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Lect. 8 Pavement Structural Design

Flexible Pavement Design-Part3
(AASHTOO Method, Design Equations)
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AASHTO Method,

Design Equations

The original equations were based purely on the results of the AASHO Road Test but
were modified later by theory and experience to take care of sub-grade and climatic

conditions other than those encountered in the Road Test.

Original Equations The following are the basic equations developed from the

AASHO Road Test for flexible pavements (HRB, 1962) :

G; = B(log W, — log p) (11.29)
5 = 00 4 208U+ L)’ (i150)
(SN + 1)1 137
log p = 5.93 + 936 log(SN + 1) ~ 479 log(L, + L,)
+ 4.33log L, (11.31)
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Here,

G, = logarithm of the ratio of loss in serviceability at time ¢ to the potential loss
taken at a point where p, = 1.5, or G, = log[(4.2 — p,)/(4.2 — 1.5)],noting
that 4.2 is the initial serviceability for flexible pavements;

B = a function of design and load variables, as shown by Eq. 11.30, that influ-
ences the shape of p versus W, curve;

p = afunction of design and load variables, as shown by Eq. 11.31, that denotes
the expected number of load applications to a p, of 1.5, as can be seen from
Eq.11.29, where p = W, when p, = 1.5;

W, = axle load application at end of time ¢;

Py = serviceability at end of time ¢;

L, = load on one single axle or a sct of tandem axles, in kip;
L, = axle code—1 for single axle, 2 for tandem axle;

SN = structural number of pavement, which was computed as

SN = a;D; + ayDs + asDs (11.32)

in which a,, a,, and a3 are layer coefficients for the surface, base, and sub-
base, respectively, and D, D,, and Dy are the thicknesses of the surface,
base, and subbase, respectively.

The procedure is greatly simplified if an equivalent 18-kip (80-kN) single axle
load is used. By combining Eqs. 11.29,11.30, and 11.31 and setting L, = 18 and L, = 1,
we obtain the equation

log[(4.2 — p)/(4.2 — 1.5)]

log Wyg = 936 log(SN + 1) — 0.20 +
& s oK :' 0.4 + 1094/(SN + 1)5%9

(11.33)

in which W, is the number of 18-kip (80-kN) single-axle load applications to time ¢
and p, is the terminal serviceability index. Equation 11.33 is applicable only to the flex-
ible pavements in the AASHO Road Test with an effective subgrade resilient modulus
of 3000 psi (20.7 MPa).

Modified Equations For other sub-grade and environmental conditions, Eq.11.33 is

modified to:

log[(4.2 — p,)/(42 — 1.5)]
0.4 + 1094/(SN + 1)>1
+ 232 log My — 8.07 (11.34)

log Wyg = 936 log(SN + 1) — 0.20 +
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in which My is the effective roadbed soil resilient modulus. Note that when
Mg = 3000 psi (20.7 MPa), Eq. 11.34 is identical to Eq. 11.33

To take local precipitation and drainage conditions into account, Eq.11.32 was

modified to:

SN = G1Dl + a2D21n2 + a3D3m3 (1135)

in which m, is the drainage coefficient of base course and 73 is the drainage coefficient
of subbase course.

Equation 11.34 is the performance equation that gives the allowable number of 18-kip

(80-kN) single-axle load applications W5 to cause the reduction of PSI to p..

If the predicted number of applications W18 = W,,¢ the reliability of the design is

only 50%, because all variables in Eq.11.34 are based on mean values.

To achieve a higher level of reliability, W;s must be smaller than W, by a normal

deviate Zy , as shown in Figure 11.24 :

Probability

log Wyg log Wy
FIGURE 11.24
Zr So Reliability of design based on ESAL.

_ log Wig — log Wys

11.36
x 5 (1136)

Here, ZR is the normal deviate for a given reliability R, and

So is the standard deviation
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Standard Deviation, S,

Flexible pavements 0.40-0.50
Rigid pavements 0.30-0.40

ZR can be determined from Table 10.1 or, more conveniently, from Table 11.15.

TABLE 11.15 Standard Normal Deviates for Various Levels of

Reliability
Reliability Standard normal Reliability Standard normal
(%) deviate (Zg) (%) deviate (Zg)

50 0.000 93 -1.476
60 —0.253 94 —1.555
70 —0.524 95 —1.645
75 —0.674 96 -1.751
80 —0.841 97 —1.881
85 -1.037 98 -2.054
90 -1.282 99 —-2.327
91 —-1.340 99.9 -3.090
92 —-1.405 99.99 —-3.750

Combining Eqgs . 11.34 and 1.36 and replacing (4.2 — p,) by APSI yields.

log[APSI/(4.2 — 1.5)]
0.4 + 1094/(SN + 1)>%

log Wig = ZzSp + 9.36 log(SN + 1) — 0.20 +
+ 2.32log Mg — 8.07 (11.37)

Equation 11.37 is the final design equation for flexible pavements.

Figure 11.25 is a monograph for solving Eq . 11.37.
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FIGURE 11.25

Design chart for flexible pavements based on mean values for each input (1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Pavement Structures. Copyright 1986, American
Association of State Highway and Tranportation Officials, Washington, DC. Used by permission.)

48




Mustansiriyah University Pavement Structural Analysis and
Design

College of Engineering 2022-2023
Highway and Transportation Engineering

Srep.s to use 11.251s a monograph for solving Eq. 11.37.

Steps 1 Steps 2 Steps 3

Reliability T(11.14)

The number of 18-kip

Steps 6 Steps 5 Steps 4

Design Serviceability Loss

g
= =é Dresign Serviceability Loss, APSI .
e d
5 =7
g g _ g 0
R Z
= _& 3 Sl ..--‘/I
= s _ 10 - I
E x 3 = F /
Z k g % E s j”
& E L 2=
& 3z 2 _
_:E < E; 1 -
E 3 _:/y
0
1) r
T T ML I I
987 6 3 4 3 - 2
Design Structural Number, SN
FIGURE 11.25

Design chart for flexible pavements based on mean values for cach input {1 ksi = 6.9 MPa).
{From the AASHTO Guide for Design of Pavement Structures. Copyright 1986, American
Association of State Highway and Tranporiation Officials, Washinglen, DC, Used by permission.)

