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2.1

200 (%)
(%)
(%0)
AASHTO

Group Index

CBR (%)
(%)
Percentage of wear (%)

: Morrison (1965)

Brand

2528)

Muktabhant

2528)

AASHTO

©)
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NP

A-1-a

2.59

(%) 7.0
7.0
01
20.0

Hongnoi (1969

Ongskul (1969
CBR

(2526)

()

118.0
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97
51
A-7-6
10
3.20
1145
134
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2.3

231

} Liquid Limit Plasticity Index

(2538)
40
12 ( )

1.40-2.00 Liquid Limit Plasticity Index

(2528)

Atterberg Limits



Liquid Limit (L.L.) < 35
Plasticity Index (P.l.) <
Los Angeles Abrasion (L.A.A.) < 60

Lab Soaked C.B.R. > 25

) 2.2
2.2
( )
A B C E
2, 100 100 - ; ;
L, - \ 100 100 100
3/8" 30-65 40-75 50-85 60-100 -
No. 10 15-40 20-45 25-50 40-70 40-100
No. 40 8-20 15-30 15-30 25-45 20-50
No. 200 2-8 5-20 5-15 5-20 6-20
crushed rock
232
Lyon Associates (1971
2528)

CBR



2.3

AASHTO Soil Group CBR

Al A6 > 20

. Lyon Associates (1971)

24

217

1(1/2)
3/4”
3/8”
No. 4
No. 8
No. 30

No. 200

: Lyon Associates (1971)

233

2.6

<25

100
85-100
70-95
55-76
40-75
34-48

25-42

(DNER) (1971

10

200
LL
( )
<40 <40
)
2528)
25
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A B
2, 100 100
L 25-90
3/8” 30-65 40-65
No. 4 25-55 30-60
No. 10 15-40 20-45
No. 40 8-20 15-30
No. 200 2-8 5-15
: DNER (1971)
2.6
CBR (%) >20
LL 40
Pl 12
LAA (%) <65
Swell (%) <0.2
: DNER (1971)
234
Krinitzsky (1976
LAA < 60%
LL < 40
P <15

Swell < 10%

100
50-85
35-65
25-50
15-30

5-15

100
60-100
50-85
40-70
25-45

5-20

2528)
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2.7

211

3/8"
No. 4
No. 10
No. 40

No. 200

. Krinitzsky

, 2.8

3/8”
No. 10
No. 40

No. 200

AASHTO

A B
100 -

- 75-95
30-65 40-75
25-55 30-60
15-40 20-45
8-20 15-30
2-8 5-20

(1976)

A B
100 100
30-65 40-75
15-40 20-45
8-20 15-30
2-10 5-25

(2528)

100
50-85
35-65
25-50
15-30

5-15

(2528)

100
50-85
25-50
15-30

5-18

2.7
( )
E F
100 100 100
60-100 - -
50-85 55-100 70-100
40-70 40-100 55-100
25-45 20-50 30-70
5-20 6-20 8-25
2.8
)
E
100 100
60-100 -
40-70 40-100
25-45 20-50
5-25 6-25
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2.4

(CBR)
1)
2)
3)

4)

CBR

LL <38

Pl < 15

Soaked CBR > 15

Soaked CBR > 20

LAA <60

(Fine Conte

(Gradation)

(Fine Content)

(Hardness)

nt)

CBR

( )
( )
Analytical
Analytical
4 (Gradation)
(Hardness) California Bearing Ratio
Sieve Analysis

Atterberg Limits

Los Angeles Abrasion
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(Gradation)
(Hardness) CBR

Analytical
Analytical

Analytical (Fine
Content)

(Fine Content) Atterberg Limits
25 Resilient Modulus
Analytical
2.3

Recoverable (Resilient) deformation
Residual (Permanent) deformation 2.4
Strain Plastic strain
Plastic Strain

100-200 Strain Recoverable Strain, ..

