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Prestressed Pavement Joint Designs 

P.J. NUSSBAUM, S.D. TAYABJI, AND A.T. CIOLKO 

Four transverse joint designs for prestressed concrete pavements are presented. 
Items considered in developing the designs include slab length, tendon force, 
tendon size, tendon spacing, desired midslab prestress, allowable joint move
ment, and use of one or two active joints between adjacent main slabs. Proper 
attention must be given to joint hardware design because a large number of 
items such as anchors, strands, load-transfer devices, infiltration-prevention 
devices, reinforcement, and positioning bars are located within a few inches of 
the joint. Therefore, detailing of joint hardware is a critical element of design. 
Designs I, 11, and Ill are for an 8-in-thick pavement with main slab lengths of 
350 ft. A short prestressed gap slab and a single active joint are used between 
the main slabs. Design IV is for a 7-in-thick pavement with main slab lengths 
of 250 ft. A tied concrete shoulder is used. Gap slabs are 10 in thick, conven
tionally reinforced, with an active joint at each end. 

The objective of the Federal Hiqhway Administration 
(FHWA) Research Project 5E, Premium Pavements for 
zero Maintenance, is to exploit modern materials and 
technoloqy in developinq zero-maintenance pavements 

Figure 1. Prestressed pavement design process. 

for warranted use. !\.s a portion of this research 
project, an investigation has been conducted by Con
struction Technology Laboratories, a division of the 
Portland Cement Association. The objective of the 
investigation was to develop design and construction 
techniques for prestressed concrete pavements. 

Prestressed pavement design includes the determi
nation of required pavement thickness and joint 
hardware. Joint hardware is determined based on 
anticipated slab movement and length, Figure l 
shows the basic steps involved in prestressed pave
ment design. 

As shown in Figure l, the prestressed pavement 
design process is iterative and involves the inter
action of many factors. The process starts with the 
selection of an initial slab thickness. Then, for 
joint hardware design, trial main slab length and 
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pres tress tendon size, spacinq, and force are se
lected. Effective midslab prestress is computed. A 
minimum of about 50-psi midslab prestress should be 
obtained. If it is not obtained, slab length, ten
don size, spacing, or force is varied until the de
sired midslab prestress is obtained. 

When the mids lab pres tress er i ter ion is satis
fied, anticipated maximum joint movement is com
puted. Selection of an appropriate joint infiltra
tion-pr even ti on device such as a strip seal, com
press ion seal, or steel cover plate depends on the 
magnitude of total joint movement. Total movement 
may be accommodated at one or two active joints be
tween adjacent slabs. Slab length is varied until 
computed joint movement can be accommodated by the 
device selected. 

After slab length, midslab pres tress level, and 
joint hardware are established, a structural analy
sis is performed. This analysis requires a value of 
effective midslab prestress as an input. The struc
tural analysis computes fatigue consumption due to 
edge stresses at midslab. If fatigue consumption is 
more than 100 percent, the desiqn process is re
peated by using a larger slab thickness. 

This paper presents transverse joint designs for 
prestressed pavements. Further desiqn details are 
qiven elsewhere (1). 

JOINT DESIGN STEPS 

Joint design for prestressed pavements involves the 
following steps: 

1. Determination of required pavement thickness: 
2. Selection of slab length: 
3. Determination of prestressing tendon size, 

spacing, and force ; and 
4, Detailing of joint h~rdwArP. 

Proper attention must be given to joint hardware 
design because a larqe number of items such as an
chors, strands, load-transfer devices, infiltra
tion-prevention devices, reinforcement, and posi
tioninq bars are located within a few inches of the 
joint. Detailing of joint hardware is, therefore, a 
critical element of desiqn. Detailinq requirements 
also put a limit on the practical m1n1mum slab 
thickness that can be used for construction. 