Example: (11.10)

Given Wyg = 5 X 105 R = 95%, S, = 0.35, Mg = 5000 psi (34.5 MPa), and APSI = 1.9, deter-
mine SN from Figure 11.25.
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Solution:
As shown by the arrows in Figure 11.25,
Step 1: starting from R = 95%, series of lines are drawn through;
Step 2: Sp=0.35;
Step 3: Wis=5%10%
Step 4: My = 5000 Psi
Step 5: APSI=1.9
And finally intersect SN at 5.0, so SN = 5.0.
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FIGURE 11.25

Design chart for flexible pavements based on mean values for cach input (1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Pavement Structures. Copyright 1986. American
Association of State Highway and Tranportation Officials, Washington, DC. Used by permission.)
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The chart is most convenient for determining SN, because the solution of SN
by Eq.11.37 is cumbersome and requires a trial and error process. If Wi is

the unknown to be determined, the use of Eq. 11.37 is more accurate.

Example: (11.11)

Given R = 95%, SN = 5, S, = 035, Mg = 5000 psi (34.5 MPa), APSI = 1.9, determine W,z by
Eq.11.37.

Solution

Given R = 95%, from Table 11.15, Zr = -1.645.

TABLE 11.15 Standard Normal Deviates for Various Levels of

Reliability
Reliability Standard normal Reliability Standard normal
(%) deviate (Zg) (%) deviate (Zg)
50 0.000 93 =1.476
60 =0.253 94 —1.555
70 -0.524 95 —1.645
75 =0.674 96 -1.751
80 -0.841 o7 -1.881
35 -1.037 08 -2.054
90 -1.282 99 -2.327
91 =1.340 99.9 =3.090
92 —1.405 99,99 =3.750

From Eq. 11 .37,

APSI
loglg7 15l
0.4+ 1094/(SN +1

logWig = ZgSp +9.36log(SN + 1} - 0.2+ e + 2.32log Mz — 8.07 (11.37)

logWyg = —1645 + 035 +9.36log(5 + 1) - 0.2 ogly 2.32 log(5000) - 8.07
0gWig = ~1645+03549.3000g5 + 1)~ 0.2+ o gy /5 g 1yom T 2 3210g(5000) -8

logWyg = 6.714

Wi = 5.18 + 108
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Effective Roadbed Soil Resilient Modulus

The effective roadbed soil resilient modulus My is an equivalent modulus
that would result in the same damage if seasonal modulus values were

actually used.

Relative Damage From Eq. 11.37, the effect of Mg on Wiz can be expressed as

APSI
loglgz 1.5
0.4 § 1094/(SN + 1)51

logWig = Zg5p +9.36log(SN +1) - 0.2 + s+ 2.32log Mg —8.07 (11.37)

log Wig = log C — log(1.18 X 108 Mz7%32) (11.38)

in which log C is the sum of all but the last two terms in Eq. 11.37.

Equation 11.38 can be written as:

3 C
1.18 X 10® Mg**

Wig (11.39)

If W is the predicted total traffic, the damage ratio, which is a ratio between
predicted and allowable number of load repetitions, can be expressed as

C/(1.18 X 108 M%)

T

W,
= 21(1.18 X 108 Mg2?) (11.40)

If W is uniformly distributed over n periods, the cumulative damage ratio is:

n W, W n
r” rl > (118 X 10°MG?)  (11.41)

- ; CI(1.18 X 18M7Z?)  C n;

r

Equating Eq. 11.40 to Eq. 11.41 gives:

1.18 X 108 M2 = %2(1.13 X 103 M%?) (11.42)
i=1

Equation 11.42 can be used to determine the effective roadbed soil resilient

modulus
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My in terms of seasonal moduli Mg;. Although the coefficient 1.18%108 can
be canceled out to simplify the equation, the AASHTO design guide keeps
the coefficient and defines the relative damage u; as:

u = 1.18 X 103 M2 (11.43)

Computation of Effective Roadbed Soil Resilient Modulus

Figure 11.26 is a worksheet for estimating effective roadbed soil resilient
modulus, in which Eq. 11.43, together with a vertical scale for graphical
solution of ug, 1s also shown.

Roadbed .
Month Mgdu]us’ Damage’ E:
Mg (psi) | ™ +
0.02 o
Jan. 15,900 A 20 ml
Feb. 27,300 0.01 _-""
Mar, |38.700 0.00 = F
= 1+ .05 o~
50,000 0.00 g 10 o
Apr. - _ 1
—.10 _ s
May 900 16.52 § 1 z ”
3 | B=
. S -1 E T
June 1,620 4.22 3 E X
E = =]
2 S5 e =
= Fsog =
Aug 3,060 0.97 s r §
= s
O 1.0 =2
Sept. 3,780 0.59 3 _ o
-4 i
.39 —
Oct. 4,500 0.3 -
Nov. 4,500 039 ‘
i 5.0
Dec. 4,500 0.39 -
: 0 — 10.0
. ‘) = -
S!_lmmaunn. Zug 25.30 | 130
FIGURE 11.2 6

Worksheet for estimating effective roadbed soil resilient modulus (1 psi = 6 .9 kPa)
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A year is divided into a number of periods during which different roadbed soil
resilient moduli are specified. The shortest time period is half a month. These
seasonal moduli can be determined from correlations with soil moisture and
temperature conditions or from nondestructive deflection testing.

In the worksheet, the 12 monthly subgrade moduli used in the DAMA
program for a MAAT of 45°F (7.2°C) and a normal modulus of 4500 psi (31

MPa), as shown in Table 11.10, are used as an example .

