable initial pressure
Flexible diaphragm

stage

Platen of testing machine

(Not to scale)
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Field Static Plate Bearing Load Test

where & =modulus of subgrade reaction,
oo = pressure applied to the surface of the plate, and
A = deflection of the plate.

The k values were calculated with oy = 10 psi (68.9 kPa) on 12 in. diameter plate.
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Roadbed Soils (Subgrade Material)
& Resilient modulus (Mr) of the soil to define its property

M, (Ib/in®) = 1500 CBR (for fine-grain soils with soaked CBR of 10 or less)
M, (Ib/in®) = 1000 + 555 R value (for R < 20)

Materials of Construction

The materials used for construction can be classified under three general groups:
9 Subbase (coefficient: a3) (a3 = 0.11 for sandy gravel). Figure 19.3
' Base (coefficient: a2). Figure 19.4
& Surface (coefficient: al). Figure 19.5

Environment
Effects of temperature on asphalt pavements include stresses induced by thermal action,
changes in the creep properties, and the effect of freezing and thawing of the subgrade soil
9 Procedure - variation of Mr during the year
< Find Mr for each different season (for example month) in laboratory
< Find relative damage u; for each time period (month). Figure 19.6
& Find mean of u;

& Determin effective Mr based on mean us using Figure 19.6

Example 1p.2 Computing Effective Resilient Modulus

Figure 19.6 shows roadbed soil resilient modulus M, for each month estimated from
laboratory results correlating M, with moisture content. Determine the effective
resilient modulus of the subgrade.

Solution: Note that in this case, the moisture content does not vary within any one
month. The solution of the problem is given in Figure 19.6. The value of u; for each
M, is obtained directly from the chart. The mean relative damage u;is 0.133, which
in turn gives an effective resilient modulus of 7250 Ib/in’. '
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Structural coefficient, a3

0.20

014 ———-—- 100 —————— O~ —————— e T
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50 =
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' O 20 3 = 13
0.08~ 1o} g4 2 OE
40+ 'ES
0.06F ——————- 5—-——————-36-: ———————————————
25+ St
0L A - 4 1

aGcale derived from correlations from Illinois.

®Scale derived from correlations obtained from The Asphalt
Institute, California, New Mexico. and Wyoming.

¢Scale derived from correlations obtained from Texas.

dScale derived on NCHRP project 128, 1972,

Fig 19.3
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Structural coefficient, a,

0.20
0.18
0.16
014 — ———— 100
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010 40
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0.06F-———————-
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S
]
|
|
|

3.5

4Scale derived by averaging correlations obtained from Illinois.
®Scale derived by averaging correlations obtained from California,

New Mexico,

and Wyoming.

“Scale derived by averaging correlations obtained from Texas.

dScale derived on NCHRP project 128, 1972,
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Modulus — 1000 Ib/
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0.5

-
o

for Asphalt

Concrete Surface Course
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L]

-
r2

-

Structural Layer Coetfficient, a, .

N N N N N S N B
100,000 200,000 300,000 400,000 500,000

Elastic Modulus, £, (Ibjin.?), of Asphalt Concrete (at 68°F)

Fig 19.5
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Roadbed R .
. elative
Soil
Month Modulus Damage
M, (1b/in.2) e
22000 0.01
Jan.
Feb. 22000 0.01
Mar. 5500 0.2
Apr. 5000 0.30
May 5000 0.30
8000 0.11
June
July 8000 0.11
Aug. 8000 0.11
8500 0.09
Sept.
8500 0.09
Oct.

Nov. 6000 0.20
Dec. 22000 0.01
Summation: Euf = 1.59
_ Euf 1 .59
A =——=——"—=0.133

verage uy " )

30 —— .005

s — .01

20 4

— -
e —+— .05
£ 10— —
2 —+— S
S B — T
- — .10 \3‘:
= T 55
P - o D
: — oy
5 —_—t E x
ks -+ A
= 5—14 e
= - R=HET
S = .35
= — 50
o — 5
= -+ =
3 [ o
o h—
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o -
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o
2 —

—+— 5.0

—10.0

—

1—=  13.0

Effective Roadbed Soil Resilient Modulus, M, (Ib/in.2) = 7250(corresponds to uy)

Fig. 19.6
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Drainage
Provide for the rapid drainage of the free water (non-capillary) from the pavement structure
by providing a suitable drainage layer, as shown in Figure below

& Use tables 19.5 and 19.6 to find mi

Pavement structure is asphalt concrete or

Portland cement concrete. Base and subbase material

%\ must meet filter criteria.

) / | A Material must meet
Drainage layer L—— filter criteria.
as a base.

(a) Base is used as the drainage layer.

Pavement structure is asphalt concrete or Base and subbase material

Portland cement concrete. must meet vertical drainage
ﬂ permeability criteria.

////J’//////////////
! 7

Drainage layer
as a part of or
below the subbase.

Material must meet

Material must meet filter criteria filter criteria

if base or subbase adjacent to
drainage layer does not meet
filter criteria.

(b) Drainage layer is part of or below the subbase.

Note: Filter fabrics may be used in lieu of filter
material, soil, or aggregate, depending on
economic considerations.
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Table 19.5 Definition of Drainage Quality

Quality of Drainage

Water Removed Within™®

Excellent
Good
Fair

Poor

Very poor

2 hours

1 day

1 week

1 month

(water will not drain)

Table 19.6 Recommended m;Values

Percent of Time Pavement Stricture Is Exposed to
Moisture Levels Approaching Saturation

Quality of Less Greater
Drainage Than 1% 1te 5% 5to 25% Than 25%
Excellent 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Good 1.35-1.25 1.25-1.15 1.15-1.00 1.00
Fair 1.25-1.15 1.15-1.05 1.00-0.80 0.80
Poor 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor 1.05-0.95 0.95-0.75 0.75-0.40 0.40

Reliability

Table 19.7 Suggested Levels of Reliability for Vanous Functional Classifications

Recommended Level of Reliabifity

Functional Classification Urban Rural
Interstate and other freeways B5-00.9 B0-99.9
Other principal arterials B-99 75-95
Collectors B0-95 75-95
Local 50-80 5080

Nete:  Resulls based on e survey of the AASHTO Pavement Design Task Foroe.
SOURCE: Adspted with permission from AASHTO Cuide for Dexign of Pavemen? Siruciures, American
Acssociation of State Hiphway and Transportation Odficials, Washington, D_C. 19493,

The reliability factor Fy is piven as

where

logioFr = —ZgSa (19.5)

Z z; = standard normal variate for a given reliability (R%)
S, = estimated overall standard deviation

Table 19.8 on page 1048 gives values of Z, for different reliability levels R.

Owerall standard deviation ranges have been identified for flexible and rigid pave-

ments as

Standard Deviation, S,

Flexible pavements
Rigid pavements

(.40 -0.50
0.30-0.40
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Table 19.8  Standard Normal Deviation (Z3 Values Corresponding to Selected Levels

of Relablity
Standard Normal
Reliability (R%) Deviation, Zy
30 ~0,000
fl 0253
i -0.514
75 -0.61
il -0.841
8 ~1.037
90 -1.282
91 ~1.340
9 ~1.405
93 ~1476
9 -1.555
95 ~1.645
% -1731
97 - 1881
9 -204
9 -2311
9.9 -3.0%

99.99 =3750




Structural Design
& Find Structural Number (SN)

SN = a;D4 + a,Dom, + azDams

where

m; = drainage coefficient for layer i
a,, @y, a; = layer coefficients representative of surface, base, and subbase
course, respectively
Dy, Dy, Dy = actual thickness in inches of surface, base, and subbase courses,
respectively

The basic design equation given in the 1993 guide is
log[ APSI/(4.2 — 1.53)]

0.40 + [1094/(SN + 1)529]
+ 232 log, M, — 807 (19.7)

lﬂg-mwla = ZRSD + 9.36 logm (SN + 1) - 020 +

where

Wi = predicted number of 18,000-1b (80 kN) single-axle load applications
Z p = standard normal deviation for a given reliability

S, = overall standard deviation
SN = structural number indicative of the total pavement thickness

APSI = p; — p,

= 1nitial serviceability index
p, = terminal serviceability index
M, = resilient modulus (Ib/in?)

=
I

Minimum Thickness (inches)
Asphalt Aggregate

Traffic, ESAL’s Concrete Base
Less than 50,000 1.0 (or surface 4
treatment)
50,001-150,000 2.0 4
150,001-500,000 2.5 4
500,001-2,000,000 3.0 6
2,000,001-7,000,000 3.5 6
Greater than 7,000,000 4.0 6
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Example 19.3 Designing a Flexible Pavement Using the AASHTO Method

A flexible pavement for an urban interstate highway is to be designed using the 1993
AASHTO guide procedure to carry a design ESAL of 2 X 10°. It is estimated that it
takes about a week for water to be drained from within the pavement and the pave-
ment structure will be exposed to moisture levels approaching saturation for 30% of
the time. The following additional information is available:

Resilient modulus of asphalt concrete at 68°F = 450,000 1b/in?
CBR value of base course material = 100, M, = 31,000 Ib/in?
CBR value of subbase course material = 22, M, = 13,500 1b/in?
CBR value of subgrade material = 6

Determine a suitable pavement structure, M, of subgrade = 6 X 1500 Ib/in* =
9000 Ib/in’.

Solution: Since the pavement is to be designed for an interstate highway, the
following assumptions are made.

Reliability level (R) = 99% (range is 85 to 99.9 from Table 19.7)
Standard deviation (S,) = 0.49 (range is 0.4 to 0.5)

Initial serviceability index p; = 4.5

Terminal serviceability index p, = 2.5

The nomograph in Figure 19.8 is used to determine the design SN through the fol-
lowing steps.

Step 1. Draw a line joining the reliability level of 99% and the overall stan-
dard deviation S, of 0.49, and extend this line to intersect the first 7
line at point A.

Step 2. Draw a line joining point A to the ESAL of 2 X 10° and extend this
line to intersect the second 7 line at point B.

Step 3. Draw a line joining point B and resilient modulus (M,) of the roadbed
soil, and extend this line to intersect the design serviceability loss chart
at point C.