Prestressed pavement thickness is determined by 
usinq the computer proqram presented in Tayabji and 
others (2l. This program considers the case of loads 
applied -at or near a longitudinal edqe. Bottom 
fiber stresses due to load, temperature differen
t i als, moisture d i fferentials,. and midslab pres trees 
are determined and summed for different magnitudes 
of traffic load. The resultant stress for each load
ing consumes a portion of the pavement's fatigue 
resistance. The desiqn thickness is that for which 
fatigue consumption generally ranges between 60 and 
100 percent. By using this procedure, a small com
pressive stress is maintained in the slab. 

Thickness design is based on edge loading: con
sideration is given to stresses due to temperature, 
moisture, edge support loss, and the presence or ab
sence of a tied concrete shoulder. On this basis, 
thickness requirements were 7 and 8 in for zero
maintenance pavements with and without a tied 
shoulder, respectively (2). 

Selection of slab le;i°gth and tendon force, size, 
and spacing is influenced by the desired minimum 
prestress level at midslab and the allowable joint 
movement. As noted previously, this selection pro
cess is iterative. Several trial selections are re
quired before a satisfactory solution is achieved. A 
brief discussion of factors considered in computing 
midslab prestress and joint movement follows. 

Transportation Research Record 888 

PRESTRESS REQUIREMENTS 

End prestress must be sufficient to provide a mini
mum midslab prestress of about 50 psi after sub
tracting losses due to tendon friction, concrete 
shrinkage, concrete creep, steel relaxation, and 
subbase friction restraint. Equations for computing 
losses are given elsewhere (ll. 

Equations for computing prestress losses require 
the use of an end prestress value. '1'his means an 
initial value is assumed and a final value is deter
mined by an iter.ative process. One method of 
shortening this process is to make judgment assump
tions regardinq tendon diameter, spacing, and stress 
level. For example, if O. 6-in-d iameter tendons are 
stressed to 70 percent of ultimate, the allowable 
tendon force is 41 000 lb. For tendons spaced at 
18-in centers in an 8-in-thick pavement, initial end 
pres tress is 2 85 psi. This procedure was used to 
compute losses for examples shown in Table 1. Coef
ficients and other values required for computations 
are listed in Table 2. 

SLAB END MOVEMENTS 

Slab end movements result from daily and seasonal 
temperature variations and concrete dryinq shrinkage 
and creep. 

Tempe ratu re-As socia ted Moveme nts 

Temperature-associated movements are functions of 
the concrete coefficient of thermal expansion and 
local temperature variations. Movements are af
fected by seasonal as well as daily temperature ef
Cects. Seasonal movements take place over a long 
per i od of time: therefore , it is assume /! t hat slab
to-subbase friction ilnPR nnt restrict mov11m11nt (3). 

Daily movements due to temperature variation are ~f
fected by slab-to-subbase friction: therefore, daily 

Table 1. Prestress calculations. 

General Calculations 

Item Slab 7 in Thick 

Slab length (ft) 250 
Strand diameter (in) 0.6 
Strand force (kips) 41 
Strand spacing (in) 24 
End of slab prestress (psi) 244 
Prestress losses (psi) 

Shrinkage 6 
Creep 4 
Relaxation 20 
Strand friction 39 
Sub base frictiun iOO 
Total 169 

Midsla b prestress (psi) 75 

Table 2. Prestress loss computation coefficients. 

Item 

Tendon ultimate st rength (psi) 
Are:i, 0.6·in·diameler tendon (in2 ) 
Concrete creep coefficient 
Concrete shrinkage strain (millionths) 
Strand relaxation coefficient 

70 percent of ultimate stress 
7 5 percent of ultimate stress 

Wobble friction coefficient per foot 
Sub base friction factor 
Modulus of elasticity of steel (million psi) 
Modulus of elasticity of concrete (million psi) 

Sia b 8 in Thick 

350 
0.6 
44 
18 
306 

6 
6 

31 
66 

140 
249 

57 

Magnitude 

270 000 
0.217 
2.5 
150 

0.08 
0.10 
0.0014 
0.8 
28 
5 
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movements are corrected for subbase frictional re
straint. 