TABLE 11.10 Subgrade Modulus Used in the DAMA Program

modulus Subgrade modulus by month (10° psi)
Normal
MAAT (psi) Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
45°F 4500 45 15.9 273 38.7 50.0 09 162 234 3.06 3.78 45 45
12,000 12.0 21.5 31.0 40.5 50.0 6.0 7.20 8.40 9.60 10.8 120 12.0
(7°C) 22,500 225 294 363 431 50.0 158 17.1 18.5 108 21.2 225 22.5
60°F 4500 4.5 4.5 273 50.0 1.35 2.14 293 371 45 4.5 45 4.5
12,000 12.0 12.0 31.0 50.0 72 84 9.6 10.8 12.0 120 12.0 12.0
(155°C) 22,500 225 22.5 383 50.0 18.0 19.1 20.3 21.4 225 25 225 225

Note.1 psi = 6.9kPa.
Source. After AT(1982).

The relative damage during each month can be obtained from the vertical

scale or computed from Eq. 11.43; the sum, 25.30, is shown at the bottom.

The average relative damage = 25.30/12 =2.11, which corresponds to an

effective roadbed resilient modulus of 2200 psi (15.2 MPa) .

A e Eu[' e
verage: uyy= —— =2.11

In the preceding example, there is a large variation in the monthly resilient
modulus. The maximum and minimum values are outside the range of the
vertical scale and must be computed from Eq . 11.43. About 65% of the
damage is done in May alone.

This is the reason that a very low effective modulus, 2200 psi (15.2 MPa), is

obtained, one much lower than the normal modulus, 4500 psi (31.1 MPa).
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11.8 For a mean annual air temperature of 45°F and a normal modulus of 22,500 psi, determine
the effective roadbed soil resilient modulus for the menthly moduli shown in Table 11.10

[Answer: 22,200 psi]

Solution
From Table 11-10, at 45°F and Modulus Normal=22500 psi, the marked
subgrade modulus by month are used to compute the uf

TABLE 11.10  Subgrade Modulus Used in the DAMA Program

modulus Subgrade modulus by month (10 psi)
Normal
MAAT {psi) Dec Jan Feb Mar Apr May Tun Jul Aug Sep Oct Nov
45°F 4500 4.5 159 273 8.7 50.0 0.9 1.62 2.3 3.06 378 4.5 4.5
12,0400 12.0 21.5 31.0 40.5 5'}0 6.0 7.20 840 9 60 L8 ki 120
(7°C) I 22,500 225 294 a3 431 0.0 15.8 17.1 18.5 19.8 212 22.5 22.5 I
60°F 4500 4.5 4.5 273 S0.0 1.35 2.14 293 3 4.5 4.5 4.5 4.5
12,000 12.0 12.0 310 50.0 T2 8.4 0.6 10.8 12.0 12.0 12.0 12.0
(15.5°C) 22,500 22.5 22.5 383 50.0 18.0 19.1 203 214 22.5 225 225 225

Note. 1 psi = 6.9kPa,
Source After AL (1982).

Month Subgrade uf
modulussby Up_ 118+ 1087232
month (10°psi)
Dec 22.5 0.009437
Jan 294 0.005074
Feb 36.3 0.003111
Mar 43.1 0.002089
Apr 50.0 0.00148
May 15.8 0.021429
Jun 17.1 0.017837
Jul 18.5 0.014861
Aug 19.8 0.012695
Sep 21.2 0.010834
Oct 22.5 0.009437
Nov 22.5 0.009437
Total 0.117719
Average
uf 0.00981

Mg =(( 0.00981/(1.18*10%)) 232 = 22127 psi
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Structural Number

Structural number is a function of layer thicknesses, layer coefficients, and

drainage coefficients and can be computed from Eq. 11.35.

SN = £I1D1 + {IzDz?ﬂz + a3D3m3 (1135)

Laver Coefficient:

The layer coefficient a, is a measure of the relative ability of a unit thickness
of a given material to function as a structural component of the pavement.

Layer coefficients can be determined from test roads or satellite sections, as
was done in the AASHO Road Test, or from correlations with material

properties, as was shown in Figures 7.13, 7.15, and 7.16.

0.40
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g 7.0 s o [P
05+ = oot 1500 3 30+ -z
= g0 60 g 13004 25 &
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g 200ES 200 % 4008 20| 8 900 < E
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02 = L
' 1.0 J
(a) Surface Course {b) Base Course
FIGURE 7.13

Correlation charts for estimating resilient modulus of HMA (11b = 445N, 1 psi = 6.9 kPa).
(After VanTil ez al. (1972).)

56



Mustansiriyah University Pavement Structural Analysis and
Design

College of Engineering 2022-2023
Highway and Transportation Engineering

0.40
1900 — 40—
17009 = —
s s 3972
o : 2‘ e L)
0:20 — s ey 2 S
0.18 - g 40z = 900 £ 20 5
0.16 - = 020} w0 ® 15- 3
01448 100 s 204- 308 T s0d3 2
2 N 804 = = 8 —1 £ =
012 48 30 u R 254 = 04 £
o —5 7042 30.E = -] = -
01043 3-8 ¢ 15 .. |5 ¥3 g 00 3 10
0083 2| 0% 357 s |3 owfF w0
0.06 o3 0~ 40 .
0.04 - 2
0.02 =
0 <4 L L . £ £ L i
(a} Untreated (b) Bituminous Treated
0.30 —
028 &
0.26 | ‘5 Iom _ 10;0'_'
024 3 o 2 9.0 =
1= > = [+9
022 3 soo—-ﬁ_g 8012
020 & 8% Lpd%
o8F  PES |2
016 {3 w08 60 B
0 —E 3 =
012 % 200—;.5; 5.0
0.10 g =®
E g
=
{c) Cement Treated
FIGURE 7.15

Correlation charts for estimating resilicnt modulus of bases (11b = 445 KN, 1 psi =
6.9 kPa). (After Van Til er af. (1972).)
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It is recommended that the layer coefficient be based on the resilient

modulus, which is a more fundamental material property.

In following the AASHTO design guide, the notation Mg, as used herein,
refers only to roadbed soils, whereas El, E2, and E3 apply to the HMA, base,

and subbase, respectively.

Asphalt—Concrete Surface Course.
Figure 11.27 is a chart relating the layer coefficient of a dense-graded HMA
to its resilient modulus at 70°F (21°C).

