21 (Analytical Design)

(Empirical Method)
Design Charts

Design Charts

(Analytical Method)
Layered Elastic Theory ,

(Stabilized Materials)
(Local Materials)

(Analytical Method)

Load Equivalent Factor
(Equivalent Axle Load ;EAL)



« m m tinaafn

3. (Analytical Method)

4, (Analytical Method)

(Analytical Method)
(Empirical
Method) (Analytical Method)

(Analytical Method)
(Resilient Modulus My
Poisson ' Ratio (v)

Design  Charts
(Empirical Method)

(Analytical Method)

Design Charts

Design Charts (Analytical Method)
Asphalt Institute(1991) ~ Austroads(1992)



(Analytical Method)

Subgrade
Subgrade

() ,
(PO
L2l

Stresses ) (Tensile Stresses) 2.2

HOT DRAWN
T0 SCALE

PAVEMENT
4TRUCTURE

u{r#’ié)‘))‘;=:;@>‘ﬁ=«@'—%\ ¢
SUBGRADE
2.1 Load
:Asphalt Institute (1991)
LOAD,
NOT DRAWN
T0 SCALE

PAVI MENT
STRUN TURE

-+- -*- COMPRESSION TENSION

2.2
: Asphalt Institute (1991)

(Compressive



2.2 (Resilient Modulus)

(Resilient Modulus)®
Theory

2.3 (Strain)

Plastic Strain

(Recover strain)

Plastic
Strain

2.3
- Huang (1993)
(Resilient Modulus, M)
M =alsr
Mr= (Resilient Modulus)
= (Stress)

Sr= (Recover Strain)

, Elastic

Plastic Strain



(Repeated Load Test)

( confined Compressive

(Indirect Tensile Test)

(Triaxial Test)

(Repeated Load Test)

Stress
2.4

24

Pulse

0.02-04

haversine

Test)

(Direct Tensile Test)

triangular

(Flexural Test)

The ASSHTO Road Test (1962 cited in Barksdale,1997)

Stress Pulse

Creep Speed

i |
CONVENTIONAL —
(30KS) \

i !
CONVENTIONAL
(18 KS)

: |

EMBANKMENY PRESSURE , psi

/—K'T

{22.1K)

.—-I-I’l

X-7
2240 \

i

—

= \l
g 1 ™,

|
K-3(2.5K)

't

i)

SN
AR

— \l-at_\'\
30

40

30 6

LEFT

Vertical Stress Pulse
: The ASSHTO Road Test (1962 cited in Barksdale,1997)

10 o 10

TRANSVERSE OISTANCE , INCHES

Subgrade

20
RIGHT

40



Barksdale (1971 cited in Huang,1993)

triangular

Vertical Stress Pulses

2.6

8 ZapaSin(y (1

Stress Pulse

2.5 Inertial

AASHO Road Test

2.6

Vertical Stress Pulsed
haversine
Viscous Effect

Stress Pulse Time

Actual
pulse )

Equivalent
sihusoidal

¢ puls g
‘////9 v

Equivalent
triangular
ulse

Equivalent Pulse Time, d, sec.

2.5 Equivalent haversine and triangular Pulse

: Barksdale (1971 cited in Huang,1993)

10g -
[ Vehicle Velocity V 3
- o o ':1—_;“)"\ :
P | — =" W
S —
1 _4/
= =
3 B e 305
—_— T ¥ /‘ —
- —_—T L— _-—'_\!:‘vah
PSS Eobriedt OO 5 s P el M
i — :
[} ] — Sinusoidal
= —= Triangular
0.01
0 4 8 12 16 20 24 28
Jepth below Pavement Surface, in.
Equivalent Pulse Time
Haversine Triangular

: Barksdale (1971 cited in Huang,1993)
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McLean (1974 cited in Huang,1993) Loading Time For an
Equivalent Square Wave Vertical Pulse 2.7
Barksdale 30 ph Triangular Loading
Pulse Time Square Wave Triangular Wave
1 =
E 3
2 Barksdale 7
Triangular |
J 30 mph
3 O.IE _,_——"""—"L-—-*“"'- 15 mph %
” - = 30 mph :
- L__.--—-—“" Lt 9 P i
= _,___.-/""'F'—‘ 60 mph
Y —
P 0.01 = ;
: 1
0.001 : - - s
0 4 8 12 16 20 22
Depth, in.
2.7 Equivalent Pulse Time Depth Below
Pavement Surface Square Wave Loading
: McLean (1974)
Duration of Loading
2.6 2.7
Huang (1993) duration of
loading 01 Load Duration
Granular Materials Fine-Grained Soil

Bituminous

Rest period ,



1

2.3

231
(2526)
64 A-2-4 A-2-6
A-2-7
Morrison (1965 2543)
57
21
21

200 (%) 0 66

(%) 18 97

(%) NP 51
AASHTO A-1-a A-7-6

Group Index 0 10
2.59 3.20
( r.) 118.0 1145

(%) 7.0 13.4

CBR (%) 7.0 60.0
(%) 01 55.0
Percentage of wear (%) 20.0 60.0

: Morrison (1965 12543)

Ruenkrairergsa Waiwudthikeart (1987)
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Soil-Cement

(2538)
40
1.40-2.00
LL Pl
232 A
Lambe et al.(1959 2543)