Step4. Draw a horizontal line from point C to intersect the design serv-
iceability loss (APSI) curve at point D. In this problem, APSI =
45-25=2.
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Chapter 19  Design of Flexible Pavements 1051

Step 5. Draw a vertical line to intersect the design SN, and read this value
SN = 4.4,

Step 6. Determine the appropriate structure layer coefficient for each con-
struction material.

(a) Resilient value of asphalt = 450,000 Ib/in>. From Figure 19.5,
a, = 0.44.

(b) CBR of base course material = 100. From Figure 19.4, a, = 0.14.

(c) CBR of subbase course material = 22. From Figure 19.3, a; =
0.10.

Step 7. Determine appropriate drainage coefficient m;. Since only one set of
conditions is given for both the base and subbase layers, the same value
will be used for m,; and m,. The time required for water to drain from
within pavement = 1 week, and from Table 19.5, drainage quality is fair.
The percentage of time pavement structure will be exposed to moisture
levels approaching saturation = 30, and from Table 19.6, m; = 0.80.

Step 8. Determine appropriate layer thicknesses from Eq. 19.6:

= alDl + azDzmz =F a3D3m3

It can be seen that several values of D, D,, and D; can be obtained to satisfy the
SN value of 4.40. Layer thicknesses, however, are usually rounded up to the nearest
0.5 inches.

The selection of different layer thicknesses also should be based on constraints
associated with maintenance and construction practices so that a practical design is
obtained. For example, it is normally impractical and uneconomical to construct any
layer with a thickness less than some minimum value. Table 19.9 on page 1052 lists
minimum thicknesses suggested by AASHTO.

Taking into consideration that a flexible pavement structure is a layered
system, the determination of the different thicknesses should be carried out as indi-
cated in Figure 19.9. The required SN above the subgrade is first determined, and then
the required SNs above the base and subbase layers are determined using the appro-
priate strength of each layer. The minimum allowable thickness of each layer can then
be determined using the differences of the computed SNs as shown in Figure 19.9.

Figure 19.9 Procedure for Determining Thicknesses of Layers Using a Layered Analysis
Approach

SOURCE: Redrawn from AASHTO Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993. Used with permission.
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1052 Part 5 Materials and Pavements

Table 19.9 AASHTO-Recommended Minimum Thicknesses of Highway Layers

Minimum Thickness (in.)

Traffic, ESALs Asphalt Concrete Aggregate Base
Less than 50,000 1.0 (or surface treatment) 4
50,001-150,000 2.0 4
150,001-500,000 2.5 4
500,001-2,000,000 3.0 6
2,000,001-7,000,000 3.5 6
Greater than 7,000,000 4.0 6

SOURCE: Adapted with permission from AASTHO Guide for Design of Pavement Structures, American
Association of State Highway and Transportation Officials, Washington, D.C., 1993.

Using the appropriate values for M, in Figure 19.8, we obtain SN; = 4.4 and
SN, = 3.8. Note that when SN is assumed to compute ESAL, the assumed and com-
puted SN; values must be approximately equal. If these are significantly different,
the computation must be repeated with a new assumed SN.

We know
M, for base course = 31,000 Ib/in.?

Using this value in Figure 19.8, we obtain

giving
2.6
D, =——=59in.
P 04a 70
Using 6 in., for the thickness of the surface course,

Dj = 6in.
SN = a,D] = 0.44 X 6 = 2.64
SN, — SN; _38-264
am, 0.14 X 0.8
SN; = 0.14 X 0.8 X 12 + 2.64 = 1.34 + 2.64
. SN; — SN, 44— (2.64 + 1.34) . )
D; = aws = 01X 08 = 5.25i1n. (use 6 in.)
SN; =2.64 + 134 + 6 X 0.8 X 0.1 = 4.46

D, = =10.36in.  (use 12in.)

The pavement will therefore consist of 6 in. asphalt concrete surface, 12 in.
granular base, and 6 in. subbase.

*An asterisk with D or SN indicates that it represents the value actually used which must be equal to or greater
than the required value.




Table D.1. Axle loed equivalency fectors for flexlble pavements,
single axies and p, of 2.0.

Axla Pavemant Structural Numbar (SN}
Load
{kips) 1 2 3 4 5 6
2 0002 .0002 0002 0002 0002 L0002
4 002 .003 002 002 002 002
5 .009 012 011 010 .009 009
8 030 035 .0356 .033 031 029
10 0756 .085 080 .085 079 075
12 .166 A77 .189 .183 174 .168
14 .325 .338 .354 350 338 331
15 .589 .598 .613 512 603 595
18 1.00 1.00 - 1.00 1.00 1.00 1.00
20 1.81 1.69 1.55 1.55 1.57 1.69
22 2.49 2.44 2.35 2.31 2.35 2.41
24 3N 3.52 3.43 3.33 3.40 3.81
26 5.35 5.21 4.88 4,68 4.77 4.95
28 7.54 7.31 5.78 6.42 5,52 8.83
30 10.4 10.0 9.2 8.5 8.7 9.2
32 14.0 13.5 12.4 11.86 11.56 12.1
34 18.5 17.9 16.3 15.0 14.9 15.6
35 242 - 233 21.2 19.3 19.0 19.9
38 31.1 29.9 27.1 24.5 24.0 = 25.1
40 39.5 38.0 34.3 30.9 30.0 31.2
42 49.7 47.7 43.0 38.6 37.2 38.5
44 61.8 69.3 53.4 47.56 45,7 47 .1
48 75.1 73.0 6b.6 58.3 55.7 57.0
48 92.9 89.1 80.0 70.9 57.3 688.6

50 113. 108. 97. 88. 81. 82.



Table D.2. Axle load equivalency factors for flexible pavements,
tandem axles and p, of 2.0.

Axle - Pavement Structural Number (SN}
Load
{kips) 1 2 3 4 ] 6
2 .0000 .0000 0000 0000 0000 0000
4 0003 .0003 0003 0002 0002 0002
2] .001 001 001 001 001 .01
8 .003 .003 .003 .003 003 002
10 .007 .008 .008 007 008 .006
12 013 016 016 014 .013 012
14 024 .029 029 026 .024 023
16 041 .048 080 .046 042 040
18 .066 077 .081 078 069 066
20 - .103 17 124 17 108 .1058
22 .1566 171 .183 174 .164 ©.158
24 227 .244 .260 252 .239 .231
26 322 340 360 .353 .338 .328
28 447 488 487 481 466 455
30 .607 .823 646 .643 627 617
32 810 .823 .843 .842 828 819
34 1.06 1.07 1.08 1.08 1.08 1.07
36 1.38 1.38 1.38 1.38 1.38 1.38
38 1.76 1.786 1.73 1.72 1.73 1.74
40 2.22 2198 2.15 2.13 2.16 2.18
42 277 2.73 2.64 2.62 2.66 2.70
44 3.42 3.36 3.23 3.18 3.24 3.31
46 4.20 4.11 3.92 3.83 3.91 4,02
48 B.10 4.88 472 4,58 4.68 4.83
BO 6.18  5.99 5.64 b.44 5.56 8.77
B2 7.37 7.16 6.71 5.43 6.56 6.83
. 54 8.77 8.51 7.93 7.58 7.69 B.03
B6 10.4 10.1 9.3 8.8 8.0 9.4
58 12.2 11.8 10.8 10.3 10.4 10.9
60 14.3 13.8 12,7 11.9 12.0 12.6
62 16.6 16.0 14.7 13.7 13.8 -14.8
64 18.3 18.6 17.0 16.8 15.8 16.6
66 22.2 21.4 19.6 18.0 18.0 18.9
68 258.6 24.6 22.4 20.6 20.5 21.5
70 29.2 28.1 25.6 23.4 23.2 24.3
72 33.3 32.0 29.1 26.5 26.2 27.4
74 37.8 36.4 33.0 30.0 28.4 30.8
76 42.8 41.2 37.3 33.8 33.1 34.5
78 48.4 486.5 42.0 38.0 37.0 38.6
80 544 52.3 47.2 42.5 41.3 43.0
82 61.1 58.7 52.9 47.6 46.0 47.8
84 68.4 65.7 59.2 3.0 B1.2 3.0
86 76.3 73.3 66.0 59.0 56.8 58.6
88 85.0 81.6 73.4 68.5 62.8 64.7

g0 94.4 90.6 81.5 72.6 69.4 71.3



Table D.3. Axleload equivalency factors for flexible pevements, triple
axles and p, of 2.0.

Axle Pavement Structural Number (SN)
Losd
{kips) 1 2 3 4 b a8

2 .0000 0000 0000 .0000 0000 0000
4 .000 0001 0001 0001 0001 0001
6 0004 .0004 0003 0003 0003 .0003
8 .0009 0010 0009 .0008 L0007 0007

10 002 .002 .002 002 002 001
12 .004 .004 004 .003 .003 .003
14 006 007 007 006 .006 005
18 010 012 012 010 .009 009
18 016 019 019 017 .015 0186
20 - .024 029 029 026 024 023
22 034 042 .042 038 035 034
24 - .049 .068 .060 .066 061 .048
26 .068 080 .083 077 071 .068
28 093 107 113 105 .098 094
30 126 140 149 140 131 128
32 164 182 194 184 173 167
34 213 233 248 238 226 217
36 273 294 313 .303 288 279
38 346 .368 .390 .381 364 363
40 434 456 481 473 AB4 443
42 538 .560 .6587 .680 .561 .548
44 662 682 710 .706 .686 .673
48 .807 .826 .862 849 831 818
48 976 .992 1.015 1.014 .999 .987
60 1.17 1.18 1.20 1.20 1.19 1.18
52 1.40 1.40 1.42 1.42 1.41 1.40
54 1.68 - 1.66 1.86 1.66 1.66 1.66
68 1.96 1.96 1.93 1.93 1.94 . 194
68 2.29 2,27 2.24 2,23 2,26 2.27
60 2.67 2.64 2.59 2.67 2.80 2,63
62 3.10 3.06 2.98 2.95 2,99 3.04
64 3.59 3.53 M 3.37 3.42 3.49
66 413 4.06 3.89 3.83 3.90 3.99

- 68 4.73 4.63 4.43 4.34 4.42 4.64
70 6.40 6.28 5.03 4.90 5.00 6.16
72 8.18 - 6.00 5.68 5.62 5.63 5.82
74 6.97 6.79 6.41 6.20 6.33 6.56
76 7.88 7.67 7.21 6.94 7.08 7.36
78 8.88 8.63 8.09 7.76 7.90 8.23
80 9.98 9.69 9.05 8.63 8.79 8.18
82 11.2 10.8 10.1 9.6 9.8 10.2
84 12.5 121 11.2 10.6 10.8 1.3
86 13.9 13.6 12,6 i1.8 i1.9 125
88 16.5 16.0 13.8 13.0 13.2 13.8

90 17.2 18.6 16.3 14.3 14.5 15.2



Table D.4. Axle load equivalency factors for flexible pavements,
single axles eand p, 2.6.

