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Depth below Pavement Surface, in.

Vertical stress pulse time under haversine or triangular loading
(Lin. = 254 mm. 1 mph = 1.6 km/h). (After Barksdale (1971).)
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Vertical stress pulse time under square wave form (1 in. = 25.4 mm,
1 mph = 1.6 km/h). (After McLean (1974).)
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Material Bituminous surface Base course Subbase course
Depth (in.) 3 10 20
Haversine wave 0.028 s 0.041 s 0.064 s
Square wave 0.014s 0.020s 0.031s

Note. 1 in. = 254 mm.
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Confining Deviator Recoverable Recoverable Resilient Stress
pressure &3 siress oy deformation strain modulus invariant 8
(psi) (psi) (0.001 in.) & (x107) Mg (% 107 psi) (psi)
20 1 0.264 0.066 152 61

2 0.496 0.124 16.1 62
5 1184 0.296 169 65
10 2284 0.571 175 0
15 3428 0.857 175 75
20 4420 1.105 181 80
15 1 0.260 0.065 154 46
2 0.512 0.128 156 47
5 1.300 0325 154 50
10 2.500 0.625 160 55
15 3.636 0.909 165 60
20 4.572 1.143 175 65
10 1 0.324 0.081 123 31
2 0.672 0.168 119 32
5 1.740 0.435 115 35
10 3.636 0.909 1.0 40
15 3872 0.968 155 45
5 1 0.508 0.127 19 16
2 0.988 0.247 8.1 17
5 2224 0.556 9.0 20
10 3884 0971 103 25
15 5.768 1442 10.4 30
1 1 0.636 0.159 63 4
2 0.880 0.220 9.1 5
5 2.704 0.676 74 8
75 3.260 0.815 92 10.5
10 4444 JBINN 9.0 13

Note. 1 psi = 6.9kPa, L in. = 25.4 mm.
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- Deviator . Deviator

Test Sequence Confining (Axial) Bulk | Confining (Axial) Bulk

Pressure Stress | Pressure Stress

(psi) ST s [ si) ST (psi)

(psi) (psi)

0 6 4 220 15 15 60.0

1 6 2 200 3 3 12.0

2 [§] 4 220 3 4] 150

3 6 G 240 3 9 18.0

4 6 a 26.0 5 5 200

5 6 10 280 5 10 250

6 4 2 14.0 5 15 30.0

7 4 4 16.0 10 10 40.0

3 4 G 18.0 10 20 50.0

9 4 a 20.0 10 30 60.0

10 4 10 220 15 10 55.0

11 2 2 8.0 15 15 60.0

12 2 4 10.0 15 30 75.0

13 2 6 120 20 15 750

14 2 3 14.0 20 20 80.0

15 2 10 16.0 20 40 100.0
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S - 2000x P
nxtxD

S,:the indirect tensile strength (kPa);

P : the ultimate applied load (N),

t : the thickness of specimen (mm), and
D : the diameter of specimen (mm).
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The resilient modulus test, in accordance with AASHTO TP31, assumed the maximum
applied load at temperatures of 5, 25 and 40 °C as 30,15 and 5 percent of the ITS of a mix
at the temperature of 25 °C

M — Px(v+0.27)
tx AH

Mr is the resilient modulus (MPa);

P is repeated load (N);

v is Poisson's ratio;

tis the thickness ofspecimen (mm) and

AH is recoverable horizontal deformation (mm).

The Poisson's ratio was selected according to the test temperature.
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1. Differences in dynamic modulus are generally insignificant or relatively small
among tension, tension-compression, and compression tests for temperatures
ranging from 40 to 70°F (4 to 21°C) and loading frequencies from 1 to 16 Hz.

2. Differences in dynamic modulus are significant between the tension or ten-
sion—compression test and the compression test at a frequency of 1 Hz and tem-
peratures ranging from 70 to 100°F (21 to 38°C). Under these conditions, the
dynamic modulus in tension or tension—-compression averages about one-half to
two-thirds of that in compression.

3. Differences in phase angle are pronounced between tension and compression
and are less pronounced between tension—-compression and compression.

4. The phase angle is greatest in tension, least in compression, and intermediate in
tension—compression. On the average, the phase angle in tension exceeds that in
compression by about 50%, and the phase angle in tension~compression exceeds
that in compression by about 25%.
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The complex modulus. E*, is represented as follows:

E*=E'“iE",

where
|[E*| = magnitude of E*:

E' =storage moduhlis = |[E*

cos

E" =loss modulus = |E*| sin ¢.
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10g|E*|=a+Ll, fr :arf
1+€c+atT_r,) where

where

f = frequency (Hz); and

a.b.c.d = constants; and

£ = reduced frequency. f, = reduced frequency.

log(a,)=aT +a,T +a,

where

aj. a2. and a3 = coefficients: and

T = temperature.
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A beam with a span length of 12 in. (305 mm) and a width and depth of 3 in. (76 mm) is subjected
to a dynamic load of 300 Ib (1.34 kN) at third points. The dynamic deflection measured at the cen-
ter of the beam is 6.25 X 10" *in. (0.016 mm). Determine the extreme fiber stress and the stiffness
modulus by Eqs. 7.12 and 7.13. In applying Eq. 7.13, a Poisson ratio of 0.35 may be assumed.