Improvement of Soil Cement With Alkali Metal Compounds

Tricalcium Silicate (C3S), Dicalcium Silicate (C2),

Tricalcium Aluminate (C3A), Tetracacium Alumino Ferrite (C4AF)

FHydrated Calcium Silicate, Flydrated Calcium Aluminate Flydrated Lime
Silica Alumina Calcium ions Flydrated Lime
Silica Alumina
Moh (1965 . 2543)
(Soil  Mineral)
2.2 2.3 24

Cement + AD CSH + CAH + Ca(OH)2 (22)
Ca(OH)?2 => Ca+t 2(OH) (23)
Ca++ 2(0H) +5i02(Soil Silica) => CSH (24)

+AI20 3(Soil Alumina) => CAF



13

CSH.CAH Calcium Hydroxide (Ca(OH)2
(Ca(OH) Ca+ CSH
CAH
2.2 23
Primary Reaction 2.4 Secondary Reaction
Terrel et al.(1979 2543)
(Coarse Grained Soils) (Cement
Paste) (Cement
Gel) (Fine Grained Soils)
pH
Free Lime , Calcium Silicate
Hydrated (CSH)
233
Ruenkrairergsa (1982 2543)
(Well-Grade)
( iform-
Grade)
Cation

Calcium ions

Sodium ions 1 Hydrogen ions



Organic Matter

Cellulose
Glucose Tartaric Acid Sulphate
Terrel et al. (1979
Organic Matter
Organic Compounds Necleic
Organic
pH
Felt (1955)
(Parent Material)
Davidson et al. (1962 '
100 :0 175:25, 50:50, 0:100

Kaolinite, lllite Montmorillonnite
(75:25)
Well-Grade
Montmorillonite

lllite Kaolinite

Surface Activity

14

2543)

Dextrose Acid

Calcium ions

(Topsoil)

2543)

Montmorillonite
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Reinhold (1955) (Elastic Behavior)
1
0, 25, 50 100 4 A B C D
1.6, 1. 8
1:10 , uCs.

Modulus of Elasticity
C (75: 25, )

25

Siu-Mun (1971)

20 25

Platicity Index

Terrel et al. (1979 2543)
Plasticity Index

Plasticity Index 30

Plasticity Index

(Workability)

Degree of Pulverization

Ruenkrairergsa (1982 2543)
Degree of Pulverization
4 80 ( , ) '
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Felt (1955)

4 100 ( , )
4 30
OMC
OMC
Ruenkrairergsa (1982 . 2543)
Proctor
MDD , Freeze -
Thaw
oMC ( Wet Side) oMC
oMC ( Dry
Side) OoMC
3 6 oMC
Felt (1955)

Wet - Dry Test, Freeze - Thaw
Test Compressive strength Test
Dry Side omMC
Wet Side OoMC

Ng. (1966)

Siu-Mun (1971)



1

Felt (1955) | |

OMC
(Texture)
( Sandy Loams, Silty Clayey Sail
1 1-2 1-3 )
Wet- Dry  Freeze - Thaw Test
Weight Loss
Weight Loss

Sandy Loam, Silty Clay Loam  Clay

Clare Pollard (1954
2543) Fleavy
Clay, Uniform Sand, Silty Clay 10
Fleavy Clay, Silty Clay
Flydrated Lime

Ng (1966)
100°F 70°F

Ruenkrairergsa (1982 2543)



Organic Materials Fly Ash

Lambe ~ Moh (1957

O Flaherty (1962
Fly Ash Sodium  Carbonate

it
Davidson (1961

Cement Treated Soil
Index, , ,
Freeze - Thaw

Ng.(1966)

Siu-Mun(1971)

(2529)

Portland Cement Association (1963
2543)
Unified System Classification
2.2

18

2543)

2543)

2543)

Plasticity
Wet - Dry

AASPITO



Reinhold (1955)

Usual Range in
Cement
AASHTO Unified )
Requirement**
Sail Sail

o percent percent
Classification Classification*

by by
volume weight
A-l-a oW.GR.ON 5.1 3-5
SW.SM.SP
A-1-b GM,GP,SM,SP 7-9 5-8
A-2 GM,GC,SM,SC 7-10 5-9
A-3 SP 8-12 7-11
A-4 CLML 8-12 7-12
A-5 ML,MH,CH 8-12 8-13
A-6 CL,CH 10-14 9-15
A-T OM,MH,CH 10-14 10-16

*Based on correlation presented by Air Force

(Elastic Behavior)

Estimate cement
Cement content
Content and that
for wet-dry and
used in moisture-
freeze-thaw test 1
density test,

percent by
percent by
weight
weight

5 3-5-7
6 4-6-8
I 5-7-9
9 7-9-11
10 8-10-12
10 8-10-12
12 10-12-14
13 11-13-15

**Eor most a horizon soil the cement should be increased 4 percent points, ifthe soil is dark

gray land 6 percent point ifthe soil is black.
: PCA (1963)

(2527
2543)



5

Felt (1955)
Sandy Loam  Silty Clay
1 Sandy Loarru

14 " SiltyClay 3

Terrel et al. (1979

1

Massachusetts Institute of Technology (1954
2543) Clayey Sandy Silt
1 15 13

Clare  Farrar (1956

!