0.5
- -]
0.4 //
g "
& 0.3 [
5
3 / ]
g 0.2
2 |
A
0.1
FIGURE 11.27
Chart for estimating layer coefficient of
0-00 — ——y 5 dense-graded asphalt concrete based on
3 clastic modulus (1 psi = 6.9kPa). (After
HMA Resilient Modulus at 70°F(10° psi) Van Til et al. (1972).)
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Caution should be used in selecting layer coefficients with modulus values
greater than 450,000psi (3.1 GPa), because the use of these larger moduli is
accompanied by increased susceptibility to thermal and fatigue cracking.

The layer coefficient g; for the dense-graded HMA used in the AASHO

Road Tests is 0.44, which corresponds to a_resilient modulus of 450,000

psi (3.1 GPa).

Untreated and Stabilized Base Courses
Figure 7.15 shows the charts that can be used to estimate the layer
coefficient a, for untreated, bituminous-treated, and cement-treated base

courscs.

In lieu of Figure 7.15a, the following equation can also be used to estimate

a, for an untreated base course from its resilient modulus E;:
a, = 0.249(log E,) — 0.977 (11.44)

The layer coefficient a, for the granular base material used in the AASHO

Road Test is 0.14, which corresponds to a base resilient modulus of 30,000

psi (207 GPa).

The resilient modulus of untreated granular materials depends on the stress
state

0, as indicated by Eq. 3.8 and rewritten here as:

E, = K, 6% (11.45)
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Typical values of K, for base materials range from 3000 to 8000; those of K,
range from 0.5 to 0.7. Values of K| and K, for each specific base material

should be determined using AASHTO Method T274.

In the absence of this information, the values shown in Table 11.16 can be

used.

TABLE 11.16 Typical Values of K, and X for
Untreated Base Maternals

Moisture condition K K,

D1y 6000-10,000 0.5-0.7
Damp 4000-6000 0.5-0.7
Wet 20004000 0.5-0.7

Source. After AASHTO (1986).

The resilient modulus of the base course is a function not only of K1 and K2,
but also of the stress stated. Values for the stress state within the base course
vary with the roadbed soil resilient modulus and with the thickness of the
surface layer.

Typical values of & are shown in Table 11.17. Given K, K, and6, E, can be
determined from Eq. 11.45.

TABLE 11.17 'Typical Values of Stress State # for

Base Course

Roadbed soil resilient

modulus (psi)

Asphalt concrete
thickness (in.) 3000 7500 15,000
Less than 2 20 23 30
2-4 10 15 20
4-6 5 10 15
Greater than 6 5 il ]

Netfe. Unit of 8 is in psi, 1 in. = 25.4 mm, 1 psi = 6.9 kT*a.
Souree. After AASHTO (10886).
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Granular Subbase Course
Figure 7.16 provides the chart that may be used to estimate layer coefficient
a; of granular subbase courses. The relationship between a; and E; can be

expressed as

az = 0.227(log E;) — 0.839 (11.46)

The layer coefficient a; for the granular subbase in the AASHO Road

Test is 0.11, which corresponds to a resilient modulus of 15,000 psi (104
MPa).

As with granular base courses, values of K; and K, for granular subbase
courses can be determined from the resilient modulus test (AASHTO T274)

or estimated from Table 11.18.

TABLE 11.18 Typical Values of K, and K, for
Granular Subbase Materials

Moisture condition K K,
Dry 60008000 0.4-0.6
Damp 4000-6000 0.4-0.6
Wet 15004000 04-0.6

Source. After AASHTO (1986).

Values of K1, K2,6, and E; for the subbase in the AASHO Road Test are
shown 1n Table 11.19.

TABLE 11.19 Values of Resilient Modulus for AASHO Road Test Subbacs

Materials
Stress state 6 (psi)
Moisture condition K, K; 5 1.5 10
Damp 5400 0.6 14,183 18,090 21,497
Wet 4604 0.6 12,082 15410 18,312

Note. Resilient modulus is in psi; 1 psi = 6.9 kPa.
Source. Alter Finn er af. (1986).
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Drainage Coefficient

Pavement Structural Analysis and

2022-2023

Depending on the quality of drainage and the availability of moisture,

drainage coefficients m, and m; should be applied to granular bases and

subbases to modify the layer coefficients, as shown in Eq. 11.35.

At the AASHTO Road Test site, these drainage coefficients are all equal

to 1, as indicated by Eq. 11.32.

Table 11.20 shows the recommended drainage coefficients for untreated

base and subbase materials in flexible pavements. The quality of drainage is

measured by the length of time for water to be removed from bases and

subbases and depends primarily on their permeability. The percentage of

time during which the pavement structure is exposed to moisture levels

approaching saturation depends on the average yearly rainfall and the

prevailing drainage conditions.

TABLE 11.20 Recommended Drainage Coefficients for Untreated Bases and Subbases in

Flexible Pavements

Percentage of time pavement structure is exposed

Quality of drainage to moisture levels approaching saturation
Water removed Less than Greater than

Rating within 1% 1-5% 5-15% 25%
Excellent 2 hours 140-1.35 1.35-1.30 1.30-1.20 1.20
Good 1 day 135-1.25 1.25-1.15 1.15-1.00 1.00
Fair 1 week 125-1.15 1.15-1.05 1.00-0.80 0.80
Poor 1 month 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor Never drain 1.05-0.95 0.95-0.75 0.75-0.40 0.40

Source. After AASHTO (1986).

62



Mustansiriyah University Pavement Structural Analysis and
Design

College of Engineering 2022-2023
Highway and Transportation Engineering

Selection of Layer Thicknesses

Once the design structural number SN for an initial pavement structure is
determined, it is necessary to select a set of thicknesses so that the provided SN, as
computed by

Eq. 11.35 will be greater than the required SN.

SN = a1D1 + a’zDz?nz + a3D3m3 (1135)

Note that Eq. 11.35 does not have a single unique solution. Many combinations of
layer thicknesses are acceptable, so their cost effectiveness along with the
construction and maintenance constraints must be considered to avoid the
possibility of producing an impractical design.

From a cost-effective view point, if the ratio of costs for HMA and granular base
is less than the corresponding ratio of layer coefficients times the drainage
coefficient, then the optimum economical design is to use a minimum base

thickness by increasing the HMA thickness.