Resilient Modulus (Mr) Mr Elastic Modulus
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Elastic Elastic
Mr
Mr= Gd'sr (2.2)
od = Deviator Stress = d1- 03
01 = Total Axial Stress
03 = Confining Pressure
r = Recoverable strain
Wheel load Wheel load Wheel load
PAVEMENT PAVEMENT
0’1 61 ge cl g
o3 95 ad
03 =0;— 03=0,
Oq 03
3 gy 04=0y g4
;Vertical stress
A /
g Horizontal stress
o /
Tlmg
\ Shear stress
2.3

. Lekarp llsacsson Dawson (2000)
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A
123
1724
[
=
(73
[Permanen|
1. strain
| 1
i ' . :
' \ Resilient strgin )
o
' |
i )
: j
Strain
24 Strain
: Lekarp llsacsson Dawson (2000)
2.6 A Analytical
Granular
Subgrade
2.6.1
Paterson (1978 2540) South Africa National Institute of
transport and Road Research Stiffness Modulus

29
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2.9 Stiffness Bituminous Mixtures

v Stiffness (Mpa) for stated temperature
Operating  Depth Form

Gap-graded Continuously Dense tar

Speed Surface
asphalt Graded asphalt asphalt
(km/h) (mm)
20°C 40°c 20°C 40°c 20°C 40°c
80-100 0-50 4000 1500 6000 2200
50-150 6000 3500 8000 5000

150-250 7000 5500 9000 7500

40-60 0-50 4000 1500 5000 2000 4000 1500
50-150 4500 3000 6000 4000 7000 1700
150-250 5000 4000 6500 5500 8000 2000

: Paterson (1978)

Hwang Witczac (1979 Huang 1993) Asphalt Institute
Dynamic Modulus IE I
IE*I= 100,000 x 10pl (2.2

pi = p3+ 0.000005 p2 - 0.00189 p2f M
p3 = 0.553833 + 0.028829(PA0° I8 - 0.03476Va+ 0.070377X + 0.931757f m@r74
p4 = 0.483Vb

p5 = 1.3 + 0.49825.log(f)

PA p5 =

f = Load Frequency 1Hz

t = 1°F

P2D = % Aggregate 200, %
Va = Volume of air void, %

X - Viscosity 70 F 1106 poise

Vb = Volume , %
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Asphalt Institute (1982) f 10 Hz
1PZD 5% 1Va

4 % vDb 1% t

(2539)

. . 2534 2535 2536 3

8.00 .-17.00
2.10
2.10
°c
38.0
375
38.4
374
37.8
(2539)
Asphalt Institute (1982) Viscosity (k)
70°F 211
211 Viscosity 70°F
Asphalt Grade XTP (106 1Poise
AC 120/150 0.3
AC 85/100 10
AC 60/70 25
AC 40/50 5.0

: Asphalt Institute (1982)

AC 60/70



Poisson's Ratio National Association of Australian
State Road Authorities (NAASRA) (1987 2540)
0.40
2.6.2 Cemented Materials
Doshi Mesdary (1985) Dynamic Modulus |e |
Unconfined compressive strength (qu) 2.3
| Bl =705.28 (qul4l (2.3)

| E | = Dynamic Modulus (MPa)

gy = Unconfined compressive strength (MPa)

Dynamic Modulus

212

2.12 Dynamic Modulus
_ Compressive
Material Modulus (MPa) Reference
Strength (MPa)

Cement Bound Granular

css-| 7.00-12.00 2500
css-ll 6.00-11.00 2000
. Gschwendtand
Cement stab. Soils _
Poliacen (1982)
SC-1 2.50-3.50 1200
sc-ll 1.80-2.50 1000
Soil Cement Mixtures 1.00 200
Silty Clay + 3% Cement 0.41-0.76 276-1035 Wang and Mitchell
Silty Clay + 6% Cement 0.76-1.73 1104-2208 (1971)

: Doshi Mesdary (1985)

19

Poisson’s Ratio Cemented Materials ,2.13

0.1-0.35



2.13 Poisson’s Ratio

Materials

0.2 for Secondary Crack

0.3
Lean Concrete
Cement-Treated
Gravel
(2540)
2.6.3 G
Granular
Modulus Stress

Deviator Stress (ad)

Hicks

Monismith (1972

Cemented Material
Reference
BROWN (1979)

Poisson’s Ratio

for Primary Crack

25 PELL BROWN (1972)
0.15 KOLLAS (1975)
030 MURPHY (1980)
0.35 FREEME (1987)
0.20 NAASRA (1987)
015 KOLIASS (1975)

0.10-0.20 BARKSDALE HICKS (1972)
0.20 BARKER (1977)

0.10-0.20 FOSSBERG (1977)

ranular

Unbound Aggregate

Non-Linear

Confining Stress (a3

Huang 1993)

Non-Linear

MI= k,0 k2

Mr
k1,k2

0

Mr 0

2.4)