20

2543)

28

2543)



ffoimownnim
twirumt*  |iSinn*

2.4
(Design  Parameter)
24.1
Chart
Van Der Poel (1954 cited in Huang, 1993) Stiffness Modulus ( b)

Elastic Modulus

Elastic Material Loading Time

Loading Time Viscous Material 2.8
Stiffness Modulus Loading Time

Pl = Penetration Index defined by Pl = %0+'5820A (2.5)

log(Pen at T) -log 800
T-T

lR&B

A= Temperature Susceptibility defined by A
T=Temperature
Tr&6= Temperature Softening Point(SP) Ring and Ball Test

stiffness (N/m?2) 6 10’ 108 10° 25

" [ 9 T —

Pl

200
1 J below SP

T4 bbb =T b

time boding (seccnds)

2.8 The Van Der Poel Monograph for Bitumen Stiffness
:Van Der Poel (1993 cited in Huang,1954)
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Bonnaure et al. (1977 cited  Huang, 1993) Nomograph

Stiffness Modulusi Shell Oil' Company 2.10
Stiffness  Modulus 3 tiffness
Modulus . Percent Volume Percent  Volume
Aggregate  Huang Phase Diagram ' 2.9
1 1 Aggregate 1 ' Aggregate
Percent Volume of Aggregate, Vg = (1-PhW/Gex100 = 100(1-PGm  (2.6)
W/Gm &
The Percent Volume of Asphalt Cement,Vb= Pl /V(\E”%(%nOO lOOIébéBm (27)
The Percent Volume of AirVoid Va = 100-Vg-Vb (28)
Pb="%
Gh=
G-
G

Aggregate  Specific Gravity

Gaverage = P/G.+ PIG2+...+ PIGn (2.9)
P, p2...Pn

GVG2...,Gn Specific Gravity

U-Pb
) Aggregate t‘_VK

\V ilumen V

K pbw Air

enr Gg

2.9 Phase Diagram
- Huang (1993)
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Van Til et a (1972) . structural  Layer

coefficient, Marshell stability Cohesiometer Values 211
0*0
06
r 0 1900 4.0-
8.0 0.30 1700 2
5500 -
< M i m 1300- 1 e
300 50 b 100? a 20
*.S >
0 @ *»F *0 020 9228 " .
1600 3 . 50, v
1600 30
f lZOOth || rr?» 25 | ° 288- :
(B'a 5% 1(:0 iOB QD too -
600
600
2 10
(a) Surface Course (b) Base Course

2.11 Correlation Chart ~ Asphalt Mixture
' : Van Til et al (1972)

Asphalt Institute (1982) Dynamic Modulus
|E* |
|E* [= 100,000 x 10pl (2.10)
p! = p3+0.000005 p2 - 0.00189 p2r 1
p2 =pdab+ tph

p3 = 0.553833 + 0.028829(PAf 119 - 0.03476Va+ 0.070377A, + 0.931757f (74
p4 = 0.483Vh
p5 = 1.3 +0.49825.log(f)

Pin p5
f= Load Frequency (Hz)
t= ()
P2 Aggregate 200 (%)
Va = Volume of air void (%)
x = Viscosity 70 F (106 poise)
\b = Volume (%)



Huang (1993) Typical Ranges of Modulus

Load Frequencies 2.3 (Load frequency 8 Hz

35 mph)

;2.3 Dynamic Modulus 1"
Load Frequency (Hz)
Temperature
1 4 16

(°F)

Range Mean Range Mean Range Mean
40 6.0-18.0 12.0 9.0-27.0 16.0 10.0-30.0 18.0
70 2.0-6.0 3.0 4.0-9.0 5.0 5.0-11.0 7.0
100 0.5-1.5 0.7 0.7-2.2 1.0 1.0-3.2 | 1.6

WL : A Dynamic Modulus Huaeiilu 10° psi

- Huang (1993)

(2539) 1
(Standard Temperature)
. .2534-2536 15,740
Asphalt Concrete 8,00 .-17.00 .
2.4
37.8°c (100°F)
24 a 80 q d (f
(C)
, 80 ' CO
42.5-33.5 38.0 340
41.6-33.4 315 3.12
41.4-35.4 384 2.32
40.9-34.0 374 2.64
41.6-34.1 378 2.87

(2539)



Poisson’s Ratio

0.35 - 0.50
(1977) 0.50
0.30 Dynamic Modulus
(1992) 0.40
24.2 Cemented Materials
otte (1972

Cemented Materials
Flexural Test
35 Strength
Materials

Strain Cun/e
Cemented Materials
Non-linear Elastic Materials

Bullen (1994)
Materials Cracked

Tensile Test

(Unconfined Compressive Test)
Soil-Cement
34 Maximum Stress

Unconfined Compressive Test
Soil-Cement

Cracked

26

Brown Pell (1972)

0.40 Barker
Dynamic Modulus 500,000 .
500,000 . AUSTROADS

2543)
Direct Compressive, Direct Tension

Stress-Strain Curve

strain at Break Cemented

Micro-Crack

Lingar Stress-

Non-linear Stress-Strain Curve
Unbound Granular Materials

Cement Treated

Repeated Load Indirect
Cracked
Strain 25 strain at Break
(2543)
25  strain at Failure

Flexural Test
Elastic Modulus
Flexural Test
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2.12 Correlation Chart Cement - treated

Cement - treated Base structural Layer coefficient

Unconfined Compressive strength at 7 - day of curing ~ Chart Van
Til et al.(1972)

0,30

028.