Minimum Thickness

It is generally impractical and uneconomical to use layers of material that are less
than some minimum thickness. Furthermore, traffic considerations may dictate the
use of a certain minimum thickness for stability.

Table 11.21 shows the minimum thicknesses of asphalt surface and aggregate
base. Because such minimums depend somewhat on local practices and

conditions, they may be changed if needed.
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TABLE 11.21 Minimum Thickness for Asphalt Surface and Aggregate

Base

Trafflic (ESAL) Asphalt concrete Aggregate base
Less than 50,000 1.0 4
50,001-150,000 20 4
150,001-500,000 25 4
500,001-2,000,000 30 6
2,000,001-7,000,000 3.5 6
Greater than 7,000,000 4.0 6

Nete  Minimum thickness 3 inin.; 1 in. = 254 mm.

Source. After AASHTO (1986).

General Procedure The procedure for thickness design is usually started

from the top, as shown in Figure 11.28 and described as follows :

(1)
@5
D
ey M l Ei 2 ! 1
SN3 l Eg ds m; D2
FIGURE 11.28
E; a, m; D, ) )
Y Selection of thicknesses.

1. Using E, as My, determine from Figure 11.25 the structural number SN
required to protect the base, and compute the thickness of layer 1 from

SN,

4]

D = (11.47)

2. Using E; as My, determine from Figure 11.25 the structural number SN,

required to protect the subbase, and compute the thickness of layer 2 from

SN, — a,D
D, = Zazm‘zl ! (11.48)
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3. Based on the roadbed soil resilient modulus My, determine from Figure
11.25 the total structural number SN; required, and compute the thickness of
layer 3 from

—a Dy — a, D
D, = SN; — a; Dy — a,Dym; (11.49)

('I3!?I3

Example 11.12:

Figure 11.29 is a pavement system with the resilient moduli, layer
coefficients, and drainage coefficients as shown. If predicted ESAL=18.6 X
10°, R=95%, S,=0.35, and APSI=2.1, select thicknesses D;, D,, and D;.

A
E; = 400,000 psi a; = 0.42 | D,
A
E, = 30,000 psi 3,=014 m=12 | D,
A
E; = 11,000 psi a; =008 my=12 Dy
FIGURE 11.29 ‘

Example 11.12 (1 psi = 6.9 kPa). Mg = 5,700 psi

Solution:

To select D, (thickness of the first layer),
With MR = E, = 30,000 psi (207 MPa),
from Figure 11.25, SN; =3.2;..... »a¥) kil
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Ti. 0 L
- = Design Serviceability Loss, APSI
ZE
[ - E 40
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e :
g 133 y SIS
& | iz = = | ’
£ 23 £
3 05 ¥ - 1
& @ — A
— 80 A L
_—"?ﬂ
| &0 _f(l
3 f w 1
L a0 T 1 F- T 1 1
987 & 5 4 3 2
Dezign Struciural Number, 5M
FIGURE 11.25

Design chart for flexible pavements based on mean values for each input {1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Paverment Structures. Copyright 1986, American
Association of Stale Highway and Tranportation Officials, Washington, DC. Used by permission.)

from Eq. 11.47 ,

SN
D, = a—‘ (11.47)
1

Dy>3.2/0.42 =7.6 in. (193 mm); use D; = 8 in. (203 mm).
D; =8 in > minimum D; =(4 in) from table 11.21....... OK

TABLE 11.21 Minimum Thickness for Asphalt Surface and Aggregate

Base
Trallic (ESAL) Asphalt concrete Aggregale base
Less than 50,000 1.0 4
50,001-150,000 20 4
150,001-500,000 25 4
500,001-2,000,000 0 &
2,000,001 -7,000,000 35 ]
_ﬁruater lhlﬂ 7,000,000 40 ]

Now Mimimum thicknes s inim; ] in. = 254 mm
Source. Aller AASHTO (1986),
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To select D, (thickness of the second layer),
With MR = E;= 11,000 psi (76 MPa),

from Figure 11.25, SN, =4.5; ...... »aaY) bal)
from Eq. 11.48,

SNQ - 0'1D1
ariy

D>;>(4.5-0.42x8)/(0.14 x1.2) =6.8 in. (173 mm);
use D, =7 in. (178 mm). > minimum D, =(6 in) from table 11.21...... OK

D, (11.48)

IV

To select D; (thickness of the third layer),
With MR = 5700 psi (39.3 MPa),

from Figure 11.25, SN3;=5.6; ...... GV il
from Eq . 11.49,

—ayDy — aD
D, = SN; — a\Dy — a;Dymy (11.49)

('{3!?13

D;>(5.6-042x8-0.14x7x1.20)/(0.08 x 1.2) =11.1 in. (282 mm);
use D; =11.51n. (292 mm) .
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11.9 A 12-in. full-depth asphalt pavement is placed on a subgrade with an effective roadbed
resilient modulus of 10,000 psi. Assuming a layer coefficient of 0.44 for the hot mix
asphalt, a drop in PSI from 4.2 to 2.5, an overall standard deviation of 0.5, and a predicted
ESAL of 3 X 10’, determine the reliability of the design by the AASHTO equation, and
check the result by the AASHTO design chart. [Answer: 88%|

Solution
P=4.2, P=2.5, So=0.5, ESAL=30000000, R=?

a=0.44 12in
10000psi
Using AASHTOO Equation
SN,=D; a,=12*0.44=5.28
4.2-P,
tog[575—7 5]

Log W18 = 9.36log(SN + 1) — 0.02 + st 2.32logMy —8.07

0.4 + 1094 /(SN + 1

Log W18 =149.36 log(5.28+1)-0.2-+(Log((4.2-2.5)/(4.2-
1.5))/(0.4+1094/(5.28+1)*"")+2.3210g10000-8.07

Log W18=7.47-0.2-0.42+9.28-8.07=8.06....... > Wt18=114,960,945.6

logWg — log Wy
So
ZR=(log 3%10" — Log114,960,945.6)/0.5= 1.167
From table 11:15, R=88%

