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Figure 4.5 shows a concrete slab, 25 ft (7.62 m) long, 12 ft (3.66 m) wide, and 8 in. (203 mm) thick,
subjected to a temperature differential of 20°F (11.1°C). Assuming that k = 200 pci
(542 MN/m®) and o, = 5 X 107°in./in./°F (9 X 107 mm/mm/°C), determine the maximum
curling stress in the interior and at the edge of the slab.
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Solution: From Eq. 4.10, ¢ = [4 X 10° X 512/(12 X 0.9775 X 200)]°% = 30.57in. (776

mm). With L /€ = 25 X 12/30.57 = 9.81 and L,/¢ = 12 X 12/30.57 = 4.71, from Figure 4.4,

C, = 1.07 and C, = 0.63. From Eq. 4.9a, the maximum stress in the interior is in the x direction,

or o, =4X10°Xx5x 10 x 20(1.07 + 0.15 X 0.63)/1.955 = 238 psi (1.64 MPa). From

Eq. 4.11, the maximum stress at an edge is also in the x direction, or o, = 1.07 X 4 X
10% X 5 % 107® x 20/2 = 214 psi (1.48 MPa).
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Figurc 4.7 shows a concrete slab subjected to a corner loading. Given & = 100 pci
(272 MN/m*), h = 10in. (254 mm).a = 6in. (152 mm), and P = 10.0001b (44.5 kN), deter-
mine the maximum stress and deflection due to corner loading by Eqgs. 4.13 through 4.16.

10,000 1b
\ o.="
A.=?
h = 101n.
k = 100 pci a=6in.
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Solution: FromEq.4.10,¢ = [4 x 10° X 1000/(12 X 0.9775 X 100)]°%® = 42.97 in. (1.09 m).

From Eq. 4.13, o = 3 X 10,000/100 X [1 — (6\/2/42.97)°¢] = 186.6 psi (1.29 MPa). From

Eq. 414, A, = 10,000/(100 X 1846.4)(1.1 — 0.88(6\/2_/42.97)] = 0.0502in. (1.27 mm). From

Egs. 4.15 and 4.17, o, = 3 X 10,000/100{1 — (1.772 X 6/42.97)°"%] = 190.3 psi (1.31 MPa),

which is 2% larger than the value obtained from Eq. 4.13. From Eqs. 4.16 and 4.17, A, = 10,000/

(100 X 1846.4)[1.205 — 0.69(1.772 X 6/42.97)} = 0.0560 in. (1.42 mm), which is 11% greater
than the value obtained from Eq. 4.14.
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Same as Example 4.2 except that the load is applied in the interior, as shown in Figure 4.8.
Determine the maximum stress and deflection due to interior loading.
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Solution: From Eq.4.195,b = V1.6 X 36 + 100 — 0.675 X 10 = 5.804 in. (147 mm). From
Eq. 420, o; = 0.316 X 10,000/100 X [4 10g(42.97/5.804) + 1.069] = 143.7 psi (992 kPa). The
same result is obtained if Eq. 4.18 is used. From Eq. 4.21, A; = 10,000/(8 X 100 X 1846.1)
{1 + (127) X [In(6/85.94) — 0.673] X (6/42.97)*} = 0.0067 in. (0.17 mm). Compared with the
Westergaard solutions due to corner loading, the stress due to interior loading is 77% of that due to
corner loading, while the deflection is only 13%. This is true only when there is no load transfer
across the joint at the corner. If sufficient load transfer is provided, the stress due to corner loading
will be smaller than that due to interior loading but the deflection at the corner will still be greater.
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Same as Example 4.2, except that the load is applied to the slab edge, as shown in Figure 4.9. De-
termine the maximum stress and deflection under both circular and semicircular loaded areas.
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Solution: For a circular area, from Eq. 4.26, o, = 0.803 X 10,000/100 X [4 log(42.97/6) +
0.666(6/42.97) — 0.034] = 279.4 psi (1.93 MPa); from Eq. 4.28, A, = 0.431 X 10,000/{100 X
1846.4) X [1 — 0.82(6/42.97)] = 0.0207 in. (0.525 mm). For a semicircular area, from Eq. 4.27,
o. = 0.803 X 10,000/100 X [4 log(42.97/6) + 0.282(6/42.97) + 0.650] = 330.0 psi (2.28 MPa);
from Eq. 4.29, A, = 0.431 X 10,000/(100 X 1846.4) X [1 — 0.349(6/42.97)] = 0.0222 in. (0.564
mm). It can be seen that the maximum stress due to edge loading is greater than that due to corner
and interior loadings and that the maximum deflection due to edge loading is greater than that due
to interior loading but much smaller than that due to corner loading. The fact that both the stress
and deflection are greater under a semicircular loaded area than those under a circular area is rea-
sonable: The centroid of a semicircle is closer to the pavement edge than is that of a circle.
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Using Westergaard’s formulas, determine the maximum stress in Examples 4.2,4.3, and 4.4 if the
10,000-1b (44.5-kN) load is applied on a set of duals spaced at 14 in. (356 mm) on centers, as
shown in Figure 4.11, instead of over a 6-in. (152-mm) circular area.
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Solution: With Sy = 14in. (356 mm), ¢ = 10,000/(367) = 88.42 psi (610 kPa), and P, =
5000 Ib (22.3 kN), from Eq. 4.31,