026- 1000 oo

024 - ’ 90 -

022. 800 L

020. 3 i_(;“ 8

018- 3 600 1

o16- (b 400 H k 6o |

0.14- A

012 200 § 50 -

0.10 - g

|

2.12 Correlation Chart ~ Cement - Treated
:Van Til et al (1972)

Doshi Mesdary (1985)
Compressive strength Soil-Cement Soil-Cement
2.5
Compressive strength Soil-Cement  Doshi Mesdaryl



2.5

Strength

Reference

Mitchell and Shen

(1967)

Wang and

Mitchell(1971)

Gschwendt and

Poliacen (1982)

Freeme, Maree

and Viljoen(1982)

otte, Savage and

Monismith (1982)

Doshi and

Mesdary (1985)

*K 1

Modulus
Cement-Stabilized Materials

Material

Silty Clay +13%Cement
Sand +7%Cement

Silty Clay +3%Cement
Silty Clay +6%Cement

Cement bound granular

Css-l
Cement stab. Soil

SC+
Soil-Cement Mixtures
Crushed stone +4.6%Cement
Stone or Gravel +4.6% Cement
Gravel+2.3% Cement

Gravel+2.3% Cement

Cement-Treated Crushed stone

Cement-Treated Natural Gravel

Soil-Cement Mixtures

Compressive Modulus
Strength (Mpa) (Mpa)
1.38-3.93 1380-6210
2346-3036
2.76-5.18 55200-165600
10350-18630
0.41-0.76 276-1035
414-1242
0.76-1.73 1104-2208
897-3036
7.00-12.00 2500
6.00-11.00 2000
2.50-3.50 1200
1.80-2.50 1000
1.00 200
6.00-12.00 7000-30000
3.00-6.00 4000-14000
1.50-3.00 3000-10000
0.75-1.50 2000-7000

Eb=4.16(q/8+3485

E o= o8 ao
o m(_)(_)

I BX1 = -1419.13+1758.37 qu
or E* =-2842.06+6307.83In q

or | ¢ | =705.28(q s

Unconfined Compressive Test

Flexural Test

- Doshi and Mesdary (1985)

28

Unconfined Compressive

Remarks

Res. Mod.(Comp.)*
Res. Mod.(Flex.)**
Res. Mod.(Comp.)
Res. Mod.(Flex.)

Res. Mod.(Comp.)
Res. Mod.(Flex.)

Res. Mod.(Comp.)

Res. Mod.(Flex.)

28 Days curing

7 Days curing

7 Days curing

Eb(Mpa) is modulus in
bending and qu(kPa)
is unconfined
compressive strength
|E* |(Mpa) is the
dynamic modulus

and g (MPa) is
unconfined

compressive strength
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AUSTROADS(1992) Elastic Modulus

2.7 Soft  Cemented
Materials Elastic Modulus
Cemented Layer Unconfined Compressive strength
AUSTROADSH
Cemented Materials
(2536) Unconfined Compressive
Strength Elastic Modulus, CBR Elastic Modulus

Tensile strength Elastic Modulus
(Indirect Tensile Test)

E = {-32.35715+6.33476In(qu}x104 (2.11)
E = {-64.71133+11,72967In(CBR)}x104 (212)
E = {-21.37940+6.70438In(S,}x104 (213)

E = Modulus of Elasticity Lpsi

qu= Unconfined Compressive strength 1psi
CBR = California Bearing Ratio Db

, = Tensile strength Jsi

(2536)
(Tensile Strength) Poisson’s Ratio

. = 10.40643( ) 10588 (2.14)

v = Poisson’s Ratio
, = Tensile strength Jsi

2.0 Poisson’s Ratio ~ Cemented Materials
0.1-0.35



2.6 Poisson’s Ratio

Materials

Lean Concrete

Cement - Treated
Crushed Rock
Cement-Treated

Gravel

Cemented Material
Poisson Ratio
0.2 for Secondary Crack
0.3 for Primary Crack
25
0.15
0.35
0.35
0.30
0.35
0.15
0.10-0.20
0.20
0.10-0.20

0.2

(2536 )

30

Reference
BROWN (1979)

PELL  BROWN (1972)
KOLLAS (1975)

OTTE (1978)
OTTE (1982)
MURPHY (1980)
FREEME (1987)

KOLIASS (1975)
BARKSDALE  HICKS (1972)
BARKER (1977)

FOSSBERG (1977)

AUSTROADS(1992)



2.7 Elastic Modulus

Material Category

Property

Range of Modulus

(Vertical Mpa)

Typical Modulus

(Vertical Mpa)

Degree of Anisotropy

Rang of Poisson's Ratio (Vertical,
Horizontal and Cross)

Typical value of Poisson’s Ratio
f(CIRCLY manual)

:AUSTROADS(1992)