TABLE 11.15 Standard Normal Deviates for Various Levels of

Reliability
Reliability Standard normal Reliability Standard normal
(%) deviate (Zg) (%) deviate (Zg)

50 0.000 93 —1.476
60 —0.253 94 —1.555
70 —0.524 95 —1.645
75 —=0.674 926 -1.751
80 —0.841 97 =1.881
85 —1.037 98 —-2.054
90 —1.282 - 99 —2.327
a1 —1.340 99.9 —3.090
92 —1.405 99.99 —3.750
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1110 An interstate highway pavement composed of a HMA surface course, a cement treated
base course, and a sand—gravel subbase is to be designed for an ESAL of 1.2 X 10°. The
quality of drainage is considered fair because water can be removed from the subbase
within a week. However, there is a large amount of precipitation, so more than 25% of the
time the pavement will be exposed to moisture levels approaching saturation. The materi-
al properties are as follows: effective roadbed soil resilient modulus = 5500 psi, resilient
modulus of subbase = 15,000 psi, unconfined compressive strength of cement-treated
base at 7 days = 500 psi (see Figure 7.15¢ for correlation), and resilient modulus of
HMA = 4.3 x 10° psi. Assuming a minimum thickness for HMA, determine the thick-
nesses of the surface, base, and subbase courses required. [Answer: 3 in., 6 in., and 9 in.]

Solution

Given, ESAL=1.2*10°, drainage quality fair (water can be removed from the
subbase within a week), 25% of the time the pavement will be exposed to
moisture levels approaching saturation, D1=minimum, D2=?, D3=?

E1=430000 psi D1
E2="7 psi 22
E3=15000 psi -
MR=5500 psi

1. D1=Minimum thickness , from table 11.21....>D1=3 in

SN2—al D1
2. D2>———
a2z m2

Find SNZ, ap, a and my

TABLE 11.21  Minimum Thickness for Asphalt Surface and Aggregate

Base

Traffic (ESAL) Asphalt concrele Aggregate base
Less than 50,000 1.0 4
50.001-150,000 20 4
150,001-500,000 25 4

S04, 0011 -2 000,000 3.0 ] >
2,000, 001-7,000,000 i5 [
Greater than 7,000,000 40 [

Note, Minimum thickness is in in.; [ in. = 254 mm.

Sowrce. Aller AASHTO (1986).
3. From Figure 7.13...... > a;=0.44
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0.6

0.5

%

I FTrTiiml

T
Modubus™ 10°-psi

Marshall Stabiliy

(a) Surface Course

from Figure 7.15 (b)........ > ay=0.18, E;=650000 psi

0,30
028 { &
026 | S—— 100
024 -2 g 3¢ 9.0-| g
0.2z “E‘ 800 % 2 B0
0.18 GO0 ?.E é_
016 - & 400 —{ 5 L 60— E
014 | 2 ZE =
012 {% 200 -'L,E - 5.0 -
0.10 — s®

-

-

(¢} Cement Treated

m,=m;=0.8 from Tablel11.20

TABLE 11.20 Recommended Drainage Coefficients for Untreated Bases and Subbases in
Flexible Pavements

Percentage of time pavement structure is exposed

Quality of drainage to moisture levels approaching saturation
Water removed Less than CGircater than

Rating within 1% 1-5% 5-25% 25%
Excellent 2 hours 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Good 1 day 1.35-1.25 1.25-1.15% 1.15-1.00 1.0
Fair 1 week 1.25=1.15 1.15=1.05 1. 00080 (.80
Poof T o 1B R T " ;

Very poor Never drain 1.05-0.95 0.95-0.75 0.75-0.40 0.40
Source. After AASHTO (1986).

To find SN,, use Figure 11.25, so we need to find R, S, and APSI

70



Mustansiriyah University Pavement Structural Analysis and
Design

College of Engineering 2022-2023
Highway and Transportation Engineering

7. From Table 11.14 , Find R,=85%

TABLE 11.14 Suggested Levels of Reliability for Various
Functional Classifications

Recommended

level of reliability
Functional
classification Urban Rural
Interstate an r Ve 85-9090 20-999
Principal arterials B0-99 75-95
Collectors 80-95 75-95
Local S50-80 S0-80
Nare. Results based on a survey of AASHTO Pavement Design
Task Force,

Kowrce After AASHTO (19881
8. So is not given, for flexible pavement assume Sy= 0.4

Standard Deviation, S,

Flexible pavements 0.40-0.50

9. Wig=1.2*¥10°
10. Es=15000 psi (Given)
11. Assume P;=4.2 and P=2.5... >APSI=1.7

12. From Figure 11.25.....> SN,=2.6

SN2—al D1 _ 2.6—0.44%3 . .
13.D2> > > 6.6in...>6.51n
a2z m?2 0.18%*1

SN3—alD1-a2 D2 m2
, ....>find SN; and a3
a3 m3

15. From Figure 7.16....> a;=0.12

14. D3>

020 ¢
] - = =
o€ S0 s WS 2 3 6l
“.”-_g F_i = & .
00z L i 2 BE 3
5 ] = S0-= 4+ 2 &= o=
0,08 Z 0 # 10 3
LU ol &
= ] g?,l_ 5 =
oL L L L

16. From Figure 11.25.....>SN;3;=3.6

3.6—0.44%3—0.18%6.5*1

17.D3> =93in.....>D3=95in
0.12%1
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Ty

Design Serviceability Loss, APSI|

|

kip Equivalent

Estimated Total

RAQ Ri%)

1 | I
9 8 7 6 5 4 3
Design Structural Number, SN

FIGURE 11.25

Design chart for flexible pavements based on mean values for each input (1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Pavement Structures. Copyright 1986. American
Association of State Highway and Tranportation Officials, Washington, DC. Used by permission.)
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Question

Determine the thickness of the pavement courses layers of a principal arterial in a rural
area with R=90% which its supposed layers and the properties of the used materials are
shown in Figure 3. Given, ESAL=3.0*10°. Assume S¢=0.35, m;=m,=1 and P=4.2 and
pi:2.5.