= Resilient Modulus

Bulk Stress

= al+ a2+ a3

= al+ 2c3

K-0 model model

Mr 0

Resilient

Resilient Modulus

20



Log-Log

Scale

Log Mr Log O

K, k2 Linear Regression Analysis

Partially Saturated Condition

Well - Round Gravel Subbase

k1 k2

Hicks Monismith (1972 Huang 1993)
kl= 2156 psi k2=0.71 Dry Condition
kl= 2033 psi 1k2= 0.68
kl= 3470 psi 1k2= 0.65 Crushed Gravel Base
kli= 7730 psi 1k2= 0.46
otte Monismith (1976 2540)

kl= 725psi 1k2= 0.5

k1= 3000 psi 1k2= 0.5

kl= 725 psi 1k2= 0.75

Shook

Untreated Granular Materials

2.14

(1982 Huang 1993)

k11k2

Reference

Hicks (1970)

Hicks and Finn (1970)

Allen (1973)

Kalcheff and Hicks(1973)

Boyce et al.

(1976)

Monismith and Witczak(1980)

: Shook

Granular

(1982)

(2540)

Untreated Granular Material

Material

Weak Base

Strong Base

ki 1k2

214

ki

Partially crushed gravel 1crushed rock  1600-5000

Untreated base at San Diego Test Road 2100-5400

Gravel 1crushed stone
Crushed stone

Wall-graded crushed limestone

1800-8000
4000-9000

8000

service base and subbase materials  2900-7750

215

Resilient Modulus

21

k2
0.57-0.73

0.61
0.32-0.70
0.46-0.64

0.67

0.46-0.65



2.15 Resilient Modulus 1

Researcher

Seed &Chan
Hyner & Yoder
Biarez

Dunlap
Mitry
Schiffley
Dasianchuk

9. Hicks &Finn
10.Browns &Pell
11.Smith &Nair

Witczak

Modulus

2.16

Pavement Section

us-1

[-695

MD-97

: Witczak

Trollope,Lee andMorris

22

Granular

Modulus(psi)

Material Comment
Resilient
Silty sand 21,300 to 27,300 Varied frequency and duration of load
Gravel and crushed stone 28,000 0 63,000 Varied moisture content and
Rounded aggregate 16,700 to 54,500 gradation
Poorly graded dry sand 35,000 t0 95,000 Varied stress level and void ratio
Well graded aggregate 30,000 to 160,000 Varied stress level
Dry gravel 7,000a3510 1,9000°6 Varied stress level
Crushed gravel 13000CT5 109, COCCTIS Varied stress level
Aggregate base 3,8300°'8 Varied moisture content
Aggregate subbase 2.9000047
Aggregate base 54000050 21,0000°5
Aggregate base 2 040005 Varied moisture content
Aggregate base 2.000006 to 5.000006 Calculated from insitu tests
Extreme from all experiments
(2540)
Bell (1978 May Witczak 1981) Resilient
Granular 2.16
Resilient Modulus Granular Witczak
Bell
Laboratory Resilient Modulus
Layer

Granular Base
Subbase
Slag Subbase 1
Slag Subbase 2
Sand Subbase
Granular Base

Bell (1978)

Relationship (psi)
4.886020
2,632001%6
3,3780°5D
4.85600487
3.38300617

8,7870°3b



Rada Witczak (1981) Resilient
Modulus Granular
6 silty sand 1sand gravels 1lsand aggregate blend 1crushed stone
1lime rock slag 217
217 Resilient Modulus Granular Rada
Witczak
M ~e *2
Aggregate Class Ki k2
Mean Range Mean Range
silty sand 1,620 710-3,830 0.62 0.36-0.80
sand gravels 4,480 860-12,840 0.53 0.24-0.80
sand aggregate blend 4,350 1,880-11,070 0.59 0.23-0.82
crushed stone 7,210 1,705-56,670 0.45 -0.16-0.86
lime rock 14,030 5,700-83,860 0.40 0.00-0.54
slag 24,250 9,300-92,360 0.37 0.00-0.52
: Rada Witczak (1981)
Rada Witczak (1981) K, k2
'2.18 K, <2
2.18 K, k2 Granular Rada
Witczak
Regression constant of form :
Aggregate Class log(k,) = A0+ A k2
Ao A, R2
silty sand 4.183 -1.666 0.75
sand gravels 4.613 -2.100 0.82
sand aggregate blend 4.345 -1.308 0.56
crushed stone 4515 -1.492 0.68
lime rock 4.924 -2.162 0.92
slag 4.965 -1.917 0.50