Axle Pavement Structurel Number {SN)

Loed

(kips) 1 2 3 4. 5 6
2 0004 0004 0003 0002 0002 0002
4 003 004 004 003 002 002
6 011 017 017 013 010 009
8 .032 .047 061 041 034 031
10 .078 .102. .118 .102 .088 080
12 - .168 .198 229 213 .189 .176
14 .328 .368 399 388 360 342
16 .B91 613 646 .645 623 608
18 1.00 1.00 1.00 1.00 1.00 1.00
20 1.61 1.87 1.4%9 1.47 1.51 1.66
22 2.48 2.38 2.17 2.09 2.18 2.30
24 3.69 3.49 3.09 2.89 3.03 3.27
26 B.33 4,99 4.31 3.91 4.09 448
28 7.49 6.98 5.90 6.21 5.39 5.98
30 10.3 9.6 7.9 6.8 7.0 7.8
32 13.9 12.8 10.5 8.8 8.9 10.0
34 18.4 16.9 13.7 1.3 11.2 12.6
36 24.0 22.0 17.7 14.4 13.9 15,6
38 30.9 28.3 22.6 18.1 12.2 19.0
40 39.3 36.9 28.B 22.6 21.1 23.0
42 49.3 48.0 3B.6 27.8 25.6 27.7
44 61.3 BB.9 44.0 34.0 31.0 33.1
46 75.B 68.8 54.0 41.4 37.2 39.3
48 92.2 83.9 65.7 BO.1 44.5 48.6

50 112 102. 79. 60. 53. 58,



Toble D.6. Axla load aquivalancy factors for fiaxibla pavamants,
tandem axlas and p,of 2.6.

Axle Pavement Structure! Number (SN}
Loed
{kips) 1 2 3 4 5 6
2 .0001 0001 0001 L0000 0000 0000
4 0005 0006 L0004 0003 0003 0002
6 .002 002 002 001 .00t .01
8 .004 .0086 005 004 003 003
10 008 .013 011 009 007 0086
12 0156 024 023 .018 014 013
14 .0286 041 042 .033 027 024
16 044 .065 .070 087 047 043
i8 070 .097 .109 .092 077 070
20 107 141 162 141 A21 110
22 .160 .198 229 207 .180 .166
24 - .231 273 315 292 260 242
26 327 - .370 420 401 .364 .342
2B T .461 .493 .648 .634 495 470
30 B11 .648 .703 .695 .658 .633
32 .813 843 .889 .887 .867 .834
34 1.06 1.08 1.1 1.11 1.09., 1.08
36 1.38 1.38 1.38 1.38 1.38 1.38
38 1.76 1.73 1.69 1.68 1.70 1.73
40 2.21 2,16 2.06 2.03 2.08 2.14
42 2.76 2,67 2.49 2.43 2.61 2.61
44 3.4 3.27 2.99 2.88 3.00 3.16
46 4.18 3.98 3.58 3.40 3.6 3.79
48 5.08 4.80 4.25 3.98 4.17 4,49
50 6.12 B5.76 6.03 4.64 4.86 5.28
B2 7.33 6.87 5.93 b.38 5.63 617
B4 8.72 8.14 6.95 6.22 6.47 7.16
b6 10.3 9.8 8.1 7.2 7.4 a.2
58 12.1 11.3 9.4 8.2 8.4 9.4
60 14.2 13.1 10.9 9.4 9.6 10.7
62 16.56 16.3 12.6 10.7 10.8 121
64 19.1 17.6 14.5 12.2 12.2 13.7
&6 221 20.3 16.6 138 13.7 15.4
68- 25.3 23.3 18.9 15.6 16.4 17.2
70 29.0 26.6 21.5 17.6 17.2 18.2
72 33.0 30.3 24.4 19.8 19.2 21.3
74 . 37.6 34.4 27.6 22.2 21.3 23.6
76 42,5 38.9 311 24.8 23.7 28.1
78 48.0 43,9 356.0 27.8 26.2 28.8
80 B4.0 49,4 39.2 30.9 29.0 31.7
82 60.6 5b.4 43,9 34.4 32.0 34.8
84 67.8 61.9 49.0 38.2 35.3 38,1
86 75.7 69.1 54.5 42.3 38.8 41.7
88 84.3 76.9 60.6 46.8 42.6 456.6

90 3.7 86.4 67.1 51.7 46.8 49.7



Tabla D.8. Ax!eloadequivalancy factors for flaxible pavements, triple
exlas and p,of 2.5.

Axle Pavement Structurai Number [SN)
Load
. {kipa) 1 2 : 3 4 B 8
2 0000 0000 0000 0000 000Q 0000
4 0002 0002 L0002 0001 0001 0001
B 0008 o007 0005 0004 o003 0003
8 001 002 001 001 oo 001
10 003 004 003 002 002 002
12 Q06 007 008 004 003 003
14 008 012 010 008 008 Q06
18 012 019 018 013 on 010
18 018 029 028 021 017 018
20 027 042 042 032 027 024
22 038 058 0860 048 040 038
24 063 078 .084 068 067 061
26 072 103 114 085 080 072
28 098 133 .161 128 109 089
30 129 189 .196 170 146 133
32 168 213 247 220 191 175
34 219 285 .308 281 246 228
38 279 328 379 362 313 292
38 3562 403 461 436 393 368
40 439 491 6564 533 487 468
42 .643 6594 .661 644 697 587
44 .868 714 781 769 723 692
45 B11 .864 8918 g11 .8868 838
48 879 1.0156 1.072 1.069 1.033 1.006
50 117 1.20 1.24 1.26 1.22 1.20
62 1.40 1.41 1.44 1.44 1.43 1.41
b4 1.86 1.66 1.88 1.66 1.68 1.88
58 1.95 1.83 1.80 1.80 1.91 1.93
658 2.29 2.26 217 2.16 2.20 2.24
60 2.87 2.80 2.48 2.44 2.51 '2.68
62 3.09 3.00 2.82 2,78 2.86 2.96
84 3.57 3.44 3.19 3.10 3.22 3.38
88 411 3.94 3.81 3.47 3.62 3.81
a8 4.71 4.49 4.08 3.88 4,06 4,30
70 5.38 5.11 4.67 4.32 4,52 4.84
72 8.12 6.79 5.13 4.80 5.03 6.41
74 4.93 8.64 B.74 6.32 B6.67 6.04
76 7.84 7.37 8.41 5.88 8.15 8.7
78 8.83 8.28 7.14 8.49 6.78 7.43
80 9.92 9.28 7.96 7.16 7.46 8.21
82 111 10.4 8.8 7.9 8.2 8.0
84 12.4 11.6 9.8 8.6 8.9 8.9
86 13.8 12.9 10.8 9.6 9.8 10.9
88 15.4 14.3 11.9 10.4 10.6 11.8
80 17.1 16.8 13.2 11.3 11.6 12.9



Teble D.7. Axle loed equivelency fectors for flexible pevements,
single exles and p,of 3.0.

Axle Pavement Structural Number {SN)
Loed :
{kips) 1 -2 3 4 6 8
2 0008 0009 00086 0003 0002 0002
4 004 008 005 004 002 002
6 014 ..030 .028 .018 012 010
8 035 .070 080 0865 040 034
10 .082 132 . .168 132 101 086
12 173 231 296 260 212 187
14 332 .388 488 447 391 .358
18 694 .633 695 893 .661 622
18 1.00 1.00 1.00 1.00 1.00 1.00
20 1.80 1.63 1.41 1.38 1.44 1.51
22 2.47 2.29 1.96 1.83 1.97 2.18
24 3.67 . 333 2.69 2.39 2.60 2.98
28 5.29 4,72 3.66 3.08 3.33 3.91
28 7.43 6.66 4.88 3.93 4,17 5.00
30 10.2 8.9 8.5 6.0 5.1 6.3
32 13.8 12.0 8.4 6.2 6.3 7.7
34 18.2 18.7 10.9 7.8 7.8 9.3
36 238 204 14.0 9.7 9.1 11.0
38 3086  26.2 17.7 11.9 11.0 13.0
40 38.8 33.2 22.2 14.8 13.1 16.3
42 48.8 41.6 27.6 17.8 16.6 17.8
44 60.6 61,6 34.0 21.6 18.4 20.8
48 74.7 63.4 41.6 28.1 21.8 23.8
48 91.2 77.3 50.3 313 26.4 27.4
50 110. 94, 61. 37. 30. 32



Tsble D.8. Axle loed aquivalency factors for flexlble pavements,
tandem axles and p,of 3.0.