Solution: Given P =3001b(1.34kN),a = 4in. (102mm), and b = h = 3in. (76 mm),
from Eq. 7.9, ¢ = 3 X 4 X 300/(3 X 9) = 133.3 psi (920 kPa). Given L = 12in. (305 mm)
and A = 0.000625 in. (0.016 mm), from Eq. 7.12, E, = 23 X 300 x (12)%/(108 X 3 X 27 X
0.000625) = 2.18 X 10°psi (15 GPa), and from Eq. 7.13, E, = 2.18 X 10° X 1.16 = 2.53 X
106 psi (17.5 GPa).

Department of Civil Engineering, Sirjan University of Technology
21



Advanced Pavement Analysis and Design 4/24/2018

Swolidd (S Jguo RS

E_ is the stiffness modulus when o =0,
- o °

A, is a regression constant depending upon the particular mix and test temperature

|
4

| Colorado:
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4 1 ] i | 1 L
0 50 100 150 200 250 300 350

Flexural Stress, o (psi)
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To define the relationship between E, and [E”[, a regression analysis
was conducted by Witczak and Root (1974) on the laboratory results of
17 different asphalt mix and temperature combinations that had been
tested by both procedures. The loading used for determining the
dynamic modulus was haversine in compression and that for the
stiffness modulus was 0 .1 s haversine and 0 .5 s rest period .

|E*| = 0.18089f21456 146918/ 001-13,5739)
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Conditions:

Loading time = 0.02 s
Temperature = 5°C
Bitumen properties:

A

log(pen at T') — log 800

Penetration at 25°C = 50 dmm
Softening point = 55°C
Pl=0.0
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1.342(100 — V,)
TVt %
Bz = 8.0 + 0.00568V, + 0.0002135V2

137VE — 1
Bs = 0.6 Iog(———b——)

Ba = 0.7582 (By — Ba)

B} = 10.82

For 725 psi < §, < 145,000 psi,

+
log Sy, = -B“—z——B?(mg S, ~ 4.1612)

+ B—*;—Binog S, — 4.1612]) + B, — 3.8383

“~

For 145,000 psi < S, < 435,000 psi,
log S;, = By + By + 2.0959(B; — B, — Bs)(log S, — 5.1612) — 3.8388
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TABLE 7.6 Stiffness Modulus of Mixtures with Various Compositions
Sm (N/m?)
Case no. Sy (N/m?%) Vo (%) Ve (%) Equation Nomograph
1 6 % 10° 5 80 1.5 x 10° 13 x 10°
2 6 x 10° 10 85 1.8 x 10° 1.7 X 10?
3 6 % 10° 40 60 8.3 x 107 9.0 x 107
4 1 x 108 ¥ 80 6.6 x 10° 6.9 x 10°
5 1 x 108 10 85 1.1 % 10 1.1 x 10"
6 1 x 10° 40 60 1.3 x 10° 13 x 10°
7 2 x 10° 5 80 2.8 x 10" 2.7 x 10"
8 2 x 10* 10 85 36 % 100 48 x 10"
9 2 X 10° 40 60 1.5 X 10" 1.7 x 10"

Note. 1 psi = 6900 N/m”.
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|E"| = 100,000 x 10%
By = B3 + 0.000005 B, — 0.00189 B,f !
B, = B TP

B3 = 0.553833 + 0.028829 ( Pyaf *17%) — 0.03476V,
+ 0.070377A + 0.931757f 002774

B4 = 0.483V; F B g b WSS f
Bs = 1.3 + 0.49825 log OF 42 33 o> 0,1y 42 )3T

Yoo 8yloid S (5590 (oK lan 39 2 oP ..
A = 29,508.2 ( Ppyep)21%% il J L5 o a3

943198 ogelen o g2 VOF (glos 55 yu8 4y joSmg A
Sl ‘s.JLO.wd bjlao ) )J (SO M)oVb
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logyy | E*= —1.249937+0.02023p,,, — 0.001767( 2,y )* — 0.002841p, — 0.05809%,

Vg 3-871977-00021p, +0003958p,, ~0.000017(p,,)* +0.00547p,,
A 1+ exp(=0.603313~ 0.313351log £ — 0.39353210g7)

—0.082208

Pzo0 = Percentage of aggregate passing #200 sieve.

P4 = Percentage of aggregate retained in #4 sieve.

Psss = Percentage of aggregate retained in 3!g—inch _(9.56-mm) sieve.
P = Percentage of aggregate retained in %-inch (19.01-mm) sieve.
Va = Percentage of air voids (by volume of mix).