During winter, slab concrete is more moist than 
in the summer. This results in a concrete coeffi
cient of thermal expansion that is about 15 percent 
lower than that for concrete in a drier state (4). 
This factor is considered for computation of daily 
temperature-associated movements for winter months. 

Seasonal slab movement is given by the following 
equation: 

where 

d1 = slab movement associated with seasonal 
temperature changes, 

a = coefficient of thermal expansion of con
crete, 

6t s seasonal variation in average concrete 
temperature, and 

L slab length (ft) • 

(I) 

Maximum daily slab movement during the summer 
months is given by the following equation: 

where 

d2 = slab movement associated with daily tem
perature variation during summer, 

6ts summer maximum temperature less summer 
average temperature, and 

df slab movement restrained by subbase fric
tion, i.e., 

(2) 

(3) 

where Of is 
restraint stress, 

Maximum daily 
months is given by 

the maximum subbase friction 
and E is the modulus of elasticity. 
slab movement during the winter 
the following equation: 

where d3 is the slab movement associated with 
daily temperature variation during winter and 
6tw is the winter average temperature less 
winter minimum temperature. 

Shrinkage 

Shrinkage strain is influenced by amount of mixing 
water, water-cement ratio, aggregate type, and 
curing conditions. For concrete prisms drying from 
all faces, long-term shrinkage strain varies from 
100 to 500 millionths ( 5) • For slabs drying only 
from the top, a value of 250 millionths has been 
assumed. About 100 millionths of this strain takes 
place within the first month. Because gap slabs are 
not placed until about one month after main slabs 
are cast, only 150 millionths strain needs to be 
considered in computing future slab shortening. 

Slab shrinkage is given by the following equation: 

where d4 is the slab shoe tening due to she inkage 
and Es is the concrete shrinkage strain. 

Concrete Creep 

Creep is the long-term shortening of concrete sub
jected to sustained stress. The relation between 
concrete creep strain (Ek) and elastic strain is 
expressed by the following equation (~l: 

3 

(6) 

where fav is the average prestress along the slab 
length (psi) and Cu is the ultimate creep coeffi
cient. 

Slab shortening due to creep !d5l is then given 
by the following equation : 

Creep magnitude varies with gradation of concrete 
aggregates, particle shape, aggregate type, cement 
content, water-cement ratio, concrete density, cur
ing, age at loading, load intensity, and concrete 
element size. A creep coefficient of 2.5 is sug
gested for computing creep-associated shortening of 
prestressed pavements. 

Two examples of slab end movement computations 
are presented for the four joint designs presented 
in this paper. Coefficients, weather information, 
and other factors used in the calculations are 
listed in Table 3. 

Designs I, II, and III 

Computations are for an 8-in-thick pavement with 
350-ft-long main slabs. One active joint is used at 
the gap slab. The movements are as follows: 

d1 1. 32 in, 
d2 0.38 in, 
d3 = 0.62 in, 
d4 = 0.64 in, and 
ds 0.32 in. 

The total movement at an active joint equals d1 + 
d2 + d3 + d4 + ds = 3.28 in. 

Design IV 

Computations are made for a 7-in-thick pavement with 
250-ft-long main slabs. Two active joints are used 
at the gap slab. The movements are as follows: 

d1 0.47 in, 
02 0.14 in, 
d3 0.22 in, 
d4 0.22 in, and 
d5 0.12 in. 

~he total movement at each active joint equals 
d1 + d2 + d3 + d4 + d5 = 1.17 in. 

Knowledge of slab end movements is essential to 
setting the initial opening at active joints of gap 
slabs. It is also important in selecting the size 
of compression seals, width of cover plates, and ex-

Table 3. End movement computation coefficients. 