Untreated Granular Base Cement Base

Unbound Granular

High Quality Crushed Rock  Base Quality Gravel

Sub-base gravel

Over Over Stiff Over Over Stiff ~ Over ~ Over Stiff  Crushed
Granular Cemented Granular Cemented Granular Cemented Rock 2-3%
Material Material Material Material ~ Material ~ Material Cement
150-550 200-700 150-500  200-500  150-400  150-450  3000-8000

500 500 400 400 300 300 5000

2 2 2 2 2 2 1.
0.25-0.4 0.25-0.4 0.25-0.4 0.25-0.4 0.25-04 0.25-0.4 0.1-0.3

0.35 0.35 0.35 0.35 0.35 0.35 0.2

Given by f = Vertical Modulus/(1 +Poisson’s Ratio)

31

Cemented Material

Base Quality
Natural Gravel
4-5% Cement

Sub-base Quality
Natural Gravel
4-5% Cement

3000-7000 1500- 3000
5000 2000
1 1
0.1-0.3 0.1-0.3
0.2 0.2

Not Required
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2.4.3 Unbound Granular Materials

Granular Materials Unbound Aggregate

Elastic Modulus ~ Stress Surface Load Non - linear
Elastic Modulus Deviator Stress (q)  Confining Stress (a3
2.13
\ ncreasing
Stores:s-slmn -
® corresponding Don; on eoch groph
Er \ Er \
& 7 ////
2.13 Non - Linearity Granular Sail
:Pell (1978)
Hicks  Monismith (1972)  University of California (USA)
Non-linear Relationship
M= "R (2.15)
M =
klk =
0 = Bulk Stress = (Tk+2a3
Modulus
K k2
kI K
Hicks & Monismith(1972) k kK
k= 2156psi,k2= 0.71 Dry Condition

k.= 2033 psi, k= 0.68 Partially Saturated Condition



Monismith(1973) k1l k2 Crushed Gravel Base Well -
Gravel Subbase California Division of Highway
k,= 3470 psi, k2= 0.65 Crushed Gravel Base
k,= 7730 psi, k2= 0.46 Well - Round Gravel Subbase
otte & Monismith(1976) k, k2
A= 5MPa, k2= 05 Weak Base
k,= 20 MPa, k2= 0.5 strong Base

k.= 5 MPa 1k2= 0.75

33

Round

Rada Witczak (1981) K, k2
2.8
2.8 k1 ,k2 Untreated Granular Material
Matril Type No. qf data K, (psi) - ¢ N
points~ Mean Standard deviation Mean Standard deviation
Silty sand 8 1620 18 0.62 0.13
Sand-gravel 31 4480 4300 0.53 0.17
Sand-aggregate blend 18 4350 2630 059 0.13
Crushed stone 115 1210 7490 0.45 0.23
: Rada & Witczak (1981)
2.9 k1,k2 Untreated Granular Materials
2.9 kl1xk2 Untreated Granular Material
Reference Material «(psi) k2
Hicks (1970) Partially crushed gravel,crushed rock 1600-5000 0.57-0.73
Hicks and Finn (1970) Untreated base at San Diego Test Road 2100-5400 0.61
Allen (1973) Gravel lcrushed stone 1800-8000 0.32-0.70
Kalcheff and Hicks(1973) Crushed stone 4000-9000 0.46-0.64
Boyce et al. (1976) Wall-graded crushed limestone 8000 0.67
u.c. Berkeley(1972) service base and subbase materials 2900-7750 0.46-0.65

: Asphalt Instutute(1982)



Barker (1977)  Waterways Experiment station (WES)
Elastic Modulus ~ Granular Layer
Elastic Modulus

34

Er= Entl(1410.52 log t—2..10 log Entllog 1) Base course (2.16)
Er= Entl(1+7.18log t-1.56 log Entlog ) Subbase course (2.17)
En= Modulus of Upper Layer, lb/in2
Entl= Modulus of Lower Layer, Ib/in2
t = Upper Layer, in
2.14 Correlation chart treated
Granular Base ~ Granular Subbase Structural Layer coefficient, CBR, R - Values
Texas Triaxial ~ Chart Van Til et al. (1972)
02
018_ = 020 -
016 0 3
014 , 85 20 - 30-
L o1 g, 18
dio- %ﬁ? 0 0.10 "V g =
008 LU 008 > j. 1 £
- 1> 006 ° .
aw
0.067 QJ:
For Untreated Granular Base For Subbase
2.14 Correlation Chart ~ Untreated Material
:Van Til et al. (1972)
Murphy (1980)  Queensland Main Roads Department

Elastic Modulu CBR  Granular Materials

2.15 Elastic Modulus CBR



(MPa)

Modulus

2.15

35

500

400

300

200

100

-1¢]

€ 8 10 20 30 40 60 8Q

Elastic Modulus ~ CBR ~ Unbound Granular Material
: Murphy et al.(1980)

(253 )

Unbound Granular Materials

2.10 Resilient Modulus

Researcher

=

Seed & Chan

2. Hyner & Yoder

3. Biarez

4. Trollope, Lee and Morris
5. Dunlap

6. Mitry

7. Schiffley

8. Dasianchuk

9. Hicks & Finn
10.Browns & Pell

11.Smith & Nair

Material

Silty sand

Gravel and crushed stone

Rounded aggregate
Poorly graded dry sand
Well graded aggregate

Dry gravel
Crushed gravel
Aggregate base

Aggregate subbase

Aggregate base
Aggregate base

Aggregate base

(2536 )