Axle Pavement Structursl Number (SN}
Load
{kips} 1 2 3 4 6 6
2 .0002 0002 L0001 0001 0000 0000
4 001 .001 001 000 .000 000
6 003 004 003 002 001 001
8 0086 011 009 005 003 003
10 011 024 .020 012 008 007
12 019 042 .039 024 017 014
14 031 .066 .068 045 032 026
16 049 .096 .109 076 055 046
18 075 134 .184 21 090 .078
20 113 .181 .232 182 139 119
22 .166 241 313 260 .205 178
24 .238 317 407 358 292 257
26 333 413 817 476 402 360
28 4567 534 643 .614 538 492
30 616 684 .788 773 702 858
az 817 .870 956 953 .896 856
34 1.07 1.10 1.16 1.15 1.12 1.09
36 1.38 1.38 1.38 1.38 1.38 1,38
38 1.76- 1.71 1.64 1.62 1.66 1.70
40 2.21 2.11 1.94 1.89 1.98 2.08
42 275 2.59 2.29 2.19 2.33 2.60
44 3.39 3.15 2.70 2.52 2.7 2.97
48 4.15 3.81 3.16 2.89 3.13 3.60
48 6.04 4.58 3.70 3.29 3.57 4,07
60 6.08 5.47 4.31 3.74 4.056 4,70
52 7.27 6.49 6.01 4.24 4,57 6.37
b4 8.66 7.67 6.81 4,79 5.13 6.10
56 10.2 9.0 6.7 6.4 6.7 8.9
58 12.0 10.6 7.7 6.1 6.4 7.7
80 14.1 12.3 8.9 8.8 7.1 8.6
62 - 16.3 14.2 10.2 7.7 7.8 9.5
64 18.9 16.4 11.6 8.6 8.6 10.6
85 21.8 18.9 13.2 9.8 9.6 11.6
68 25.1 21.7 15.0 10.7 10.5 12.7
70 28.7 24,7 17.0 12.0 11.5 13.9
72 32.7 28.1 19.2 " 13.3 12.6 15.2
74 37.2 31.9 21.6 14.8 13.8 16.5
76 42.1 36.0 24.3 16.4 16.1 17.9
78 47.6 40.8 27.3 18.2 16.5 19.4
80 63.4 45,7 30.5 20.1 18.0 21.0
82 60.0 61.2 34.0 22.2 19.6 22.7
84 87.1 57.2 379 24.8 21.3 24.6
86 74.9 63.8 421 27.1 23.2 26.4
88 83.4 71.0 46.7 29.8 26.2 28.4

90 92.7 78.8 51.7 32.7 27.4 30.5



Table D.8. Axle load equivalency factors for flexibla pavemaents,
tandam:-axlae and p of 3.0.

W% 2=4
Axle Pavement Structural Number (SN)
Load
(kips) 1 2 3 4 5 8
2 L0001 0001 .0C01 0000 L0000 0000
4 0005 0004 .0003 0002 0001 Re.207]
6 001 001 0N 001 000 000
8 003 004 002 001 001 0N
10 005 .008 006 003 002 002
12 007 014 010 006 004 003
14 .01 023 018 011 007 .008
18 018 .03b .030 018 013 010
18 022 060 047 029 020 017
20 031 069 069 044 .03t .028
22 043 .0980 .097 0686 048 .039
24 .069 116 .132 092 .086 .066
26 079 .145 174 128 092 078
28 104 A79 - ,223 .168 126 107
30 136 218 279 219 187 .143
32 .176 265 342 279 .218 .188
34 .228 319 413 .360 279 .243
36 .288 .382 491 432 362 310
38 .369 466 577 524 437 .389
40 .447 543 671 626 536 483
42 560 843 775 .740 649 593
44 673 760 .889 .B65 277 720
48 817 894 1.014 1.001 820 866
48 .984 1.048 1.1562 1.148 1.0B0 1.030
60 1.18 1.23 1.30 1.3 1.26 1.22
B2 1.40 1.43 1.47 1.48 1.46 1.43
b4 1.68 -1.66 1.86 1.66 1.68 1.66
66 1.96 . 1.82 1.86 1.85 1.88 1.91
58 2,28 2,21 2.09 2.06 213 2.20
60 2.88 2,64 2.34 2.28 2.39 2.60
62 3.08 292 2.61 © 252 2.66 284
64 3.58 3.33 2.92 2.77 2.98 3.19
88 4.09 3.79 3.26 3.04 3.27 3.58
- 88 4.68 4.31 3.82 3.33 3.60 4.00
70 5.34 4.88 4,02 3.64 3.94 4,44
72 6.08 6.61 4.46 3.97 4.31 4,91
74 8.89 6.21 4,94 4,32 4.69 5.40
7€ 7.78 8.98 6.47 4.70 5.09 6.93
78 8.76 7.83 6.04 5.11 6.51 €.48
80 9.84 8.76 8.87 5.64 5.96 7.06
82 11.0 9.8 7.4 6.0 8.4 7.7
B84 12.3 10.9 8.1 6.5 6.9 8.3
88 13.7 12.1 8.9 7.0 7.4 9.0
88 15.3 13.4 9.8 7.6 8.0 9.6
90 16.9 14.8 10.7 8.2 8.6 10.4



Table D.10. Axle load aquivalency factors for rigid pavemants, singla axles and p,of 2.0.

Axle Sleb Thickness, D {inches)
Loed
{kips) 6 7 8 5 10 11 12 13 14
2 .0002 0002 0002 0002 .0002 0002 0002 .0002 0002
4 002 002 002 002 002 002 002 002 .002
6 OH .010 010 010 010 010 010 010 010
8 035 033 032 032 032 032 032 032 032
10 087 .084 082 081 080 080 .080 080 .080
12 186 180 176 175 174 174 173 173 173
14 353 346 341 338 337 336 338 .336 336
16 614 609 604 601 .699 599 598 698 698 -
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.65 1.56 1.67 1.58 1.58 1.69 1.69 1.569 1.69
22 2.32 2.32 2.35 2.38 2.40 2.41 241 241 242
24 3.37 3.34 3.40 347 3.51 3.53 3.54 3.56 3.56
26 4,76 4,69 4,77 4,89 4,97 5.02 5.04 5.06 5.06
29 6.58 644  6.62 6.70 6.86 6.94 7.00 7.02 7.04
30 8.92 8.68 8.74 8.98 9,23 9.39 9.48 9.54 9,56
32 11.9 11.6 11.5 11.8 122 12.4 12.6 12.7 12.7
34 16.8 16.0 14.9 16.3 15.8 16.2 16.4 16.6 16.7
36 20.1 19.3 19.2 19.6 201 20.7 21.1 2t.4 216
39 26.6 248 24.3 24.6 26.4 26.1 26.7 27.1 274
40 322 30.8 30.4 30.7 31.6 328 334 34.0 34.4
42 40.1 384 31 380 38.9 40.1 41.3 42.1 42,7
44 494 473 46.4 46.6 47.8 49.0 50.4 61.6 524
46 60.4 57.7 §6.6 56.7 §7.7 53.3 61.1 62.6 63.7
49 73.2 68.9 68.4 68.4 69.4 7.2 73.3 78.3 768
50 88.0 841 82.2 82.0 83.0 84.9 874 89.8 91.7

88



Table D.11. Axle loed aqulvalency factors for rigid pavemants, tandem exles and pof 2.0.

Axle Sleb Thickness, D {inches)
Load
(kips} 6 7 8 9 10 1 12 13 14
2 0001 0001 0001 0001 .0001 0001 0001 0001 0001
4 0006 L0006 . .0008 0005 0006 .0006 0008 0006 0006
B 002 .002 002 002 002 002 002 002 002
8 006 .008 005 008 .006 008 006 006 005
10 014 013 013 012 012 012 012 012 012
12 028 .028 026 L0256 025 028 025 025 026
14 051 .048 048 047 047 047 047 047 047
16 087 084 .082 081 .081 .080 .080 .080 .080
18 141 138 133 132 131 131 131 RK] A31
20 218 210 208 204 203 203 203 203 203
22 319 313 307 306 304 303 .303 303 303
24 454 449 444 441 .440 439 439 439 439
26 629 .626 622 620 .618 618 618 818 618
28 .852 851 .850 860 .850 849 848 848 849
30 1.13 113 1.14 1.14 1.14 1.14 1.14 1.14 1.14
32 1.48 1.48 1.49 1.50 1.51 1.51 1.51 1.51 1.61
34 1.90 1.890 .93 1.95 1.96 1.97 1.97 1.97 1.97
36 242 2.41 2,45 249 2.51 2.52 253 253 2.53
38 3.04 3.02 3.07 - 313 3.17 3.19 3.20 3.20 3.21
40 3.78 3.74 -~ 3.80 3.89 3.95 3.98 400 4.01 4.01
42 - 4,67 4.59 4,65 4.78 4.97 4.93 4.95 4.97 4,97
44 6.72 5.59 5.67 6.82 5.95 6.03 6.07 6.08 8.10
46 6.94 8.78 6.83 7.02 7.20 7.3% 7.37 -7.41 7.43
48 8.36 8.12 817 8.40 8.63 8.79 8.84 8.93 8.96
50 10,00 9.69 9,72 9.98 10.27 10.49 10.62 10.69 10.73
52 11.9 11.5 11,5 118 12.1 12.4 12.8 12.7 12.8
54 14.0 13.6 13.5 13.8 14.2 14.8 14,9 16.0 16.1
56 18.5 15.9 16.8 16.1 16.6 17.1 17.4 17.6 17.7
58 19.3 18.5 18.4 18.7 19.3 19.8 203 205 20.7 .
60 224 215 2.3 21.6 22,3 22.9 235 23.8 24,0
62 26.8 24,9 246 24,9 25.8 284 270 27.5 277
64 29.9 28.6 28.2 28.5 29.3 30.2 31.0 31.6 31.9
68 34.3 32.8 32.3 328 334 344 364 36.1 38.5
68 39,2 37.6 36.8 371 37.9 39.1 40.2 411 41,8
70 44.6 42,7 41.9 42.1 42.9 44,2 46,6 48,6 47.3
72 60.6 48.4 475 47.6 48.5 499 614 62.8 635
74 §7.3 54,7 53.6 63.6 64.6 §6.1 57.7 69.2 60,3
76 84.6 81.7 60.4 60.3 61.2 82.8 64.7 66.4 87.7
78 725 69.3 67.8 87.7 68.6 70.2 72.3 74.3 75.8
80 81.3 7786 75.9 76.7 76.6 783 80.8 828 84.7
82 g90.9 86.7 84.7 84.4 85.3 87.1 89.8 92.1 942
84 101. 97, a4, 94, 85, 97, 89, 102, 106.
86 113. 107. 1085. 104, 106. 107, 110, 113. 1186.
88 125, 119. 116. 118. 1186. 118, 121, 126. 128.
20 138. 132. 129, 128, 129, 131, 134, 137. 141,

89



Table D.12. Axle load aquivalancy factora for rigid pavements, triple axlas and pof 2.0.