0.8521 X 5000 , 14 5000 1z :

- \/ 8azm ?(0.5227 X 88.42) e in- (199 mm)

which is greater than the original 6 in. (152 mm). From Eq. 4.13, o, = 3 X 10,000/100 X
[1- (7.85'\@42.97)0‘6] = 166.8 psi (1.15 MPa), which is about 89% of the stress in Example 4.2.
From Eq. 4196, b = V1.6 X 61.62 + 100 — 0.675 X 10 = 7.34 in. (186 mm). From Eq. 4.20,
o; = 0.316 X 10,000/100 X [4 log(42.97/7.34) + 1.069] = 130.8 psi (902 kPa), which is about
91% of the stress in Example 4.3. From Eq. 4.26, 0, = 0.803 X 10,000/100 X {4 log(42.97/7.85) +
0.666(7.85/42.97) — 0.034] = 244.2 psi (1.68 MPa), which is about 87% of the stress in Example 4.4.
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Same as Example 4.3. Determine the maximum stress and deflection due to interior loading by
the influence charts shown in Figures 4.13 and 4.14.
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and from Eq.4.32b, 7 Jl“ J’ ’}2&

o

o; = 6 X 2416/100 = 145.0 psi (1.0 MPa), obtained in Example 4.3.
which checks with the 143.7 psi (992 kPa)

The number of blocks for deflection is 16 and can be found from Figure 4.13.

From Eq.4.34,
D =4 x 10° X 10%(12 X 0.9775) = 3.41 X 10*in.-Ib (38.5 m-MN).
From Eq. 433,
A; = 0.0005 x 88.42 X (42.97)* X 16/(3.41 X 10°) = 0.0071 in. (0.18 mm),
which checks with the 0.0067 in. (0.17 mm) obtained in Example 4.3.
oo il b 5y o
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Same as Example 4.4. Determine the maximum stress and deflection due to the circular loaded
area tangent to the pavement edge.

Solution:
By drawing a circle tangent to the edge at point O with a radius of 0.14¢,
the number of blocks is 282 for moment and 46 for deflection.

Because the stress and deflection are proportional to N, from Example 4.6,
0. = 145.0 X 282/148 = 276.3 psi (1.91 MPa),

which checks with the 279.4 psi (1.93 MPa) obtained in Example 4.4, and
A, = 0.0071 X 46/16 = 0.0204 in(0.518 mm)

which checks with the 0.0207 in. (0.525 mm) in Example 4.4.
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Given a concrete pavement with a joint spacing of 25 ft (7.6 m) and a coefficient of friction of

1.5, as shown in Figure 4.19, determine the stress in concrete due to friction.
| 25 ft N

| I |
I o> 0 =" ]

- - - = |, = = = = = —

f=15 [
Solution: With vy, = 150 pcf = 0.0868 pei (23.6 kN/m®), L = 25 ft = 300 in. (7.6 m), and
f, = 1.5, from Eq. 4.35, 0, = 0.0868 X 300 X 1.5/2 = 19.5 psi (135 kPa).