Granular Material

Modulus(psi)
Resilient

21,300 to 27,300
28,000 to 63,000
16,700 to 54,500
35,000 to 95,000
30,000 to 160,000
7,000 3°-%to 1,9000°'6l
13,000c3'5t09,000a3'5
3.830003
or
5.400005to 21,0000°5
2.04000%

2,0000”'6to 5.000006

A"\AO

2.10

Comment

Varied frequency and ouration of load
Varied moisture content and gradation
Varied stress level and void ratio
Varied stress level

Varied stress level

Varied stress level

Varied moisture content

Varied stress level

Varied stress level

Varied moisture content

Calculated from insitu tests

Extreme from all experiments
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Granular

1
L 1
(Gradation)
(Shape)
(Moisture)
(Compaction)
2 Resilient  Modulus
Granular Layer
Resilient Modulus (
Resilient Modulus ) Resilient Modulus
Granular
3 Granular Layer
Granular Materials
Poisson's  Ratio Unbound Granular Material Brown Pell
(1972)  Barker (1977) 03  AUSTROADS(1992)
0.35 otte (1980) Poisson’s Ratio
0.35 Poisson’s Ratio

Unbound Granular Materials 0.3-0.35
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244 Subgrade Soil

Subgrade Soil Unbound Materials Non - Linear Elastic Modulus

Thompson Quentin (1976 cited in AUSTROADS, 1992)
CBR  Subgrade Soil

M = 10CBR (MPa) (2.18)
Subgrade Soil
CBR5 CBR20
The Asphalt Institute  (1991) R -
Value
M =80+38R (MPa) (2.19)
(2536 ) Poisson’s Ratio  Subgrade Soil
211
2.11 Poisson’s Ratio  Subgrade Soil
Soil type Poisson’s Ratio Reference
Subgrade Soil 0.4-0.5 Brown & Pell (1970)
Clayey Subgrade 0.4-05 Barksdale &Hicks (1972)
Cohesive Sail 0.5 Yoder &Witczak (1975)
1Cohesionless Sall 0.3 Yoder &Witczak (1975)
Cohesive Sail 0.4 Barker (1977)
Cohesionless Soil 0.3 Barker (1977)
Subgrade Soil 0.35 Claessen (1977)
Subgrade Soil 0.35 Murphy (1980)
Cohesive Sail 0.45 AUSTROADS(1992)
Non-Cohesive Soil 0.35 AUSTROADS(1992)

C (5% )
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2.5 Fatigue Characteristics

(Allowable Load

Repetition) Fatigue Criteria
2.5.1 Fatigue Crack Criteria

Radial Tensile strain

Radial Tensile strain
Limiting Radial Tensile strain

Fatigue Crack

Fatigue Cracking Criteria
Tensile strain Asphalt

Institute Shell oil company
ne =i )7E)B (2.20)

Nf= Allowable Number of Load Repetition
— Tensile strain
E= Modulus (Psi)

12f3= 1

Asphalt Institute

N, =0.0796( ,)'3%L(E,)0H! (2.21)

Shook et al (1982 cited in Huang, 1993) Shell Company

N, = 0.0685( ,)'5671(E,)'233 (2.22)
f2 f3 Allowable
Number of Load Repetition (Nf) Tensile strain
Elastic Modulus Elastic Modulus

Nf =f1(,)2 (2.23)
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fLf2
N =5x109 )3 lllinois Department of Transportation (Thompson,1987)
Nf = 1.66x10'T(s§)42  Transport and Road Research Laboratory (Powell et al.,1984)
Nf =4.92 x10"4st)47%  Belgian Road Research Center (Verstraeten et al., 1983)

Bonnaure et al. (1980 cited  Huang, 1993)
Tensile strain (3 Allowable of Load Repetitions (N

NF=[0.0252 Pl - 0.00126 PIV+0.00673Vb0.0167 15 5, 14 e (220)
NF= [0.17P1 - 0.0085PI(VE+0.0454vb0.112 5 55miB srain (2.29)

Nf = Allowable Number of Load Repetitions
, = Tensile strain
Sm= Stiffness Modulus (Psi)
vh= (%)
Pl=" Plastic Index

Nomograph 2.16

RO

TR

enetration Ind
AT
M o

onstant
Stress

g‘dﬁ 2.16 Nomograph waldun Allowable Number of Load Repetition

: Bonnaure et al. (1980 cited in Huang, 1993)
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252 Fatigue Crack Criteria Cement Material

Radial Tensile strain
Elastic Modulus
Radial Tensile strain

Limiting Value Radial Tensile Strain
Radial Tensile strain  Cemented Base Limiting
Value
Pretorius & Monismith (1972 2540) Fatigue