Item 

Modulus of elasticity of concrete (million psi) 
Concrete creep coefficient 
Coefficient of thermal expansion, summer (in/in/°F) 
Coefficient of thermal expansion, winter (in/in/°F) 
Concrete shrinkage strain (millionths) 
Slab-to-subbase friction factor 
Summer avg concrete temperature (°F) 
Winter avg concrete temperature (°F) 
Seasonal variation in avg concrete temperature (°F) 
Summer maximum concrete temperature (°F) 
Winter minimum concrete temperature (°F) 
Summer maximum temperature excess of avg (°F) 
Winter minimum temperature less than avg (°F) 
Avg slab prestress for 7-in-thick pavement (psi) 
Avg slab prestress for 8-in-thick pavement (psi) 

Magnitude 

5 
2.5 
0.000 005 0 
0.000 004 3 
150 
0.8 
93 
30 
63 
114 
-8 
21 
38 
165 
160 
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tensibility requirements ot compressive and strip 
seals. 

The average concrete temperature during placement 
of gap slabs is used to determine the initial width 

Table 4. Joint design parameters. 

Item 

Main slab length (ft) 
Gap slab thickness (in) 
Gap slab length (in) 
Design condition 
No. of active joints 
Tendon diameter (in) 
Tendon spacing (in) 
Tendon load (kips) 
End of slab prestress (psi) 
Midslab prestress (psi) 
Movement at each joint (in) 

Figure 2. Design I, overall view, 

General Parameters 

Slab 8 in Thick 

350 
8 
59 
Free edge 
1 
0.6 
18 
44 
306 
57 
3.3 

Construction 
Joint 

.•" 

Active 
Joint •) 

~-

Figure 3. Design I, plan. 

Gap Slab 

Slab 7 in Thick 

250 
IO 
59 
Tied shoulder 
2 
0.6 
24 
41 
244 
75 
1.2 
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of active joints. From design I calculations, it is 
seen that a joint width set at 93°F would be ex
pected to close 0.38 in due to daily summer tempera
ture variation. Extrapolation shows that tor a 
placement temperature of 72°F, closure would be 0.76 
in. Thus, the joint width set for the latter condi
tion would be double that required for the first. 

JOINT DESIGNS 

Four transverse joint designs are presented. Oesiqns 
I, II, and III are for an 8-in-thick pavement with 
main slab lengths of 350 ft. A single active joint 
between adjacent main slabs is used for these de
signs. Design IV is for a 7-in-thick pavement with 
a tied concrete shoulder. Main slab lengths are 250 
ft. Two active joints between adjacent main slabs 
are used for this design. 

Gap spaces are left between ends of main slabs to 
accommodate posttensioninq operations. Gap slabs 
are cast in these spaces approximately 30 days after 

' ... 

Note: 

·. 

Transverse Steel 
Not Shown 

i1I Tendon 

9 

L..-,-~~-,---1-'l!-L-~~~~~~...,.-~~~____,.-,-~~-,-~..,...... l_ + 3@12 
· -------Gap Slab~ 59 

Dimensions in inches 
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Figure 4. Section B-B, 
design I. 

Transverse Reinforcemenl 

s" 

3"] _r-2" 

Main Slab 

Figure 5. Section D-D, design I. 

. .., /) .. ' 
j 2" j 1.s· [ I _s" 

I IJ I ~ 

Section D-D 

View a-o 

. 
"' 

~ 1----

main slab placement. Prestressed pavement construc
tion details are given elsewhere <..?.>. Joint design 
parameters used for this paper are listed in Table 4. 

Design I: Strand Prestressed Gap Slab 

An overall view of a joint designed 
thick pavement with main slab lengths 
shown in Figure 2. For clarity of 
transverse steel located near the ends 
and in the gap slab is not shown. 

for an B-in
of 350 ft is 
viewing, the 

of main slabs 

In this design, main slab prestress is applied at 
construction and active joint faces. Tendons from 
the construction joint face are continued to an
chorage devices located at the active joint. Jacking 

3 

0.6"¢ Plastic 
Coated Strand 

Table 5. Joint hardware for design I. 