: Rada Witczak (1981)

23



Heydinger (1996) ] K,
2.19
219 Kk, k2
K1 k2 Reference
1,300-2,000 0.69-0.78 Albright
1,800-4,400 0.51-0.62 Zhou
3,000-8,000 0.50-0.70 AASHTO 1993
: Heydinger (1996)

Chen 1Zaman

2.20

2.20
County
Comanche
Cherokee
Creek
Choctaw
Johnston

Murray

: Chen 1Zaman

Thompson

Resilient Modulus

Laguros (1994)

Oklahoma 6
K, k2 Oklahoma
Material LL. M.
Limestone 16 1
Limestone 16 1
Limestone 15 NP
Sandstone 14 NP
Granite 15 NP
Rhyolite 16 NP

Laguros (1994)

Smith (1990)

Resilient Modulus '

k, (psi)
2,168-4,151
2,283-7,213
3,494-4,449
1,388-2,029
2,041-2,366

1,652-3,099

221

K, k2

k2
0.37-0.58
0.29-0.50
0.37-0.42
0.53-0.61
0.44-0.52

0.43-0.59



221 k1 k2

Pl.
1 Crushed stone A4
2 Crushed stone NP
3 Crushed gravel NP
4 Crushed gravel NP
5 Gravel 4
6 Gravel NP

Partially

7 3

crushed gravel

: Thompson Smith (1990)

Poisson’s Ratio

2540)

2.6.3.1

Granular

(Bulk Stress 10)

Monismith (1967

Mr 500%

Granular Thompson
k, (psi) k2 R
15310 0.28 0.93
11590 0.33 0.93
10270 0.35 0.91
10240 0.35 1.00
12230 0.31 0.96
9440 0.37 0.97
9720 0.23 0.61
Granular
0.3- 0.35
0.35
Resilient Modulus Granular
Granular

(Stress)

Resilient Modulus (M)

(Confining pressure 1a3

Lekarp 1lsacsson

20 kpa

Dawson 2000)

200 kpa

25

Smith

NAASRA (1987

Smith
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Nair (1973 Lekarp llsacsson Dawson 2000) Mr
50% 0 70 kpa 140 kpa
2.
Lekarp 1lsacsson Dawson (2000) Mr

Rada Witczak (1981)

Mr Granular K,
k2
Brown Selig (1991 Lekarp llsacsson Dawson
2000) Mr
3.
Granular
Mr
Mr Mr
Zaman (1994 Tian 1Zaman Laguros 1998)
Mr ( 10%)
Raad (1992 Tian 1Zaman Laguros 1998)
(Dense-graded) Mr (Open-graded)
Mr
Tian 1Zaman Laguros (1998) Oklahoma
2 Richard Spur (RS) limestone Sawyer
sandstone 3 median 1finer limit
coarser limit RS median Mr
finer limit coarser limit
Sawyer coarser limit Mr median finer limit

Mr



Heydinger (1996) I

27

Mr
limestone 1gravel slag limestone Mr
(Open-graded) gravel Mr slag
(Dense-graded)
Mr
Kamal (1993 Lekarp llsacsson Dawson 2000)
Mr
Barksdale Itani (1989 Lekarp llsacsson Dawson 2000)
Mr 60% 0 10%
4.
Granular Mr
Tian 1Zaman Laguros (1998) Mr 2
Richard Spur Sawyer
3 Optimum moisture content (OMC) 1Wet of the optimum

moisture content (OMC+2%) Dry of the optimum moisture content (OMC-2%)

2.22
2.22 Mr Richard Spur Sawyer
Richard Spur (RS) Sawyer
K k2 R2 ki k2 R2
(kpa) (kpa)
OMC 10,633 0.54 0.8139 7,098 0.52 0.9061

Dry of OMC 14,306 051 0.6628 11,063 0.47 0.6698
Wet of OMC 5,909 059 08317 2,815 0.63 0.8518

: Tian 1Zaman Laguros (1998)

Mr



OMC  Dry of OMC 13 27% ( RS) 11-37% ( Sawyer)

OMC  Wet of OMC 25-80% ( RS)  18-71% ( Sawyer)