Axla Slab Thickness, D {inches)
Load
{kips) 6 7 8 9 10 1 12 13 14
2 L0001 0001 L0 0001 .00 0001 0001 0001 0001
4 0003 0003 0003 0003 0003 .0003 0003 0003 0003
6 0010 L0008 0009 0009 0009 00019 0009 0008 0009
8 002 002 002 002 002 002 002 002 002
10 00b .00B 005 005 005 0086 006 008 .00B
12 010 010 008 009 009 009 009 009 009
14 018 017 017 016 016 016 016 018 016
16 .030 .029 028 027 027 027 027 027 027
18 047 045 044 044 043 .043 043 043 043
20 072 069 067 066 068 066 066 0686 066
22 108 101 089 098 097 097 097 097 097
24 149 144 A4 .139 139 .138 138 138 138
26 .208 1949 195 194 193 192 192 192 J92
28 276 270 265 263 262 262 262 262 261
30 364 3639 .354 3561 350 349 349 3449 349
32 A72 468 463 460 459 458 468 458 A58
34 .603 .600 59§ 534 .693 692 592 592 592
36 758 758 757 766 .766 .768 .76b 766 768
38 9486 947 949 960 951 961 961 .961 961
40 1.17 1.17 1.18 1.18 1.18 1.18 1.18 1.18 1.19
42 1.42 1.43 1.44 1.48 1.46 1.48 1,46 1.46 1.48
44 1.73 1.73 1.78 1.77 1.78 1.78 1.79 1.79 1.79
46 2.08 2.07 2.10 2,13 2.15 2.16 2.16 2.18 217
48 2.48 2.47 2.61 2.65 2.58 2.59 2.80 2.60 2.61
6O 2.95 2.92 2,97 3.03 3.07 3.09 310 3.1 3.11
62 3.48 3.44 3.680 3.68 3.63 3.66 3.68 3.69 3.69
B4 4.09 4,03 4.08 4,20 427 4,31 4.33 4.36 4.35
b6 4.78 4,69 4,76 4.89 4.99 5.06 6.08 6.09 B.10
58 5.57 5.44 5.61 5.86 6.79 6.87 5.91 6.94 5.95
60 6.45 6.29 6.35 8.63 6.89 6.79 8.85 6.88 5.90
62 7.43 7.23 7.28 7.49 7.69 7.82 7.80 7.94 7.97
64 8.564 8.28 8.32 8.55 8.80 8.97 9.07 8.13 9.16
€6 9.76 9.48 948 9.73 10.02 10.24 10.37 10.44 10.48
68 11.1 10.8 10.8 11.0 11.4 11.6 11.8 11.9 12.0
70 12.6 12.2 12.2 12.5 12.8 13.2 13.4 13.6 13.6
72 14.3 138 13.7 14.0 14.5 14.9 16.1 16.3 15.4
74 16.1 15.5 154 16.7 16.2 16.7 17.0 17.2 17.3
78 18.2 17.6 17.3 17.6 18.2 18.7 19.1 19.3 19.6
78 204 19.6 18.4 19.7 20.3 20.9 21.4 21.7 21.8
80 22.8 21.9 21.6 21.9 22,6 23.3 23.8 24,2 24.4
82 25.4 24.4 241 24.4 25.0 25.8 26.6 26.9 27.2
g4 28.3 271 26.7 27.0 27.7 28.6 294 29,9 30.2
86 31.4 301 29,6 299 30.7 31.6 326 331 336
88 34.8 33.3 32.8 33.0 338 34.8 35.8 36.6 371
90 38.5 36.8 36.2 36.4 37.2 38.3 394 40.3 40.9

90



Teble D.13. Axle loed squivelency fectors for rigld pevements, single axles end p,of 2.5.

Axle . Slab Thickness, D {inches)
Load
(kips) 8 7 8 9 10 11 12 13 14
2 0002 0002 0002 0002 0002 0002 0002 0002 0002
4 003 002 002 002 002 002 002 002 002
5 012 O 010 010 010 010 010 010 010
8 039 036 033 032 032 032 032 032 032
10 097 088 084 082 081 080 080 .080 .080
12 203 189 181 175 175 174 174 173 173
14 376 .360 347 341 .338 337 336 336 338
15 .834 623 610 504 501 699 .599 599 .598
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1,00
20 1.61 1.62 1.55 1.67 1.58 1.58 1.59 1.59 1.58
22 2.21 2,20 2.28 2.34 2.38 240 2.41 2.41 2.41
24 3.18 3.10 3.22 3.36 3.45 3.50 3.53 3.54 3.65
25 4,41 4,26: 442 4,57 4,85 4.95 5.01 5.04 5.05
28 8.06 6.76 6.92 5.29 6.61 5.81 5.92 5.98 7.01
30 8.16 1.57 7.79 8.28 8.79 9.14 8.35 9.45 9.52
32 10.8 10.1 10.1 10.7 11.4 12.0 123 126 12.7
34 14.1 130 12.9 13.5 14.5 15.4 15.0 16.4 16.5
35 18.2 187 16.4 17.1 18.3 19.5 20.4 21.0 21.3
38 23.1 211 . 205 21.3 22.7 24.3 25.5 28.4 27.0
40 29.1 286 25.7 26.3 27.9 299 31.6 329 33.7
42 36.2 329 317 32.2 340 36.3 38.7 40.4 41.8
44 44,6 40.4 38.8 39.2 41.0 43.8 46.7 438.1 60.8
48 54.5 49.3 471 47.3 48.2 52.3 56.9 58.0 51.4
48 85.1 59.7 55.9 56.8 58.7 62.1 6.3 703 73.4
50 79.4 71.7 68.2 87.8 89.5 733 78.1 83.0 87.1

91




Table D.14. Axle load equivelency fectors for rigid pevements, tendem exles end p of 2.5.

Slab Thickneaa, D (inchas)

Axla
Load
{kips) 6 7 8 8 10 11 12 13 14
2 0001 0001 0001 0001 0001 0001 0001 0001 0001
4 .0008 .0006 0005 0006 0006 0006 0005 00086 00056
] 002 .002 002 002 002 .002 002 .002 002
8 007 005 006 .006 005 006 0086 006 006
10 018 014 013 .013 012 012 012 012 012
12 031 .028 .026 .025 .025 025 026 025 .026
14 0b7 062 049 .048 047 .047 047 .047 047
16 097 .089 084 .082 081 .081 .080 .080 080
18 156 143 136 133 132 A3 A3 A3 A3
20 234 220 211 .208 204 203 .203 203 .203
22 .340 325 313 308 305 304 303 303 .303
24 475 462 450 444 A41 440 439 439 439
26 .644 537 527 822 .620 519 .518 518 518
28 866 B854 . .BB62 860 .850 .860 849 .B49 .849
30 1.1 112 1.13 1.14 1.14 1.14 1.14 1.14 1.14
32 1.43 1.44 1.47 1.49 1.50 1.61 1.61 1.61 1.51
34 1.82 1.82 1,87 1.92 1.95 1.96 1.97 1.97 1.97
38 2.29 2.27 235 2.43 2.48 2.51 2,52 2.52 2.63
38 2.85 2.80 2.91 3.03 3.12 3.18 3.18 3.20 3.20
40 3.52 3.42 356 3.74 3.87 3.94 3.98 4.00 4.01
42 4.32 416 4.30 4,65 4.74 4.86 4.91 4.95 4.95
44 5.26 5.01 616 5.48 b.75 5.92 6.01 6.06 5.09
48 6.36 6.01 5.14 6.63 6.90 7.14 7.28 7.36 7.40
48 7.64 718 7.27 7.73 8.21 B.65 8.7b 8.86 8.92
50 9.11 8.650 8.65 9.07 9.68 10.14 10.42 10.68 10.66
52 10.8 10.0 10.0 10.6 11.3 11.9 12.3 12,5 12.7
. b4 12.8 11.8 11.7 12.3 13.2 13.9 14.5 14.8 14.9
56 15.0 {3.8 13.8 14.2 18.2 16.2 18.8 17.3 17.5
58 17.5 16.0 18,7 163 17.5 18,6 19.5 201 20.4
60 20.3 18.5 18.1 18.7 20.0 21.4 225 23.2 23.6
62 23.5 21.4 20.8 21.4 22.8 24.4 25.7 26.7 27.3
64 27.0 24.5 23.8 244 25.8 27.7 29.3 305 31.3 -
55 31.0 28.1 271 27.6 29.2 31.3 33.2 34.7 35.7
68 364 32.1 30.9 31.3 32.9 35.2 37.6 39.3 405
70 40.3 36.5 35.0 36.3 37.0 39.56 42.1 44.3 45.9
72 45.7 41.4 39.8 39.4 41.56 44,2 47.2 49.8 51.7
74 61.7 45.7 44.6 44.7 45.4 49.3 52.7 b6.7 B8.0
76 58.3 52.6 50.2 50.1 b1.8 54.9 b8a.6 62.1 54.8
78 65.5 b9.1 58.3 56.1 67.7 60.9 65.0 69.0 72.3
80 73.4 556.2 629 52.5 64.2 67.5 71.9 75.4 80.2
82 82.0 73.9 70.2 59.6 71.2 74.7 79.4 84.4 g88.4
84 91.4 824 7841 77.3 78.9 824 87.4 93.0 98.1
85 102, 92. g7. 86. 87. 91. 985, 102, 108.
88 113. 102. 98e. 95, 96, 100. 108. 112. 119.
90 125. 112, 106. 105. 108, 110. 115. 123. 130.
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Tabla D.15. Axla load aquivalancy factora for rigid pavemanta, tripla axiea and p, of 2.5.