Item 

l 
2 

3 
4 
5 

6 
7 
8 

9 

10 

II 

12 
13 
14 
15 
16 

Description 

Combined chuck anchor bodies (Figure 6) 
Stainless-steel caps to fit anchor body 
(Figure 4) 

Automatic seating anchors (Figure 7) 
Externally threaded chucks 
Barrel chucks for temporary prestressing 
and stress transfer (Figure 5) 

Three-jawed wedges (Figure 4) 
Stainless-steel dowels (Figure 3) 
Dowel caps (Figure 3) 

Extrusions for upper portion of seal 
holder with holes for bolts (Figure 4) 

Extrusions for lower portion of seal 
holder drilled and tapped (Figure 4) 

No. 3 deformed bars welded to lower seal 
holder extrusion (Figure 4) 

Bolts (Figure 4) 
Steel plates (Figure 5) 
Steel plates (Figure 5) 
Steel plates (Figure 5) 
Steel plates (Figure 5) 

8Bent as shown in Figure 6 . 

Dimension 

For 0.6-in strand 

For 0.6-in strand 
For 0.6-in strand 
2.75x2 in long 

For 0.6-in strand 

5 

1.25 in thick, 18 in long 
1.3125 in inside diameter 
by 4 in 

6 ft long, 0.75xl.875 in 

6 ft long, 0. 7 5x2 in 

9 in long• 

0.5 in 
6.25x2. 7 5x0.5 in 
2xl.5x0.25 in 
6x3x0.5 in 
6x2.Sx0.5 in 

pock.eta are provided at the construction joint for 
posttensioning the gap slab. Gap slab tensioning is 
accomplished by using a jacking system that grasps 
the construction joint chuck. and advances the tendon 
into the anchorage device. The anchorage device 
automatically grips the strand as it is advanced. A 
more descriptive account of each step in the pro
cess, together with details concerninq jacking 
equipment and procedures, is given in the construc
tion manual (7). 

A plan view of design I is shown in Figure 3. Ad
ditional details of joint hardware locations and 
dimensions are shown in Figures 4 and 5 for sections 
B-B and o-o. circled numbers on the drawings refer 
to the parts that are listed (with dimensions) in 
Table s. 

Tendon anchors, load-transfer 
methods of preventing infiltration 
hardware. These items are discussed 

Anchors 

devices, and 
are major joint 
separately. 

Two types of permanent anchors were designed for use 
at active joints. One type, which is located in the 
main slab, combines the anchor body and chuck into 
one casting. Bearing is provided close to the joint 
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Conventional anchors are used in jacking pockets 
located at the construction joint face. Tendons and 
anchors are positioned below slab middepth to reduce 
upward warping of slab ends. Tendon centers are 
located 5 in below the slab surface. 
face. Tendons and wedges are protected from corro
sion by a stainless-steel cap threaded into the an
chor after completion of tensioning. A sectional 
view of this anchor is shown in Figure 4. Details 
are shown in Figure 6. 

The second type of permanent anchor is located at 
the active joint face of the gap slab. The anchor 
body is threaded internally to accept an externally 
threaded chuck. Anchors are provided with spr inqs 
to prevent wedges from moving toward the joint face 
durinq gap slab prestressing. Sufficient space is 
provided within the anchor body to permit strand ex
tension during pres tressing operations. These 
springs also provide positive seating of wedges. A 
sectional view of this anchor is shown in Figure 4. 
Details are presented in Figure 7. 

Load Transfer 

Stainless-steel dowels 1. 25 in in diameter are 
located on each side of the anchors. Transverse 
spacing is shown in Figure 3. Dowels are embedded 
in the concrete of the main slabs at active joint 
ends. That portion of t.hf'! dowel that extends into 
the gap slabs are greased, and caps are placed over 
dowel ends to assure unrestrained slab end movements. 