Cracking Criteria ~ Cement Treated Crushed Gravel

N, =(142/ )23 (2.26)
otte (1978 , 2540)
Allowable of Load Repetition (Nf) -~ strain Ratio
Nf = (s/8 b-126 (2.27)
= Strain ~ Load

b=Strain at break

Strain at Breaki 1  Cemented

Material 2.12 strain at Break ~ Cemented Material
212 Strain at Break Cemented Materials
Source Material Description  Elastic Modulus ~ Strain at Break ( 1)
Otte Natural Weathered Gravel 2000 Mpa 250 ps(275 ps)
Natural Weathered Gravel 5000 Mpa 140 JE (180 ps)
Crushed Rock Al Modul 160 JE
Pretorius & Monismith Crushed Gravel 19300 Mpa 150 pis
Larsen & Nusshaum Sandy Loam 6350 Mpa 390 p£
Sandy Loam 7400 MPa 429 pis

Note : Results  Brackets from otte are the average of laboratory prepared specimens.
! (2536 )
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Austroads (1992) Fatigue Crack Criteria
Modulus ~ Cement Material = 2,000 MPa

Nf= (280 1 )B (2.28)
Modulus ~ Cement Material = 5,000 MPa
Nf= (200 /14 )8 (2.29)
Modulus ~ Cement Material = 10,000 MPa
Nf = (150 'x )8 (2.30)
Strain at Break Hard Soil -
Cement (Elastic Modulus ) Soft Soil - Cement (Elastic
Modulus ) Soft Soil - Cement
Unconfined Compressive strength 250 Psi
2.5.3 Permanent Deformation Criteria Subgrade Soll
Subgrade Vertical Compressive Strain
Subgrade bgrade Elastic Modulus
Vertical Compressive strain Subgrade strain
Asphalt Institite ~ Shell oil company Criteria
Ny =E)" (2.31)

Nd = Allowable Number of Load Repetition
c= Vertical Compressive Strain | Subgrade
fifh =

f4f5 2.13
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2.13 f4f5

Agency f5 Rut depth (in.)
Asphalt Institute (1991) 1.365x109  4.477 05
Shell (Revised 1985)
50% Reliability 615107 40
85% Reliability 194107 40
95% Reliability 1.05x107 4.0
.K Transport & Road Research Laboratory .
(85% Reliability) 6.18x107  3.95 0.4
Belgian Road Research Center 3.05x107 435
(2340)
26 Traffic Analysis
(Design period) (
I KN ( )
80 KN (18,000 Ib)
[Equivalent Number of 80 KN, EAL] ' 89 KN (20,000 Ib)
15 80 KN (18,000 Ib) 58 KN

(13,000 It 0.25 80 KN (18,000 Io)
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261 Traffic Volume

Traffic Volume Design Period

(Analysis Period)

(Classification and Number of Trucks)

Traffic Analysis
(single - Unit Trucks) (Multiple - Unit
Trucks)
(Design  Lane)
Asphalt Institute (1991)
2.14
2.14 Trucks
Number of traffic Lanes (Two Directions) ~ Percentage of Truck in Design Lane
2 50
4 45 (35 - 48)
6 or more 40 (25 - 49)*

‘Probable range
:Asphalt Institute (1991)

(Design Period)

Analysis Period Analysis
Period
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(Highway Capacity)

(Traffic Growth)

(Growth Factor)

Growth Factor ={(L + )"-1}/r (2.32)

[= (%)
()

oy ML

2.6. 80 KN (Equivalent 80 KN

(18,000 Ib) single - axle Load, EAL)
EAL

Truck Factor
80 KN (18,000 Ib)

Load Equivalency Factor
1 80 KN (18,000 Ib)

Number of Vehicles

EAL
EAL = X(number of vehicles in each weight class X Truck Factor) (233
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Truck Factor

Truck Factor =£ (number of axles X Load Equivalency Factor) / Number of vehicles (234)

Asphalt Institute(1991) Load Equivalency Factor
2.15 Truck Factor Truck Factor
2.16 Truck
Factor 2.35 2.17
Truck Factor = ~(number of axles X Load Equivalency Factor) (235)

Truck Factor

0 100 kN 44 kN
£86Tn 22%6% 1086

bAl  ef

Gross Weight
67 kN 27 kN
15,000 Lhs. + 6,000 Lbs. 21,000 Lbs.
0.48 0.01 Truck Factor
0.49
Gross Weight
151 kN 151 kN 54 kN 356 kN
34,000 Lbs. . 34,000 Lbs. +12,000 Lbs. - _00:000 Lbs.
1.10 1.10 0.19 Truck Factor
2.39
(b)
217 Truck Factor

: Asphalt Institute(1991)
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2.15 Load Equivalency Factor