Axie Sleb Thicknesse, D {inches)
Load
(kips) ] 7 B 9 10 1 12 13 14
2 0001 0001 0001 0001 0001 0001 000 0001 0001
4 0003 0003 0003 0003 0003 0003 0003 L0003 0003
6 oM 00 001 001 001 001 00 001 001
8 003 002 002 002 002 002 002 .002 002
10 006 L0056 005 005 005 .006 .005 006 L0056
12 01 010 010 009 009 009 008 .009 009
14 020 018 017 017 0186 018 016 018 016
16 .033 030 029 028 027 027 027 027 027
18 063 048 045 044 044 043 043 043 043
20 080 073 069 087 066 066 0686 068 .086
22 116 107 101 099 098 097 097 097 097
24 .183 151 144 141 139 139 138 138 138
26 222 209 . 200 .195 .194 143 192 92 492
28 285 281 2 .265 263 262 262 262 262
30 334 A7 359 364 .351 350 349 349 349
32 490 480 468 463 460 A58 458 458 458
34 516 809 B b96 594 593 592 582 592
36 788 762 .759 757 .7566 768 755 .7656 .766
a8 839 941 948 943 950 .961 951 951 961
40 1.14 1.16 1.16 1.17 1.18 1.18 1.18 1.18 1,18
42 1.38 1.38 1.41 1.44 1.45 1.46 1.46 1.46 1.46
44 1.65 1.66 1.70 1.74 1.77 1.78 1.78 1.78 1.79
46 1.87 1.86 2.03 2.09 2.13 215 2,16 216 2.16
48 234 2,31 2.40 2,49 2.55 2.58 2.58 2.60 2.60
60 2,76 2.7 2.81 2.94 3.02 3.07 3.08 3190 3N
62 .24 3.15 3.27 3.44 3.56 362 3.66 a.68 3.68
54 3.79 3.66 3.79 4.00 4,16 4,26 4,30 4.33 4,34
66 4.41 4.23 4.37 4.63 4.84 4,97 5.03 5.07 5.09
58 5.12 4.87 6.00 5.32 5.69 b.76 5.85 5.90 5.93-
60 5.91 5.569 5.71 6.08 6.42 . B.64 6.77 6.84 6.87
62 8.80 6.39 8.60 6.91 7.33 7.62 7.79 7.88 7.93
64 7.78 7.29 7.37 7.82 8.33 8.70 8.92 9.04 9.11
66 8.90 8.28 8.33 8.83 9.42 9.88 10.17 10.33 10.42
68 10.1 9.4 2.4 9.9 10.6 11.2 11.5 1.7 11.9
70 11.6 10.6 10.6 11.1 11.9 12.6 13.0 13.3 136
72 13.0 12.0 11.8 12.4 13.3 14.1 14.7 15.0 15.2
74 14.6 13.56 13.2 13.8 14.8 15.8 16.5 16.9 1741
76 18,6 16.1 14.8 15.4 16.6 17.6 18.4 18.9 19.2
78 185 16.9 16.5 17.1 18.2 19.6 20.5 21.1 21.5
80 206 18.8 18.3 18.9 20.2 21.6 22.7 23.5 240
82 23.0 21.0 203 20.9 22,2 238 25,2 26.1 26.7
34 25.6 23.3 226 23.1 24.5 26.2 27.8 28,9 29.6
86 284 25.8 24.9 25.4 26.9 288 30.56 Nne 326
86 31.6 28.6 27.6 27.9 294 3156 33.6 35.1 36.1
90 348 3156 303 30.7 32.2 344 36.7 38,6 39.8
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Table D.16. Axle loed equivaiency factors for rigid pavements, singie axies end p, of 3.0.

Axla Slab Thicknass, D {inches)
Load
{kipa) 8 7 8 8 10 11 12 13 14
2 .0003 0002 0002 0002 0002 0002 0002 ,0002 0002
4 003 003 002 002 .002 .002 002 002 002
6 014 012 011 010 010 010 010 010 010
8 .045 .038 034 .033 032 .032 032 032 032
10 Jd11 095 087 .083 081 .081 080 080 .080
12 228 202 186 179 176 174 74 174 173
14 408 378 .365 344 340 337 337 336 338
16 560 .640 618 608 603 600 589 599 599
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.46 1.47 1.62 1.65 1.67 1.58 1.58 1.69 1.59
22 2.07 2.08 2,18 2.29 2.35 2.38 2.40 241 241
24 2.90 2.81 3.00 3.23 3.38 347 3.51 3563 3.54
26 4.00 3.77 401 440 4,70 4,87 4,96 5.01 5.04
28 5.43 4,99 5.23 5.80 6.31 6.56 6.83 6.93 6.98
30 1.27 6.53 872 7.48 8.26 8.83 8.17 8.36 9.48
32 9.59 8.47 8.53 9.42 10.54 1144 12.03 12.37 12,66
34 12.5 10.9 10.7 11.7 13.2 14,5 156 16.0 16.4
36 16.0 13.8 134 14.4 16.2 18.1 195 204 21.0
a8 20.4 17.4 16.7 17.7 19.8 22.2 24.2 25.8 26.4
40 25,5 21.8 20.8 21.5 23.8 26.8 29.56 31.5 32.9
42 31.8 26.9 25.3 25.0 28.5 320" 36.6 384 40.3
44 39.2 331 30.8 31.3 338 37.9 423 46.1 48.8
46 47.8 40.3 37.2 37.6 401 44,5 49.8 54.7 68.5
48 57.9 48,6 448 447 47.3 52.1 68.2 64.3 §9.4
50 69.6 58.4 53.5 53.1 65.6 60.6 67.6 76.0 814
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Table D.17. Axla loed equivalency factora for rigid pavaments, tandem exles and p, of 3.0.

Axla Sleb Thicknees, D {Inches)
Loed
(kips) 6 7 8 9 10 11 12 13 14
2 0001 0001 0001 0001 0001 0001 L0001 0001 0001
4 0007 0006 L0008 0005 0005 0005 .0005 0006 0005
6 003 002 002 002 002 002 002 002 .002
8 008 006 006 008 .005 006 005 005 005
10 018 015 013 013 013 012 012 012 012
12 036 030 027 026 .026 025 0256 026 .025
14 .066 .068 060 048 047 047 047 047 047
16 A1 .095 087 .083 .081 .081 081 .080 .080
18 174 .163 .140 135 132 131 A3 131 131
20 .260 234 217 .209 2086 204 .203 203 203
22 .368 341 321 311 307 305 .304 303 303
24 502 479 .468 447 443 440 440 439 .439
26 664 661 634 625 621 819 618 618 618
28 .869 8567 .853 861 .860 860 860 .849 .849
30 1.09 1.10 1.12 1.13 1.14 1.14 1.14 1.14 1.14
32 1.38 1.38 1.44 1.47 1.49 1.60 1.51 1.61 1.61
J4 1.72 1.71 1.80 1.88 1.93 1.95 1.96 1.97 1.97
36 213 210 2.23 2.36 245 249 2.61 2,52 2,52
38 2,62 2.54 2,71 2.92 3.06 3.13 317 3.19 3.20
40 321 3.06 3.26 3.65 3.76 3.88 3.95 3.98 4.00
42 3.90 3.65 3.87 4,26 4.68 4,77 4,87 4.92 4,95
44 4,72 4.35 4.57 5.06 5.50 5.78 6.94 6.02 6.06
46 6.68 6.16 5,36 5.95 6.64 6.94 717 7.29 7.36
48 8.80 6.10 6,26 6.93 7.69 8.24 8.67 8.76 8.86
60 8.09 717 7.26 8.03 8.96 9.70 10.17 10.43 10.68
62 9.57 8.41 8.40 9.24 10.36 11.32 11.96 12.33 12.64
54 11.3 9.8 9.7 10.6 11.9 13.1 14.0 14.6 14.8
56 13.2 11.4 1.2 121 13.6 15.1 16.2 16.9 17.3
58 16.4 13.2 12.8 13.7 15.4 17.2 18,6 19.5 20.1
60 17.9 16.3 14,7 15.6 17.4 19,6 21.3 22.8 23.2
62 20.6 17.6 16.8 17.6 19.6 22.0 241 28.7 26.6 .
64 237 20.2 19.1 19.9 22,0 24.7 27.3 28.2 30.4
66 27.2 23.1 217 22.4 24.6 27.6 30.6 33.0 346
68 311 - 26.3 24.6 25.2 27.4 30.8 34.3 3 39.2
70 35.4 29.8 27.8 28,2 30.6 34.2 38.2 418 441
72 401 338 31.3 31.6 34.0 37.9 42.3 46.4 49.4
74 46,3 38.1 35.2 36.4 377 41.8 46.8 51.56 65.2
76 61.1 429 396 39.6 41.8 46.1 61.5 56.9 61.3
78 57.4 48.2 44.3 44,0 46.3 50.7 56.8 62.7 67.9
80 64.3 53.9 454 48.9 51.1 55.8 62.1 68.9 749
82 71.8 60.2 55.1 54.3 56.56 61.2 67.9 76.6 82.4
84 80.0 §7.0 61.2 60.2 62.2 67.0 74.2 824 80.3
86 8%.0 74.5 67.9 66.5 68.5 73.4 80.8 89.8 98,7
88 98.7 825 75.2 73.5 76.3 80.2 88.0 97.7 107.5
90 109. 91. 83 81. 83. 88. 98. 1086. 117.
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Table D.18. Axla load equivalency fectors for rigld pevemanta, triple axles end p,of 3.0.