Infiltration Prevention 

Premolded nylon-reinforced neoprene-strip seals are 
used to prevent joint infiltration. Strip-seal 
holders consist of upper and lower steel extrusions, 
as shown in Figure 4. Dimensions of top elements 
are 1. 875x0. 75 in. One side is shaped to hold the 
longitudinal edge of the strip seals. The tops of 
the extrusions are set 0.125 in below the concrete 
surface for protection from snowplow blades. 

Top extrusions are drilled and countersunk to re
cess O. 5-in bolts used for clamping the upper seal
holder extrusion to the lower extrusion. ~olt spac
ing is 6 in on centers. The lower extrusion is 
rlrilled and tapped at spacings to match those in the 
upper extrusion. The lower extrusion is anchored in 
the slab by No. 4 deformed bars. 

Several different diaphragms or strip seals can 
be uoed with this joint design. Generally, dia
phragm or strip seals are premolded extruded neo
prene or natural rubber folds that extend the length 
of the joint. They are mechanically anchoren to 
each side of the joint. Normally, 0.125- to 0.375-
in-thick neoprene is used. The neoprene is usually 
reinforced with fibers to provide tensile strength 
and resist puncturing. 

Design II: Rod Prestressed Gap Slab 

An overall view of design II is shown in Figure 8. 
This design is for an 8-in-thick pavement with main 
slab lengths of 350 ft. Rods and nuts are used to 
prestress the gap slab from jacking pockets. Splice 
chucks located in these pockets JOln tendons and 
rods. Jacking in the pocket advances the rod into 
the anchor. The rod nut located at the gap slab ac
tive joint face is tightened to maintain prestress. 
This system eliminates the need for the temporary 
jacking bridge used at the construction joint face 
of the main slab in design I. In addition, the 
specially designed anchors used at active joints in 
design I are not required. Dowels are used at the 
active joint to transfer load. Additional details of 
joint hardware locations and dimensions are given 
elsewhere <ll . 
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Figure 6. Permanent anchor. 
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Figure 8. Design II, overall view. 

Gap Slab 

Figure 9. Design 111, overall view. 

Design III : Cover Plate J o i n t 

An overall view of design III is shown in Figure 9. 
This design, which is for an B-in-thick pavement 
with main slab lengths of 350 ft, also uses a rod
and-nut system to pres tress the gap slab. However, 
posttensioning is accomplished by manual torquing of 
the nut located at the active joint face. Thus, 
jackinq pockets are not required. The steel cover 
plate joint serves as bearing for tensioning tendons 
and nuts at the active joint. In addition, cover 
plates contribute to load transfer. 

Additional details of joint hardware locations 
and dimensions are given elsewhere (]). 

Desi gn I V: Compr ess i on Sea l J o i nt 

An overall view of desiqn IV is shown in Fiqure 10. 
This design is for a 7-in-thick pavement with main 
slab lengths of 250 ft. Main slab pavement thick
ness is reduced because a tied concrete shoulder is 
used. Prestressinq is terminated at main slab ends. 
Gap slabs are 10 in thick and are conventionally 
reinforced. An active joint is provided at each end 

Transverse Steel 
Not Shown 

Note: Transverse Steel 
Not Shown 

7 

of the gap slab. Dowels provide load transfer at 
active joints. 

A plan view of design IV is shown in Figure 11. 
Additional details of joint hardware and dimensions 
are shown in Figures 12 and 13. Items designated by 
circled numbers are described in Table 6. 

As shown in Figure 12, a compression seal is used 
at the active joint. Seals must accommodate an 
anticipated joint opening of 1.2 in. Concrete 
shoulders prevent downward seal movement. Stain-
less-steel dowels spaced at 12-in centers are lo
cated 4 in below the slab surface. Tendon anchors 
are "off-the-shelf" models. Anchor faces are re
cessed to provide space for grout corrosion protec
tion. 