Vherr = Percentage of effective asphalt content (by volume of mix).

f = Loading frequency (hertz).

n = Binder viscosity at temperature of interest (108 P (107 Pas).
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| 1 = 1st stage, the slope of the curve increases rapidly
&y 2 = 2nd stage, the slope of the curve is quasi constant
3 = 3rd stage, the slope of the curve increases again rapidly and the
curve becomes concave
4 = Turning (inflection) point
e =100 x [(h, - h.)/h.,

€, is the cumulative axial strain after n load applications (%),
h, is the average height as measured by displacement
transducers after pre-load of the specimen (mm),

h, is the averageheight as measured by displacement
transducers after n load applications of the specimen (mm)
and n is the number of load applications.

creep rate fo = (e, — e)ny — my),

[S+]

Number of load repetitions, creep modulus E,. = (ole,) x 1000,
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1. Reaction Clamp 5. Loading Rod 9. Ball Bushing
2. Load Clamp 6. Stop Nuts 10.LVDT Holder
3. Restrainer 7. Load Bar 11.LVDT

4. Specimen 8. Piston Rod
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Fatigue tests were performed on 3-in. X 3-in. (75-mm X 75-mm) beams by the third-point load-
ing with a span of 12 in. (305 mm). The deflection at the center of beam A and the number of rep-
etitions to failure N; are shown in Table 7.8. Develop an equation relating the number of

repetitions to failure and the tensile strain.

TABLE 7.8 Results of Fatigue Tests on HMA Specimens

Test no.
1 2 3 4 5 6 7 8
A (0.001 in.) 12.9 8.03 8.24 6.03 442 2.81 1.97 1.48

N; 1110 3140 4115 6010 30,625 89.970 289,110 915,060

Note.1 in. = 25.4 mm.

4/24/2018
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Solution: The tensile strain for each test can be determined from Eq. 7.11, or €, = 12 X
3 X A/(3 X 144 - 4 X 16) = 0.0978A. The strains for the eight tests are 12.6, 7.85, 8.06, 5.90,

4.32,2.75,1.93,and 1.45 X 107", Figure 7.25 is a plot of €, versus log Nj.

The inverse slope of the straight line f; = 3/log(11.9/1.34) = 3.162. The intercept c;
when ¢, = 1 can be obtained from a given point (log €, log N;) on the straight line by

log N; — log ¢,
fh= o1 — Tmo o
logl — log &,
or

log c; = log Ny + f>log €, (7.31)

Given f, = 3.162, N; = 1000, and €, = 11.9 X 1074, from Eq. 7.31, logc, = log (1000) +
3.162 10g(0.00119) = —6.247 or ¢; = 5.66 X 107" Therefore, the fatigue equation is

N; = 5.66 X 1077(g,) 1%
O i olSitsls A ydn o5l ealil g Jilal
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N; = 0.00432Ce > > E7|705%

C =104
M-484( % 069)
ST\ v,

Note that, for a standard mix with an asphalt volume V;, of 11% and an air void volume
of 5%, M = 0or C = 1. This standard mix is used by the Asphalt Institute in the ninth
edition of the design manual (AI, 1981a). After multiplying by a factor of 18.4 to ac-
count for the differences between laboratory and field conditions, the fatigue failure
criterion becomes

N; = 0.0796e># | E™[ 084
ol i o
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Stress Ratio, /S,
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Fig. 1 ASTM D1196 Plate Load Test
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TABLE 7.9 Elastic Moduli for Different Materials

Material Range Typical
Portland cement concrete 3 % 10%to 6 x 10° 4 x 10°
Cement-treated bases 1 X 10°to 3 x 106 2 x 10¢
Soil cement materials 5 x 10*to 2 x 10° 1 x 10°
Lime-flyash materials 5 x 10°t0 2.5 x 10° 1 x 108
Stiff clay 7600 to 17,000 12,000
Medium clay 4700 to 12,300 8000
Soft clay 1800to 7700 5000
Very soft clay 1000 to 5700 3000

Note. Modulus in psi, 1 psi = 6.9 kPa.
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TABLE 7.10 Poisson Ratios for Different Materials

Material Range Typical
Hot mix asphalt 0.30-0.40 0.35
Portland cement concrete 0.15-0.20 0.15
Untreated granular materials 0.30-0.40 0.35
Cement-treated granular materials 0.10-0.20 015
Cement-treated fine-grained soils 0.15-0.35 025
Lime-stabilized materials 0.10-0.25 0.20
Lime—{flyash mixtures 0.10-0.15 015
Loose sand or silty sand 0.20-0.40 0.30
Dense sand 0.30-0.45 0.35
Fine-grained soils 0.30-0.50 0.40
Saturated soft clays 0.40-0.50 0.45
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The coefficient of thermal expansion ranges from 3 to 8 X 107°°F (5.4 to
14.4 X 107%°C), with 5 X 107%°F(9 X 107%/°C) as typical. The coefficient of drying
shrinkage ranges from 0.5 to 2.5 X 107, with 1 X 107 as typical.
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