HMA surface E1=500000 psi |D1
Untreated base course  E2=20000 psi |D2
Sand gravel subbase E3=15000 psi D3

MR=5500 psi

Solution
18.p1>3M1
al

Find SN, and q;
19. From figure 7.13, al=0.46

0.6

199
- & -
5 70}
0.5 *E igil_ 6.0
= -
g = = as |- s
2000= = L= 43
E EwmET -z a0l T
0.4 = |”_'“:.:E 175 b -
= - E = - "'g
o3l-2 wofEE P 2 .| =
E swEE wo- S g
@ 00| = i B
400
- - L

{a) Surface Course

To find SNy, use Figure 11.25, so we need to find R,, S, and APSI
20. From Table 11.14 , Find R,=80%-90%......> assume R;=90%

e —

TABLE 11.14 Suggested Levels of Rehability for Various
Functional Classifications

Recommended
level of reliability

Functional

classification Urban Fural
Interstate and other freeways B5-949.9 Ri-09.9
Principal arlerials B9 7505
Collcetons 5055 7508
Local S0-80 S0-80

Nore. Resulis based on 8 servey of AASHTO Pavement Dhesagm
Task Foree.
Fouerer. After AASHTO (1986).

21. W18=1.0*10° (Given), E,=15000 psi (Given), APSI=2.0 , S;=0.35
(Given)
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22. From Figure 11.25.....> SN1=2.4
23.D1>22=52in.... take D1= 5.5 in

0.46
24. D1> min DI (from table 11.21= 3 in).....>OK

TABLE 11.21  Minimum Thickness for Asphalt Surface and Aggregate

Base

Traffic (ESAL) Asphalt concrete Apgregate hass

Less than 50,000 1.0 4

S0,001~150,000 0 4

150,001 -500,000 25 4

S0, 001 =2.000. 000 30 [i] M
v ¥ =y v 35 ﬁ |

Greater than 7000000 40 6

Note, Minimurs thickness is in in.; | in. = 254 mm.
Kowree, Aller AASHTO “m}

SN2-a1l D1
25. D2 >4
a2zm2
Find SN2, al, a2 and m2
26. from Figure 7.15 (a)........ >a2=0.10
0.20 —
0.18 — oy 40 — B
gl:iqg 199 | s 20- 3 0|8
0.12 = £ __'=1“ i . = 25 —_
b12 | B
0.06 — 2 so— " 4o0-|2
0.04 — .g
0.02 — =
Q - A A A k.

{a) Untreated

27. my=m; are equal or greater than 1 from Table11.20.....> take m,=1.0

TABLE 11.20 Recommended Drainage Coefficients for Untreated Bases and Subbases in
Flexible Pavements

Perceniage of time pavemeni siructure is exposed

Quality of drainage to moisture levels approaching saturation

Water removed Less than Greater than
Rating within 1% 1-5% 5-25% 25%
Excellent 2 hours 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Goad Liay L3525 1 25-1.1% ] 1%] I]I ”l] l
Fair 1 week 1.25-1.15 L.15-1.05 1.00-0.80 0.80
Poor 1 monath 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor Mever drain 1.05-0.95 0.95-0.75 (0.75-0.40 040

Source. After AASHTO (1986).
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28. To find SN, use Figure 11.25,

29. From Figure 11.25.....> SN2=2.9

SN2—alD1 _ 2.9—-0.46%5.5 )
30.D2> > =>3.7in
a2 m2 0.10%1

31. D2 is less than the minimum D2 from table 11.21....... > then take
D2=minimum = 6 in.

30, p3>N37alDI-a2b2m2 ~find SN3 and a3

a3 m3

33. From Figure 7.16.....>a3=0.12

] S
B z
o o 5
i o o = =

0.14 2 = W= 2.3 20

ol FTEET ST ¥

0105 wh U -7 s HES

002 I BE® 42 F3

006 |- & ) F 2
E % e cl =
z !

oL L J

34. From Figure 11.25....>SN3=4

—0.46%5.5—0.10%6%* . B
35. D3> 046012*1“’ 1l _725in......>D3=75in
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Stage Construction

If the maximum performance period is less than the analysis period, any initial

structure selected will require an overlay to last out the analysis period.

» The thickest recommended initial structure is that corresponding to the maximum

performance period.

» Thinner initial structures, selected for the purpose of life cycle cost analyses, will
result in shorter performance periods and require thicker overlays to last out the

same analysis period.

» The design of the initial structure for stage construction works the same as that for

new construction, except that the reliability must be compounded over all stages.

» If the loss of serviceability is caused by traffic loads alone, the length of the
performance period, which is related to W g, for a given serviceability loss can be

determined from Figure 11.25 or directly from Eq. 11.37.

» However, if the serviceability loss is caused by both traffic loads and the

environmental effects of roadbed swelling and frost heave, the performance

period for a given terminal serviceability can be determined only by an iterative

process, as illustrated by the following example.

Example 11.13:

Given the following design inputs, determine the length of the performance period

required.
Structural number SN=5.0, reliability R = 95%, standard deviation S, = 0.35, initial

serviceability p, = 4.3, terminal serviceability p,= 2.5, effective roadbed soil resilient
modulus MR = 5000 psi (35 MPa), APSI due to both swelling and frost heave as

shown in Figure 11.23, and traffic versus time relationship as
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Wys = 10 X 10°[(1.03)Y — 1]

or
Wig
Y = 77910g m-ﬁ- 1
210 —_—
8 I
g
2
=
w 0.8 r
=]
=
E o -
2=
= 1
=
_E 0.4 ] Frost Heave
: f-r & P'S]FH
; ________,_,———J
£ | Swelling FIGURE 11.23
E | A PSlgy ) —_—
E 02 ! ! Environmental serviceabilily loss
3 I I versus time for a specific lecation.
(From the AASHTO Guide for Design
al af Pavement Structures. Copyright 1986
0.0 . . . | r— Amenican Association of State Highway 1o
10 15 20 and Transportation Officials, Washington,
Time, yoars D, Used by permission.)
Solution:

First, assume Y = 13 years.