The tensile strength of concrete ranges from 3\@ to 5\/fz, where f¢ is the compressive
strength of concrete (Winter and Nilson, 1979). If f; = 3000 psi (13.8 MPa), the tensile strength
is from 164 to 274 psi (1.13 to 1.89 MPa), which is much greater than the tensile stress of 19.5 psi
(135 kPa). Therefore, it does not appear that joint spacings in plain concrete pavements are
dictated by the concrete stress due to friction.
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AL = CL(«AT + €)

in which AL is the joint opening caused by temperature change and drying shrinkage
of concrete; a, is the coefficient of thermal expansion of concrete, generally 5 to
6 X 107%°F (9 to 10.8 X 107%/°C); € is the drying shrinkage coefficient of concrete, ap-
proximately 0.5 to 2.5 X 107% L is the joint spacing or slab length; AT is the tempera-
ture range, which is the temperature at placement minus the lowest mean monthly

temperature; and C is the adjustment factor due to slab-subbase friction, 0.65 for stabi-
lized base and 0.8 for granular subbase.
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Given AT = 60°F (33°C), oy = 5.5 X 107%°F (9.9 X 10°%°C), e = 1.0 X 107%,C = 0.65, and
the allowable joint openings for undoweled and doweled joints are 0.05 and 0.25 in. (1.3 and 6.4
mm), respectively, determine the maximum allowable joint spacing.

Solution: From Eq. 4.36, L = AL/[C(aAT + €)] = AL/[0.65(5.5 X 107® X 60 + 0.0001)]
= AL/0.00028. For the undoweled joint, L = 0.05/0.00028 = 178.6 in. = 14.9 ft(4.5 m). For the
doweled joint, L = 0.25/0.00028 = 892.9 in. = 74.4 £t(22.7 m).

e o g 5o S i

Department of Civil Engineering, Sirjan University of Technology

26



Pavement Analysis and Design
2/14/2021

Y gd 4o d

13 9a 50 03\l ) S)lge 43 3Vg8 jl S iy s>
93 3,8 vV

Jlasl 5 Sl v

I el P e CS95 s Sl 9 b se 9 (Job slaysile,] b

28U, g STl jl 5L 25 s gitee ol (sl Ko b

e im st i a2y iy i

A.R. Ghanizadeh, ghanizadeh@sirjantech.ac.ir

(lb,,Sl.o,T)lboMaM

LQ)QSLO)T Rl g 0 03liiwl Sl S5 S Gl s s (i) yeile | aSSl
g e 030l 5 93 4 5 Ain3 el Liul33l 1 JIs sl o)l casd B
10355 Jolgh ial3il ¥/

sl s 9 JiB i 9 03,95 S 5 oy SS9 V)
P")th)"')"b‘f“by:‘bks‘ M)f&)TMﬁMW&KM'&'ﬁuﬂ}

YeLfa ')’cth a

Cawl 3Yg0 Hlxo U:“Sf 9 U2 sa>lg 53 HL 3550 DYgd Lol A a5

S
i 5303 3 i

Ol uw Sisio olSisls

Department of Civil Engineering, Sirjan University of Technology



Pavement Analysis and Design

2/14/2021

0¥ g8 £l 39 jloo i g i Cuoglio

WIS

TABLE 4.1 Yield Strength and Allowable Stress for Steel

Type and grade of steel Yield strength (psi) Allowable stress (psi)
Billet steel, intermediate grade 40,000 27,000
Rail steel or hard grade of billet steel 50,000 33,000
Rail steel, special grade 60,000 40,000
Billet steel, 60,000 psi minimum yield 60,000 40,000
Cold drawn wire (smooth) 65,000 43,000
Cold drawn wire (deformed) 70,000 46,000
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TABLE 4.2 Weights and Dimensions of Standard Reinforcing Bars