SUMMARY 

Four joint designs for use with prestressed pave
ments are presented. Details are provided for 
7- and 8-in-thick pavements. These thicknesses are 
computed to be satisfactory for zero-maintenance de
signs developed for heavily trafficked freeways. For 
less-heavy traffic, smaller thicknesses may be 
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figure 10. Design IV, overall view. 

Active 
Joint 

Figure 11. Design IV, plan. 
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ciated with these neoprene strips since their in
stallation in 1975, including the design for fasten
ing the edges to the slabs. 

4. The method of post tensioning the gap slab in 
desiqn I is the same concept as was used in the de
sign and construction of the prestressed pavement 
near Harrisburg, Pennsylvania, in 1976. This method 
is presented in the PCA report (Bl. The valuable 
research information and knowledqe obtained from 
this first-of-its-kind method constructed in the 
United States identified ways to improve the pro
cedural techniques for posttensioning the qap slab. 
Joint design II merely presents another procedural 
technique for performing this posttensioning opera
tion, 

5, The use of the cover plate in design III for 
the B-in, 350-ft slab is the same concept used in 
the two German airfield pavements in 1959 and 1960 
(.!!_, Figures 26 and 27, pp. 51-52). 

6. The paper states that the length of the pave
ment slab is varied until the computed joint move
ments can be accommodated by the joint device se
lected. This is contrary to the procedure practiced 
heretofore by well-known designers and contributors 
who first determine (or select) the length of the 
pavement slab and then desiqn the joint to acconuno
date the predesiqned slab. '!'he paper offers no ex
planaHon or reason as to why it recommends this 
reversal in desiqn procedure from current practice. 

7. In the discussion of joint design IV, it is 
stated that a 7-in pavement thickness can be used 
because the pavement is tied to the shoulder. The 
paper does not explain how this partial transfer of 
the vehicle load to the shoulder is to be achieved 
or, equally important, how this tie with the 
shoulder may influence the slab end movements and 
the design of the gap slab. 

B. The paper states that tendons and anchors are 
positioned below slab middepth to reduce upward 
warping of slab ends. 'But yet no explanation is 
given as to how this eccentric prestressing, as 
recognized and used in current practice, will in
fluence or effect the design of the slab. 

9. The paper states that the design process 
starts with the selection of an initial slab thick
ness based on a minimum midslab prestress of only 50 
psi. Other designers and contributors to pre
stressed pavement technology claim and substantiate 
their midslab prestress of 200 psi or more can be 
maintained in slab lengths of 400-500 ft. For the 
two slab thicknesses of 7 and B in, the paper pre
sents slab lengths of only 250 and 350 ft, re
spectively, 

10. The paper does not give any explanation or 
rationale as to why only one active joint is pro
posed for the longer slab but two active joints are 
proposed for the shorter slab, wherein the joint 
must accommodate end movements due to half of the 
slab length only. 

11. In the section on slab end movements, the 
paper discusses long-term creep but does not discuss 
the seasonal effects of moisture. Among others, the 
potential benefits of moisture effects were substan
tiated in previous work conducted in 1956-1959 at 
the University of Missouri at Rolla. The potential 
benefits of moisture effects are reported in the 
literature by Teller and Sutherland (9), Friberg 
(10), and Kelley (lll. Application of these find
ings indicates that-"the slab end movements presented 
in the paper may be reduced by as much as 1 in. 

(Note: This discussion paper reflects my views 
only and does not necessarily reflect the official 
views or position of FHWA.) 
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Authors' Closure 

We thank Stanek for his review of the paper. We are 
pleased that he acknowledges our appreciation of the 
fine pioneering work done in prestressed pavements 
by other researchers. A detailed review of this 
pioneering work is included in our first report on 
the project (_!!) • 

As Stanek states in his comments 1-5, we were 
guided by the past work of others in developing 
joint systems that are engineered to provide the re
quired levels of performance. 