From Figure 11.23, APSI due to environmental effects =0.73; ....... saaY) Jadl)
APSI due to traffic=4.3 -2.5-0.73 =1.07.
From Eq. 11.37 or Figure 11.25, W18 = 1.6 X 10°. ....... ¥ ki)

From Eq. 11.51, Y =5.1 years< 13 years assumed.
13 -5.1=7.9 > lyear ....Not OK

Next assume Y as the average of 13 and 5.1 years, or 9.0 years.

Y= (13+5.1)/2=9.05....> Assume Y=9.0 years.

From Figure 11.23, APSI due to environmental effects = 0.59; ....... pady) Jadl)

APSI due to traffic=4.3 -2.5-0.59=1.21.
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From Eq. 11.37 or Figure 11.25, W;g = 2.1 X 10°. ... ... »ai¥) kil

From Eq. 11.51, Y = 6.5 years.> 9.0 years assumed.
9-6.5=2.5>1year....Not OK

Finally, assume Y= (9+ 6.5)/2 = 7.7 years.

From Figure 11.23, APSI due to environmental effects =0.52; ... .... @uJ¥) haid)
APSI due to traffic=4.3 —2.5-0.52 = 1.28.

From Eq. 11.37 or Figure 11.25, W5 = 2.4 x 10°. ....... 0¥ ki)

From Eq. 11.51, Y =7.3< 7.7 years assumed.

7.7-73=04<1year.... OK

When the difference between the assumed and calculated values is smaller than 1
year, no more iteration are needed and the average of the two values can be used as
the performance period.

Therefore, the performance period = (7.7 + 7.3)/2 = 7.5 years.

T = T
=
% = Design Serviceability Loss, APSI
-
- s
0= 5=
[ 999 so=| 9 & =2 —w
= 3<
- 5 2w i
= g‘ = z = El-w 1_
= Fz s %3 ;
& - = = e
g %0 & =E =eL, —
= = =5 i = Ed
= 05 A a A
— 70 — AN =
_,m -——
L L) .nl i
* L L W T T
9 R 7T & 5 4 3 2
Design Structural Number, SN
FIGURE 11.25

Design chart for flexible pavements based on mean values for each input (1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Pavement Structures. Copyright 1986, American
Association of Slate Highway and Tranporiation Officials, Washinglon, DC. Used by permission.)
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Design Structural Number, SN

FIGURE 11.25

Design chart for flexible pavements based on mean values for each input (1 ksi = 6.9 MPa).
(From the AASHTO Guide for Design of Pavement Structures. Copyright 1986. American
Association of State Highway and Tranportation Officials, Washington, DC. Used by permission.)

Example

Flexible pavement is composed of 3 layers, asphalt course, untreated base course and
sub base course.

Analysis period =20 years, 2 stages

Py=4.6, P=2.5, Apsi due to environmental effect =0.33768 (1-¢°""
Growth rate per year=3%,

Number of load repetitions per design years in the first year =2.5 *10°
R=90%, E (Asphalt course)=400000 psi

Untreated base course with E=30000 psi

Subbase with E=11000 psi

My for subgrade soil = 6500 psi (season 1) and 5000 psi (season 2)

mo,=m;=1.2

Directional distribution factor (D) =0.5
Lane distribution factor (L)= 0.8
Select the thickness of the three layers.
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Solution:

Pavement Structural Analysis and Design
2022-2023

Loss in serviceabilityApsi due to traffic =4.6-2.5=2.1
Apsi due to environmental effect =0.33768 (1-e™7") il Jsaall L3 LS (o) a (a5

¢ Apsi due to environmental
0.33768 (1-e""

0 0

5 0.105596

10 0.178171

15 0.228051

20 0.262333

0.3

—
0.25

2 02 / ——
U
38 015
FT
g 01 /
85
.2 @ 0,05
2 E /
§ .g 0 T T T 1
£ 2 0 5 10 15 20 25
g ¢ Time (years)

Wis = 2360xCxYxGxDxL=2.5 x10° ((1+0.03)-1)/0.03)x0.5%0.8
=33.335*10°(1.03)-1)

A Jpaadl 8 LS (a3l Ailide o m 5a

t Wis

0 0

5 5.3 *10°

10 11.46*10°
15 18.6*%10°

20 26.86*10°
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[EnY
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Ul

o

0 5 10 15 20 25
Time (Years)

Rstage:(Roveral)1/2 :(90) A= 95%
S¢=0.35 (for flexible pavement)

a,;= from equation or chart (E=400000 psi) ...> a;=0.42
a, = 0.249(log,, M,) — 0.977

a, = 0.227(log,, M,) — 0.839

E=30000 psi.....> a=0.14
E=11000 psi .....> a;=0.08

Effective roadbed soil My

Mg Us_118+108Mp232
5000 0.168
6500 0.309

Average uy 0.2385
Effective My 5590

At 15 years, W,s=18.6*10° and Apsi due to traffic =4.6-2.5=2.1
Mg (for roadbed soil)=5590psi, R=95% and S0=0.35
Use chart 11.25 or Eq 11.37 to find SN;....>SN;=5.6

Because stage construction is applied (two stages), the performance period should be
estimated.
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Assume performance period=13 years

Substitute t=13 in (W18 =33.335*10°(1.03)'-1)) and find W18
W18=16*10°

= WIS =
Y =770 log(—-—m » l[]ﬁ + 1) ) {1151}

Y= 13.26 years which is greater than the assumed (y=3) by 0.26<1 year
So performance period=13 years

From the above results W,s=16*10° at y=13years

And Apsi due to environmental effect =0.21

Apsi due to traffic and environmental effect =2.1-0.21=1.89
From figure 11.25 (or eq11.37), SN;=3.4

D, >3.4/0.42 < 8.00 in > minimum from table 11.21=3 in

From figure 11.25 (or eq11.37), SN,=4.6

D, > (4.6-8*0.42)/1.2*.14=7.38 in..> minimum OK

D,=7.5n

From figure 11.25 (or eq11.37), SN3=5.6
D;>(5.6-8%0.42-7.5*0.14*1.2)/1.2*0.08=10.2 in..> minimum OK
D;=10.5 in
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