Gross Axle Load Load Equivalent Factor Gross Axle Load Load Equivalent Factor

kN b Single Axles Tendem Axles kN Ib Single Axles Tendem Axles
4.45 1000 0.00002 182.5 41000 23.27 2.29
8.90 2000 0.00018 187.0 42000 25.64 251
13.35 3000 0.00072 191.3 43000 28.22 2.75
17.80 4000 0.00209 195.7 44000 31.00 3.00
22.25 5000 0.00500 200.0 45000 34.00 3.27
26.70 6000 0.01043 204.5 46000 37.24 3.55
31.15 7000 0.0196 209.0 47000 40.75 3.85
35.60 8000 0.0343 213.5 48000 44.50 4.17
40.00 9000 0.0562 218.0 49000 48.54 4.45
44.50 10000 0.0877 0.00688 222.4 50000 52.88 4.86
48.90 11000 0.1311 0.01008 226.8 51000 5.23
53.40 12000 0.189 0.0144 231.3 52000 5.63
57.80 13000 0.264 0.0199 235.7 53000 6.04
62.30 14000 0.36 0.0270 240.2 54000 6.47
66.70 15000 0.478 0.0360 244.6 55000 6.93
71.20 16000 0.632 0.0472 249.0 56000 741
75.60 17000 0.796 0.0608 253.5 57000 7.92
80.00 18000 1.000 0.0773 258.0 58000 8.45
84.50 19000 124 0.0971 262.5 59000 9.01
89.00 20000 151 0.1206 267.0 60000 9.59
93.40 21000 1.83 0.148 271.3 61000 10.20
97.80 22000 2.18 0.180 275.8 62000 10.84
102.30 23000 2.58 0.217 280.2 63000 11.52
106.80 24000 3.03 0.206 284.5 64000 12.22
111.20 25000 3.53 0.308 289.0 65000 12.96
115.60 26000 4.09 0.364 293.5 66000 13.73
120.00 27000 471 0.426 298.0 67000 14.54
124.50 28000 5.39 0.495 302.5 68000 15.38
129.00 29000 6.14 0.572 307.0 69000 16.26
133.50 30000 6.97 0.658 3115 70000 17.19
138.00 31000 7.88 0.753 316.0 71000 18.15
142.30 32000 8.88 0.857 320.0 72000 19.16
146.80 33000 9.98 0.971 325.0 73000 20.22
151.20 34000 11.18 1.095 329.0 74000 21.32
155.70 35000 12.50 1.23 3335 75000 22.47
166.00 36000 13.93 1.38 338.0 76000 23.66
164.50 37000 15.50 153 3425 77000 24.91
169.00 38000 17.20 1.70 347.0 78000 26.22
173.50 39000 19.06 1.89 3515 79000 27.58
178.00 40000 21.08 2.08 356.0 80000 28.99

From AASHTO Interim Guide For Design Of Pavement Structures,1972,American Association of state Highway and

Transportation Officials .Washington D.c. 1974;Flexible Pavement

:Asphalt Institute(1991)



2.16 Truck Factor

Axle Load Group No. of Axles Per Load Equivalency EAL
KN (1000 Ib) 1000 vehicles* Factor (Col. (2)* Col.(3))
@ @ ® @
Single Axles

<13.35 (<3) 604 0.0002 01

13.35-31.15 (3-7) 557 0.006 33

31.15-35.6 (7-8) 140 0.028 3.9

35.6-53.4 (8-12) 493 0.087 42.9
53.4-71.2 (12-16) 154 0.360 554
71.2-80.0 (16-18) 75 0.8.11 60.8
80.0-89.0 (18-20) 33 1.25 41.2
89.0-97.8 (20-22) 5 1.84 9.2
97.8-106.8 (22 - 24) 2 2.60 52
106.8-115.6 (24 - 26) 1 3.56 3.6
115.6-133.5 (26 - 30) 1 5.42 54

Tandem Axles

<26.7 (<6) 2 0.010 02
26.7-53.4 (6-12) 227 0.010 23
53.4-80.0 (12-18) 162 0.036 6.0
80.0-106.8 (18-24) 108 0.150 16.2
106.8-133.5 (24-30) 140 0.429 60.1
1335-142.3 (30- 32) 58 0.757 439
142.3-151.2 (32- 34) 25 0.97 24.3
151.2-160.0 (34 - 36) 6 123 7.4
160.0-169.0 (36-38) 3 154 46
169.0-178.0 (38-40) 1 189 19
178.0-187.0 (40-42) 1 2.29 23
187.0-195.7 (42 - 44) 1 2.75 2.8
195.7-204.5 (44 - 46) 1 3.27 33
204.5-222.4 (46 - 50) 1 417 42
>222.4 (>50) 1 52 52

(Use 226.8 (51))
Z eal.= 415.7

Truck Factor = EAL/ Vehicles = 415.7/1000 = 0.42

*Most . . truck weight and truck count data are reported in terms of 1000 vehicles units.
This convention is retained here for convenience in using state Truck Weight Study reports for
traffic analysis.

:Asphalt Institute (1991)



2.6.3 Design  EAL
2.17 Design EAL

Design Period
2 Truck Factor 1

Growth Factor

4 11 2 3
2.11 Traffic Analysis Design EAL
Location: Four-Lane Interstate Rural Hiahwav Desian Period: 20 years
Number of vehicles = Truck Factor 4% Growth Factor
Vehicle Type (per year)
g 2 3

Single unit trucks

2-axle 4-tire 84,700 x 0.003 x 29.8
2-axle,6-tire 15,800 x 021 X 29.8
3-axle or more 4,000  x 0.61 x 29.8
All single-units 104,500 Subtotal

Tractor Semi-Trailers
and Combinations

4-axle or less 9,800 x 0.62 x 29.8

5-axle 80,800 x 1.09 x 29.8

6-axle or more 7,000 x 123 x 29.8
Al Tractor, Etc. 97,600 Subtotal
All trucks 197,100 Total

(1x2x3)

7,600
98,900
72,700

179,200

181,000
2,624,500
256,600
3,062,200
3,241,400

‘Base on AADT=5000 during first year of traffic,45%in design lane ,24 % trucks

: Asphalt Institute (1991)
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