Nominal dimensions, round sections

Bar size Weight Diameter Cross-sectional Perimeter

designation (Ib/ft) (in.) area (in.%) (in.)
No.3 0.376 0.375 01 1.178
No.4 0.668 0.500 0.20 1.571
No.5 1.043 0.625 0.31 1.963
No.6 1.502 0.750 0.44 2.356
No.7 2.044 0.875 0.60 2749
No.8 2.670 1.000 0.79 3142
No.9 3.400 1.128 1.00 3.544
No. 10 4.303 1.270 1.27 3.990
No.11 5313 1.410 1.56 4.430
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TABLE 4.3 Weights and Dimensions of Welded Wire Fabric

Cross-sectional area (in.2/ft)

Wire size no. center-to-center spacing (in.)

—————————  Diameter Weight

Smooth Deformed (in.) Ib/ft 2 3 4 6 8 10 12
W3 D31 0.628 1.054 1.86 124 93 62 465 3712 31
W30 D30 0618 1.020 1.80 1.20 90 60 A5 .36 .30
w28 D28 0.597 952 1.68 112 84 56 42 .336 28
W26 D26 0.575 934 1.56 1.04 78 52 39 312 .26
w24 D24 0.553 816 1.44 96 72 48 .36 .288 24
w22 D22 0.529 748 132 88 66 44 33 .264 2
W20 D20 0.504 680 1.20 80 60 40 30 24 .20
wis Di8 0478 612 1.08 72 .54 .36 27 .216 .18
w16 D16 0.451 544 96 64 48 32 24 192 .16
Wi4 D14 0422 476 84 56 a2 28 21 .168 .14
Wiz D12 0.390 408 n 48 .36 24 18 144 12
witl bu 0374 374 66 44 33 22 .165 132 A1
W10.5 0.366 357 63 42 315 21 157 126 105
wio D10 0.356 340 60 40 30 20 A5 12 .10
W9.5 0.348 323 57 38 285 19 142 114 095
we D9 0338 306 54 36 27 18 135 108 09
W8S 0329 289 51 34 255 17 Ja127 102 085
w8 D8 0319 2n .48 3 24 16 A2 096 .08
W7.5 0.309 255 45 30 225 A5 112 0 075
w7 D7 0.298 238 42 .28 21 14 .105 084 07
Wwés 0.288 221 .39 26 195 A3 097 078 065
W6 Dé 0.276 204 36 24 18 A2 09 072 06
W5.5 0.264 187 33 22 165 A1 082 066 055
W5 D5 0252 170 .30 20 15 .10 075 .06 05
Wd5 0.240 153 2 .18 135 0 067 054 045
W4 D4 0225 136 24 .16 A2 08 206 048 04
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Determine the wire fabric required for a two-lane concrete pavement, 8 in. (203 mm) thick, 60 ft
(18.3 m) long, and 24 ft (7.3 m) wide, with a longitudinal joint at the center, as shown in Figure 4.20.

r
h = 8in.
24 ft
.M Style of
- J2%—" wire fabric ?
A {
d
b

! 60 ft !
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Solution: With y. = 0.0868 pci (23.6 kN/m?), h. = 8in. (203 mm), L = 60 ft = 720 in. (18.3
m), f, = 1.5, and f; = 43,000 psi (297 MPa), from Eq. 4.37, the required longitudinal steel is
As = 0.0868 X 8 X 720 X 1.5/(2 X 43,000) = 0.00872 in.%in. = 0.105 in.%/ft (222 mm?%m). The
required transverse steel is A, = 0.0868 X 8 X 24 X 12 X 1.5/(2 X 43,000) = 0.00349
in. %/in. = 0.042 in.?/ft (88.9 mm?m). From Table 4.3, use 6 X 12 — W5.5 X W4.5 with cross-
sectional areas of 0.11in.2 (71 mm?®) for longitudinal wires and 0.045 in.? (29 mm?) for trans-
verse wires.

If the concrete pavement is used for a four-lane highway with all four slabs tied together at
the three longitudinal joints, the transverse reinforcements in the two inside lanes should be
doubled, because the length L in Eq. 4.37 should be 48 ft (14.6 m) instead of 24 ft (7.3 m).