Mr
Visser 1Queiroz Hudson (1983) Mr
, Heydinger (1996) Mr
Granular
5.
Mr Mr
Heydinger (1996) i RN Mr
gravel Mr limestone slag
Visser 1Queiroz Hudson (1983) Mr 1 (Lateritic
materials) Mr
Woolstrum (1990) Nebraska 14
6 Mr plasticity
Barksdale Itani (1989 Lekarp llsacsson Dawson 2000)
crushed aggregate
Mr uncrushed gravel
Mr
6. Load sequence
(Load duration) Load sequence

Granular



Hicks (1970 Lekarp llsacsson
0.1 10.15 0.25
Allen (1973 '‘Lekarp llsacsson

Load sequence

2.6.4 Subgrade Soil

Asphalt Institute (1991)

Mr (MPa) = 1155 + 555R

Asphalt Institute (1991)

M, (MPa) = 10.3 CBR

Poisson’s Ratio Subgrade soil

2540) 0.45

Poisson’s Ratio

2.7 Critical strain

2.7.1 Critical strain

Repetitions

29

Dawson 2000)

Mr

Dawson 2000)

Granular

Mr R Value Subgrade soil

(2.5)

Mr CBR

(2.6)

NAASRA (1987

Poisson's Ratio

Mr

Design Criteria

Analytical

Load

Fatigue Characteristics

Design Criteria

Strain

Multi-Layered System

Modulus

Compression

Strain

Tension

Elastic

Stabilized Material



25 1,2,3,

Stress Strain
Strain
(Fatigue Crack) (Rut)

Compressive strain

Failure Criteria

1. Vertical Strain strain
2. Shear Strain
Shear strain
3. Radial strain strain
Asphalt Concrete

Cement Treated Base Radial strain

2.5 Critical Strain

(1) Vertical Compressive strain
Critical
Compressive strain

Vertical Compressive strain

(2) Radial Tensile strain
Critical Strain
Cemented Base

Radial Tensile strain

Cemented Base

30

Critical strain

strain '
strain Tensile strain
Analytical
Strain strain

Asphalt Treated Base

Cemented Materials

Vertical

Critical strain

Cemented Base

Elastic Modulus

Limiting
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Value Cemented Base Radial Tensile strain
Radial Tensile strain Cemented Base Limiting

Value Cemented Base

3. (3) Vertical Compressive strain Cemented Base
Cemented Base Elastic Modulus Vertical Compressive Strain
Cemented Base Critical

4. (4)Vertical Compressive Strain Subgrade

Subgrade Elastic Modulus Vertical Compressive

Strain Subgrade , Strain

Vertical Compressive strain



WHEEL LOAD

ASPHALT CONCRETE

| BLA '
STABILIZED BASE @ |
(ASPHALT,CEMENT....) ’

@m@ |

GRANULAR SUBBASE

NN
N\ N

() Compressive Strain-Ruling
(D Tensile Strain-Transverse Reflective Cracking or Fatigue Cracking
(3) Compressive Strain-Ruting

(4 Compressive Strain-Ruting, Depressions

25 Critical strain
Stabilized Material

: FHWA (1987 2541)
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2.7.2 Design Criteria

Criteria
Crack Criteria Permanent Deformation Criteria
2 Fatigue Crack Criteria

Criteria Cemented Base

2.7.2.1 Fatigue Crack Criteria

Fatigue Crack Criteria
Strain

Shell Oil Company

Nf= fI(£1
Nf =z
£t = Tensile strain
= = Modulus
A2'h =

Asphalt Institute (1982)

Nf= 0.0796 ( ,)'3Z(e/ ' &4

2.7.2.2 Fatigue Crack Criteria

Queensland Transport (1992
Crack Model

2.23

Bullen 1994)

33

Analytical 2 Criteria Fatigue

Fatigue Crack Criteria

Fatigue Crack

Tensile

Asphalt Institute

(2.7

(Psi)

(2.8)

Cemented Material

Fatigue

7



2.23 Fatigue Crack Model

Modulus of Cemented

Fatigue Crack Model Remark
Materials (MPa)
2000 Nf=(440/(is)2
(as = Microstrain at the
5000 Nf=(310/jj.e) 2
Critical Fatigue Location
15,000 NE(240/|as) 2

: Queensland Transport (1992)

2.7.2.3 Permanent Deformation Criteria

Permanent Deformation Criteria Asphalt Institute Shell oil company
Criteria
Nd =f4(s /5 (2.9
Nd =
0 = Vertical Compressive Strain Subgrade
4,5 =

Asphalt Institute (1982)

Nd = 1.365x104(ec)'4477 (2.10)
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