Axls Slab Thicknass, D (inches)
Losd '
{kips) 8 7 8 9 10 11 12 13 14
2 0001 .0001 0001 0001 0001 .0001 L0001 0001 0001
4 0004 0003 0003 0003 0003 0003 0003 0003 0003
6 001 .001 001 001 .001 .C01 001 001 .001
8 003 .003 002 002 002 002 002 002 002
10 007 008 006 006 .005 006 .008 005 006
12 013 Hel b 010 009 .009 009 009 .009 009
14 .023 .020 .018 017 017 016 016 018 .018
16 .039 .033 030 028 028 027 027 027 027
18 081 062 047 045 044 044 043 043 043
20 091 078 071 088 067 068 068 068 .068
22 132 114 104 100 098 097 .097 097 .097
24 .183 161 148 143 140 139 139 138 .138
26 .245 221 . .206 198 195 193 .193 182 192
28 322 .295 277 258 ,265 253 .262 252 282
30 411 387 367 357 363 351 380 .349 349
32 515 496 478 486 462 480 459 458 458
34 634 522 607 .599 .596 .£94 593 592 592
36 772 .768 762 .758 768 758 765 .766 .758
38 930 934 942 947 949 950 951 951 951
40 1.11 1.12 1.15 1,17 1.18 118 1.18 1.18 1.18
42 1.32 1,33 1.38 1.42 1.44 1.46 1.46 1.45 1.45
44 1.66 1.66 1.54 1.71 1,75 1.77 1.78 1.78 1.78
46 1.84 1.83 1.94 2.04 2.10 2,14 2,16 2.16 218
48 2.16 2.12 2.26 2.41 2.51 2.56 2.58 2.59 2.60
50 2,63 245 2.61 2.82 296 3.03 3.07 3.09 3.10
62 2,95 2.82 .0 3.27 3.47 3.58 3.53 3.68 3.88
654 3.43 3.23 343 .77 4,03 418 427 4.31 4,33
56 3.98 3.70 3.90 4.31 456 485 4,98 6.04 6.07
58 4,59 4,22 4.42 4.90 5.34 5.62 5.78 5.86 6.90 -
60 5.28 4,80 4.99 5.54 6.08 -5.45 8.66 8.78 5.84
62 6.06 6.46 5.61 6.23 6.89 7.368 7.54 7.80 7.88
64 8.92 6.18 5.29 5,98 7.76 8.38 8.72 8.93 9.04
66 7.89 6.98 7.06 7.78 8.70 9.44 9.91 10.18 10.33
68 - 8.96 7.88 7.87 8.66 9.71 10.61 11.20 11.55 11,76
70 10.2 8.9 8.8 9.6 10.8 11.9 12.8 13.1 13.3
72 11.6 10.0 9.8 10.6 12.0 13.2 14.1 14,7 16.0
74 12.9 11.2 10.9 11.7 13.2 14,7 15.8 16.5 16.9
76 14.5 12,5 12.1 12.9 14.6 18.2 17.6 18.4 18.9
78 16.2 13.9 13.4 14,2 16.9 17.8 19.4 20.5 21.1
80 18.2 16.6 14.8 15.6 17.4 19.6 21.4 227 23.6
82 20.2 17.2 18.4 17.2 181 21.4 23.6 25.1 26.1
84 22.5 19,1 18.1 18.8 20.8 234 26.8 27.8 28.8
88 25.0 21.2 19.9 20.6 22.8 265 28.2 304 31.8
88 27.6 23.4 219 225 24.6 27.7 30.7 332 35.0
90 30.5 25.8 24,1 24.6 2¢.8 30.0 334 36.3 38.3
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DESIGN OF RIGID PAVEMENTS

Reinforcing Steel
Temperature Steel

Reinforcement / Contraction Joint: Design

& Bar mat or wire mesh: longitudinal and transverse steel wires welded at regular intervals

« Placed about 7 cm below the slab surface

Calculations:
F=fxW=fxL2x({)xhxy
F=pc (1) xh+psxAs

Ps = pc X EJ/E;

n = EJ/E.

F=p: (h+nAy)

fx L/2x (1) x hxy=pc (h+nAy)

2X h + nAs
L= Pe ( ) L<15m
fxhxy

f = coefficient of friction between the bottom of concrete pavement and subgrade
h = thickness of concrete pavement (m)

L = length of pavement between contraction joints (m)

v = density of concrete (KN/m?)

pc = maximum desired stress in the concrete in (kn/m?)

If L > 15 m then the follwing must be considered:
1. Cross-sectional area of longitudinal steel should be at least equal to 0.1 % of the
cross-sectional area of the slab
2. Longitudinal wires > No. 2 gauge (¢ 8 ), spaced at a maximum distance of 15 cm

3. Transverse wires > No. 4 gauge (¢ 12), spaced at a maximum distance of 30 cm

”> Temperature steel does not prevent cracking of the slab, but it does control the crack
widths because the steel acts as a tie holding the edges of the cracks together.

”> This helps to maintain the shearing resistance of the pavement, thereby maintaining
its capacity to carry traffic load, even though the flexural strength is not improved.
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Dowel Bars
% Load-transfer mechanisms across joints
O Diameters = 25— 37 mm
O Lengths=0.6—-1m
O Spacing = 0.3 m c/c across the width of the slab
% At least one end of the bar should be smooth and lubricated to provide free expansion

Tie Bars
R Tie bars are used to tie two sections of the pavement together
R~ Deformed or contain hooks to facilitate the bonding of the two sections
O Diameter 19 mm
Q Spacing 1 m

Expansion Joints
R Prevent buckling or “blow up”
O Across the full width of the slab
Q Full depth
O Width = 19-25 mm wide
+«» Filled with a compressible filler material that permits the slab to expand
«» Filler materials can be cork, rubber, bituminous materials, or bituminous fabrics
+« The upper part must be sealed with suitable sealant
¢ The load-transfer mechanism is a smooth dowel bar that is lubricated on one side

Contraction Joints
% Placed transversely
& Install a load-transfer mechanism in the form of a dowel bar when there is doubt
about the ability of the interlocking gains to transfer the load

Hinge Joints (Keyed) (Warping)
& Reduce cracking along the center line of highway pavements
& Permits movement due to difference in temperature between the surface and base
during day/night

Construction Joints
% Placed transversely across the pavement width to provide suitable transition between
concrete laid at different times

& An expansion joint can be used in lieu of a transverse construction joint

98



TYPES OF RIGID HIGHWAY PAVEMENTS

1. Jointed Plain Concrete Pavement (JPCP)
No temperature steel or dowels for load transfer
Steel tie bars often are used to provide a hinge effect at longitudinal joints and to prevent the
opening of these joints
Low-volume highways
Joints are placed at relatively short distances (3 — 6 m)

Skewed -> only one wheel of a vehicle passes through the joint at a time - smoother ride

2. Simply Reinforced Concrete Pavement
Have dowels for the transfer of traffic loads across joints,
Spaced at 10 — 30 m
Temperature steel is used

Tie bars also are used commonly at longitudinal joints

3. Continuously Reinforced Concrete Pavement (CRCP)
No transverse joints, except construction joints or expansion joints
High percentage of steel
Minimum = 0.6 % of the cross section of the slab

Contain tie bars across the longitudinal joints
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PUMPING OF RIGID PAVEMENTS

Discharge of water and subgrade (or subbase) material through joints, cracks, and along the
pavement edges.

It primarily is caused by the repeated deflection of the pavement slab in the presence of
accumulated water beneath it.

fine-grained - form a slurry

Pumping - faulting of the joints - formation of transverse cracks or the breaking of the
corners of the slab.

Joint faulting and cracking is therefore progressive, since formation of a crack facilitates the

pumping action.

Visual manifestations of pumping include:

Discharge of water from cracks and joints

Spalling near the centerline of the pavement and a transverse crack or joint
Mud boils at the edge of the pavement

Pavement surface discoloration (caused by the subgrade soil)

Breaking of pavement at the corners

Preventing Pumping
reduction or elimination of expansion joints,

replace soils with granular or sandy soils ( 7 to 15 cm) or to improve them by stabilization
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THICKNESS DESIGN OF RIGID PAVEMENTS (AASHTO Design Method)

Design Considerations

Pavement Performance: Pi =4.5 p; = select

Subbase Strength
@ Table 20.4
AASHTO suggests that:
¢ A through E can be used within the upper 4 in (10 cm) layer of the subbase

¢ Type F can be used below the uppermost 4 in (10 cm) layer

® When A, B, and F are used & subjected to frost action - minimize % of fines
@ Thickness > 6 in 10 cm) and should be extended 1 to 3 ft outside the edge of

pavement

Subgrade Strength

Modulus of subgrade reaction k, which is defined as the load in Ib/in” on a loaded area,
divided by the deformation in inches.

Values of k can be obtained by conducting a plate-bearing test in accordance with the using

a 30 in 75 cm) diameter plate.

@ Figure 20.8
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(1) For the basic idea, see O. J. Porter, “Foundations for Flexible Pavements,” Highway Research Board Proceedings of the Twenty-second Annual
Meeting, 1942, Vol. 22, pages 100-136.

(2) ASTM Designation D2487

(3) “Classification of Highway Subgrade Materials,” Highway Research Board Proceedings of the Twenty-fifth Annual Meeting, 1945, Vol. 25. pages
376-392.

(4) Airport Paving, U.S. Department of Commerce, Federal Aviation Agency, May 1948, pages 11-16. Estimated using values given in FAA Design
Manual for Airport Pavements.(Formerly used FAA Classification; Unified Classification now used.)

(5) C. E.Warnes, “Correlation Between R Value and k Value," unpublished report, Portland Cement Association, Rocky Mountain-Northwest
Region, October 1971 (best-fit correlation with correction for saturation).

(6) See T. A. Middlebrooks and G. E. Bertram, "Soil Tests for Design of Runway Pavements,” Highway Research Board Proceedings of the Twenty-
second Annual Meeting, 1942, Vol. 22, page 152.

Figure 20.8 Approximate Interrelationship of Soil Classification and Bearing Values

SOURCE: Robert G. Packard, Thickness Design for Concrete Highway and Street Pavements, American Concrete Pavement
Association, Skokie, 1L, 1984.
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Table 20.4 Recommended Particle Size Distributions for Different Types of Subbase Materials

Types of Subbase
Type C Type D Type E
(Cement (Lime (Bituminous Type F

Sieve Designation Type A Type B Treated) Treated) Treated) (Granular)
Sieve analysis percent

passing
2 in. 100 100 — — — —
1in. — 75-95 100 100 100 100
Y8 in. 30-65 40-75 50-85 60-100 — —
No. 4 25-55 30-60 35-65 50-85 55-100 70-100
No. 10 15-40 20-45 25-50 40-70 40-100 55-100
No. 40 8-20 15-30 15-30 25-45 20-50 30-70
No. 200 2-8 5-20 5-15 5-20 6-20 8-25

(The minus No. 200 material should be held to a practical minimum.)

Compressive strength 400-750 100

Ib/in®at 28 days
Stability

Hveem Stabilometer 20 min

Hubbard field 1000 min

Marshall stability 500 min

Marshall flow 20 max
Soil constants

Liquid limit 25 max 25 max 25 max

Plasticity index” N.P. 6 max 10 max® 6 max® 6 max

“As performed on samples prepared in accordance with AASHTO Designation T87.