If the concrete pavement is used for a four-lane highway with all four slabs tied together at
the three longitudinal joints, the transverse reinforcements in the two inside lanes should be
doubled, because the length L in Eq. 4.37 should be 48 ft (14.6 m) instead of 24 ft (7.3 m).
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Same pavement as Example 4.10. Determine the diameter, spacing, and length of the tie bars re-
quired, as shown in Figure 4.21.

A
h = 8in.
(28
Diameter, spacing and length ”
of tie bars ?
A
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Solution: Assume f, = 27,000 psi (186 MPa) for billet steel (see Table 4.1). With L' = 12
ft = 144in. (3.66 m), from Eq. 4.38, A, = 0.0868 X 8 X 144 X 1.5/27,000 = 0.00556 in.”/in.
If No. 4 (0.5 in. or 1.2 mm) bars are used, from Table 4.2, the cross-sectional area of one bar is
0.2 in.? (129 mm?). The spacing of the bar = 0.2/0.00556 = 36 in. (914 mm).

Assume that u = 350 psi (24 MPa), from Eq. 4.40,¢ = 0.5 X 27,000 X 0.5/350 = 19.3 in.
(353 mm). After adding 3 in. (76 mm),# = 19.3 + 3 = 22.3 in. (use 24 in. or 610 mm). The design
selected is No. 4 deformed bars, 24 in. (610 mm) long and 3 ft (0.9 m) on centers.
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TABLE 4.4 Recommended Dowel Size and Length

Slab thickness Dowel diameter Dowel length
(in.) (in.) (in.)
5 2 12
6 : 14
7 : 14
8 1 14
9 13 16
10 1! 18
11 13 18
12 11 20
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A2 + Bz) 1 . Kd
4B° Eql, la =g md B = N

in which K is the modulus of dowel support, which ranges from 300,000 to 1,500,000 pci
(81.5 to 409 GN/m?®), and d is the diameter of dowel. The bearing stress o, is propor-
tional to the deformation:

y0=

_ KP(2 + Bz)
4B°Eqly

i
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Figure 4.24 shows a concrete pavement 8 in. (203 mm) thick having a joint width of 0.2 in. (5.1
mm), a modulus of subgrade reaction of 100 pci (27 kN/m?®), and a modulus of dowel support of
1.5 % 10° pci (407 GN/m?). A load of 9000 Ib (40 kN) is applied over the outermost dowel at a
distance of 6 in. (152 mm) from the edge. The dowels are f—: in. (19 mm) in diameter and 12 in. (305
mm) on centers. Determine the maximum bearing stress between dowel and concrete.

9000 1b
6in. 1.8¢ = 66 in.

082P,
64

045P,

027P,
0

] & y =
Pl
Sum =3.27P,
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Solution: From Eq. 4.10, ¢ = [4 X 10° X 512/(12 X 0.9775 X 100)]°® = 36.35in. (427
mm). If the dowel directly under the load is subjected to a shear force P, the forces on the dow-
els within a distance of 1.8¢, or 66 in. (1.68 m), can be determined by assuming a straight-line
variation, as shown in Figure 4.24. The sum of the forces on all dowels is 3.27F,, which must be
equal to one-half of the applied load based on 100% joint efficiency, or P, = 4500/3.27 = 1376 1b
(6.1 kN). From Eq. 4.43, I, = w(0.75)%64 = 0.0155in.* (6450 mm*). From Eq. 4.4,
B =[1.5 X 10° X 0.75/(4 % 29 X 10° X 0.0155)]** = 0.889in. (22.6 mm). From Eq. 4.45,
o, = 1.5 X 10° X 1376(2 + 0.889 X 0.2)/(4 X 0.703 X 29 X 10° X 0.0155) = 3556 psi  (24.5
MPa). For a 3000-psi (20.7-MPa) concrete, the allowable bearing stress obtained from Eq.4.41 is
fo = (4 — 0.75) X 3000/3 = 3250 psi (22.4 MPa). Because the actual bearing stress is about
10% greater than the allowable, the design is not considered satisfactory.
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Figure 4.25a shows a 9.5-in. (241-mm) slab resting on a foundation with k = 50 pci
(13.6 MN/m®). Twelve dowels at 12 in. (305 mm) on centers are placed at the joint on the 12-ft

9000 1b 9000 Ib

6in. [« 72 in. >

Y \

9-5in-I cA o o ) o ) oB ¢ o o o oT

(a) Location of Loads and Dowels
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Solution: From Eq.4.10,€ = [4 X 10° X (9.5)%(12 X 0.9775 X 50)]°% = 49.17 in. (1.25 m),
so 1.8¢ = 88 in. (2.24 m). First, consider the 9000-1b (40-kN) load at A. If the dowel at A has a
load factor of 1, the load factors at other dowels can be determined from similar triangles, as
shown in Figure 4.25b. The sum of these factors results in 4.18 effective dowels, so the load car-
ried by the dowel at A is 4500/4.18 or 1077 1b (4.8 kN). The loads carried by other dowels can be
determined by proportion. Next, consider the 9000-1b (40-kN) load at B. If the dowel at B has a
load factor of 1, the load factors at other dowels can be determined from the triangular distribu-
tion, as shown in Figure 4.25¢. The sum of these factors results in 7.08 effective dowels. Note that
the dowels on the other side of the longitudinal joint are not considered effective in carrying the
load. The load carried by the dowel at B is 4500/7.08 or 636 Ib (2.8 kN), and those carried by
other dowels can be determined by proportion. Figure 4.25d shows the forces on each dowel due
to the combined effect of both loads. It can be seen that the dowel nearest to the pavement edge
is the most critical and should be used for design purposes. The load carried by this dowel can be
determined directly by P, = 4500/4.18 + 0.18 X< 4500/7.08 = 1191 1b (5.3 kN).
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w
1/4" below Surface Sealant Material
D
_L Tape to Prevent
Sawed Joint Face Bond between
Sealant and Concrete
Initial Saw Cut
or Inserted Strip

w
1/4" below Surface

Sealant Material

Dl

Sawed Joint Face

Rope or Rod
Back-up Material

Initial Saw Cut
or Inserted Strip
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TABLE 4.5 Reservoir Dimensions for Field-Molded

Sealants
Joint spacing Reservoir width Reservoir depth
(ft) (in.) (in.)
15 or less } % minimum
20 2 ! minimum
30 ! 3 minimum
@ i s

Note.1ft = 0.305m,1 in. = 25.4 mm.
Source. After PCA (1975).
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TABLE 4.6 Joint and Sealant Width for Preformed

Seals
Joint spacing Joint width Sealant width
(ft) (in.) (in.)
20 or less }, ,15
3 5
30 5 3
7 3
40 i 3
50 : z

Note.1ft = 0305 m, 1in. = 254 mm.
Source. After PCA (1975).
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A concrete pavement 15 ft (4.6 m) long is placed on a gravel subbase. If the joint width is %in.
(6.4 mm), the design temperature range AT is 100°F (55.6°C), the coefficient of thermal expan-
sion a is 5 X 107%°F (9 X 107/°C), and the drying shrinkage coefficient € is 1.0 X 1074, deter-
mine the width of preformed sealant required.

Solution: From Eq. 4.36, the joint opening due to temperature change is AL = 0.65 X
15 X 12(0.000005 x 100 + 0.0001) = 0.07 in. (1.8 mm). Try 116 or 0.4375 in. (11.1 mm) sealant
installed in summer, so the joint would not be further compressed. Check maximum compression
of sealant: (0.4375 — 0.25)/0.4375 = 0.43 < 50%, OK. Check minimum compression of sealant:
(0.4375 — 0.25 — 0.07)/0.4375 = 0.27 > 20%, OK. Therefore, the use of %in. (11.1 mm)
sealant for a gl-in. (6.4-mm) joint is satisfactory, as shown in Table 4.6.
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Seal with plastic material

fixed o 3’ Expansion cap
%E Smooth, lubricated dowel bar

X~ Non-extruding filler
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Groove 1/8" to 1/4" wide
and 1" deep
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