*These values apply to the mineral aggregate prior to mixing with the stabilizing agent.
SOURCE: Adapted with permission from Standard Specifications for Transportation Materials and Methods of Sampling and
Testing, American Association of State Highway and Transportation Officials, Washington, D.C., 2007.
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Example:
Dgp =6 in.

Egg = 20,000 Ib/in.?
Mg = 7,000 Ib/in.2
Solution: &, =400 1b/in3

Figure 20.9 Chart for Estimating Composite Modulus of Subgrade Reaction, K., Assuming a Semi-Infinite
Subgrade Depth*

*For practical purposes, a semi-infinite depth is considered to be greater than 10 ft below the surface of the subgrade.

SOURCE: Redrawn from AASHTO Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993. Used with permission.
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Traffic (Discussed)

Concrete Properties

Flexural strength (modulus of rupture) at 28 days

E. = 5700./f!

Drainage (Cd) : Table 20.9

Reliability
logig Wos = 2,8, + 735 logu(D + 1) — 006 + — Bl 2F31/t ~ 1)
0 = 3o - 0.
S0lis = St T 15 BB 1+ [(L&24 X 10)/(D + 1)*¥]
\Yop ( D* - 1132 )}
+ (422 - 032P))1 - 20.21
[ 100 {215.531 om - sayEy))
where
Zp = standard normal variant corresponding to the selected level of relia-
bility
S, = overall standard deviation (see Chapter 19)
Wys = predicted number of 18 kip ESAL applications that can be carried by
the pavement structure after construction
D = thickness of concrete pavement to the nearest half-inch
APSI = design serviceability loss = p; — p,
p; = initial serviceability index
p, = terminal serviceability index
E, = elastic modulus of the concrete to be used in construction (Ib/in’)
§". = modulus of rupture of the concrete to be used in construction (Ib/in?)
J = load transfer coefficient = 3.2 (assumed)
C, = drainage coefficient
Table 2.6. Recommended Load Transfer Coefficient for Various Pavement
Types and Design Conditions
Pavement Type J -
(no tied shoulders) Shoulder Asphalt Tied PC.C.
JCPIJRCP 32 Load Transfer
w/ load transfer devices Devices s No s N
JCPIIRCP 3844  _ Tavement Type
wlout load transfer devices 1. Plain jointed and
CRCP 79 jointed reinforced 3.2 3.8-4.4 2.5-3.1 3.6-4.2
' 2. CRCP 2.9-3.2 N/A 2.3-29 N/A
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Table 20.9 Recommended Values for Drainage Coefficient, C,, for Rigid Pavements

Percent of Time Pavement Structure is Exposed
to Moisture Levels Approaching Saturation

Quality of Greater Than
Drainage Less Than 1% 1-5% 5-25% 25%
Excellent 1.2-1.20 1.20-1.15 1.15-1.10 1.10
Good 1.20-1.15 1.15-1.10 1.10-1.00 1.00
Fair 1.15-1.10 1.10-1.00 1.00-0.90 0.90
Poor 1.10-1.00 1.00-0.90 0.90-0.80 0.80
Very poor 1.00-0.90 0.90-0.80 0.80-0.70 0.70

SOURCE: Adapted from AASHTO Guide for Design of Pavement Structures, American Association of State Highway and

Transportation Officials, Washington, D.C., 1993. Used with permission.
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SOURCE: Redrawn from AASHTO Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993. Used with permission.

Example 20.3 Designing a Rigid Pavement Using the AASHTO Method

The use of the charts is demonstrated with the example given in Figure 20.13. In this
case, input values for Segment 1 of the chart (Figure 20.13) are

Effective modulus of subgrade reaction, k = 72 1b/in®
Mean concrete modulus of rupture, S’, = 650 Ib/in?
Load transfer coefficient, J = 3.2
Drainage coefficient, C; = 1.0
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These values are used to determine a value on the match line as shown in
Figure 20.13 (solid line ABCDEF). Input parameters for Segment 2 (Figure 20.14)
of the chart are

Match line value determined in segment 1 (74)
Design serviceability loss, APSI = 4.5 — 2.5 = 2.0
Reliability, R% = 95% (Z = 1.645)

Overall standard deviation, S, = 0.29
Cumulative 18 kip ESAL = (5 X 10°)

Solution: The required thickness of the concrete slab is then obtained, as shown in
Figure 20.14, as 10 in. (nearest half-inch).

Note that when the thickness obtained from solving Eq. 20.21 analytically or by
use of Figures 20.13 and 20.14 is significantly different from that originally assumed
to determine the effective subgrade modulus and to select the ESAL factors, the
whole procedure has to be repeated until the assumed and designed values are
approximately the same, emphasizing the importance of using a computer program
to facilitate the necessary iteration.

Example 20.4 Evaluating the Adequacy of a Rigid Pavement Using the AASHTO Method

Using the data and effective subgrade modulus obtained in Example 20.2, determine
whether the 9 in. pavement design of Example 20.2 will be adequate on a rural
expressway for a 20-year analysis period and the following design criteria

P, =45

P,=25

ESAL on design lane during first year of operation = 0.2 X 10°
Traffic growth rate = 4%

Concrete elastic modulus, E. = 5 X 10° Ib/in®

Mean concrete modulus of rupture = 700 Ib/in*
Drainage conditions are such that C; = 1.0

R =0.95 (Zz = 1.645)

S, = 0.30 (for rigid pavements S, = 0.3 — 0.4)

Growth factor = 29.78 (from Table 19.6)

k = 170 (from Example 20.2)

Assume D = 9 in. (from Example 20.2)

ESAL over design period = 0.2 X 10° = 29.78 = 6 X 10°

Solution: The depth of concrete required is obtained from Figures 20.13 and
20.14. The dashed lines represent the solution, and a depth of 9 in. is obtained. The
pavement is therefore adequate.
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Hot-Mix, Cold-Laid Asphalt Mixture
[AC (200-300)] + [MC-30 : 0.75% ] + wetting agent + Water (2-3%) + 77 °C + mixing
Suitable for:

e small jobs

e patching high-type pavements

Cold-Mix, Cold-Laid Asphalt Mixture
e Emulsified asphalts
e Low-viscosity cutback asphalts

R~ Can be used: immediately or later

& MS-1 and MS-2: pavement bases and surfaces for open graded aggregates
& CS-1and CSH-1 : well graded aggregates

Seal Coats

Single applications of asphalt material that may or may NOT contain aggregates
% Used in maintenance

Types:
e fog seals
e slurry seals

e aggregate seals

Fog Seal
Thin application of emulsified asphalt, usually with NO aggregates
& SS-1, SS-1H, CSS-1, and CSS-1H
& sprayed at a rate of 0.1 to 0.2 gal/yd?
Used to:
e Reduce the infiltration of air and water into the pavement
e Prevent the progressive separation of aggregate particles from the surface (raveling)

e Bring the surface of the pavement to its original state
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Slurry Seal
& SS-1+ fine aggregate + mineral filler+ water
% average thickness = 1.5 -3 mm
Used as:
v" low-cost maintenance material for pavements carrying light traffic
v' fill cracks > 6 mm
v’ provide a fine-textured surface

existing cracks will appear through the slurry seal in a short time

Aggregate Seals
Spraying asphalt - immediately covering it with aggregates - rolling the aggregates into the asphalt

& Use: the softer grades of paving asphalt and the heavier grades of liquid asphalts

& Purpose: Aggregate seals can be used to restore the surface of old pavements

Prime Coats
Obtained by spraying asphalt binder materials onto non-asphalt base courses.
Used to:

e Provide a waterproof surface on the base

e Fill capillary voids in the base

o Facilitate the bonding of loose mineral particles

e Facilitate the adhesion of the surface treatment to the base

& MC-30 : dense flexible base

& MC-70 : more granular-type base materials
*  MC-30: 0.2 - 0.35 gal/yd®

e MC-70: 0.3 - 0.6 gal/yd?
+«» Within 24 hours
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Tack Coats
Thin layer of asphalt material sprayed over an old pavement to facilitate the bonding of the
old pavement and a new course which is to be placed over the old pavement.
& RC-70
@ SS-1, SS-1H, CSS-1, and CSS-1H + equal amount of water
Rate:
0.05 - 0.15 gal/yd?
% Hours in hot weather

«» 24 hrs in cooler weather

Surface Treatments
Asphalt material and suitable aggregates on a properly constructed flexible base course to
provide a suitable wearing surface for traffic.
Used to:
e Protect the base course
e Eliminate the problem of dust on the wearing surface
Single course: thicknesses = 12 — 19 mm
B> Asphalt = 0.13 - 0.42 gal/yd® depending on the gradation of the aggregates
R~ Aggregates = 0.11 to 0.50 ft*/yd?

Multiple course: thicknesses = 22 - to 50 mm
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Rheological Models

One-dimensional linear viscoelastic models for bitumen

Mechanical (rheological) models

viscoelastic = "viscous" + "elastic"
a bit like a fluid and a bit like a solid

The Linear Elastic Spring

1
€= —0
E
E= Spring stiffness
The Linear Viscous Dash-pot
£=1o
n
1 = the viscosity of the material
o]
v
g =20t
n
n
o
n &4
0y
! t
’ !
stress stress o)
applied removed
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The Maxwell Model

1 1 3 .
£, =—0C £, =—0O E=¢& +6&,
F B n B
/i . 1T =
o+ Ecr =ne Maxwell Model
(=
£(t) = G’a(lf+lJ ° %
) o,
E ¢
) )
siress stress
applied removed
The Kelvin Model
g—la é—la o=0,+0 (
E 1= 2 1 2

where o, is the stress in the spring and &, is the dash-pot stress. Eliminating o,
leaves the constitutive law

Loadi o=FEe+ne| Kelvin (Voigt) Model {
oading
o -
(t) :E.ﬂ(l_e (Em)r) E
.
1
O < o

Unloading at time =1 |
o) = %2 (e 1) 1 %

stress stress
applied removed

114



Three — Element Models
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