'!'he approach we used in determining the design 
slab length for the examples presented in the paper 
was based primarily on two considerations. First, 
the commercial availability of joint seals that can 
accommodate large joint movements influences the al
lowable magnitude of joint movement, and thus slab 
length. Second, the maximum joint opening is 
limited to about 3-4 in to prevent tire ingress into 
joints. This procedure is not a reversal from cur
rent practice. It is the established practice for 
joint designs that involve large openings. 

With reqard to provisions for a tied shoulder, we 
recommend use of a pres tressed tied shoulder. 11!.ain
line lanes and the shoulder are cast in the same 
pavinq operation and prestressed at the same time. 
Thus, differential length changes between main-line 
pavement and shoulder are avoided. A weakened-plane 
longitudinal joint is provided between the outside 
lane and the shoulder. 

Although additional prestressing is developed due 
to eccentric placement of tendons, this effect 
exists only at slab ends. As a simple analysis of a 
semi-infinite slab on elastic foundation shows, the 
effect of the moment developed due to tendon ec
centricity dissipates rapidly away from slab ends. 
Therefore, al though tendon eccentricity reduces up
ward-warping deformation at slab ends, it does not 
contribute to stresses in the interior portion of 
the slab. 

Our approach to prestressed pavement design is 
not to provide as much midslab prestress as pos
sible. It is rather to provide a minimum level of 
prestress to ensure that early cracks that may 
develop remain tightly closed. We do not object to 
the use of higher pres tress levels, but we believe 
that higher prestress should be used to increase 
slab lengths or to provide an added factor of 
safety. However, unless satisfactory slab deforma
tion response is assured, higher midslab pres tress 
should not be used just to reduce slab thickness. 

It should be noted that the calculated design 
mids lab pres tress level for the 11.r izona demonstra
tion project was 42 psi (12). In addition, the mea
sured midslab prestress at the Mississippi demon
stration project, immediately after final prestress
ing, was 60 psi for sections that incorporated two 
layers of polyethylene under the slab (131. 

Single active joints between main slabs are used 
to reduce the number of active joints. For desiqn 
IV, use was made of shorter slab lengths and two 
active joints to permit use of compression seals. 
Design IV illustrates an economical option for joint 
hardware. 

With regard to the influence of moisture effects, 
we believe that slab lengtheninq during winter 
months is not substantial at the slab surface. The 
reason the slab top does not lengthen as much as the 
bottom is due to drying shrinkage at the surface. 
This drying shrinkage is not fully recoverable and, 
in addition, slab shortening due to temperature is 
greater at the pavement surface. 



Transportation Research Record 888 

Figure 13. Section B-B, 
design IV. 

Gap slob 

Table 6. Joint hardware for design 11. 

Item 

I 
2 
3 
4 

6 

7 

Description 

Standard anchors (Figure 11) 
Three-jawed wedges (Figure 13) 
Stainless-steel dowels (Figure 12) 
Ilnwr.1 c•ps (Figure 12) 

Compression seal ACMASEAL (K-400) 
(Figure 12) 

No. 5 bar longitudinal reinforcement 
(Figure 12) 

No. 5 bar transverse reinforcement 
(Figure l l) 

.1 

Dimension 

3x5.25 in for 0.6-in strand 
For 0.6-in strand 
18 in long, 1.125 in 
4 in long to fit over I. I 25-in 

dowel 
36 ft long, nominal uncom

pressed 2.5 in high, 3.4 in 
wide 

54 in long 

35 ft long 

satisfactory. Joint design details in this paper 
can be easily adapted to other thicknesses by making 
the necessary dimensional changes. 
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Discussion 

Floyd J. Stanek 

The comments in this discussion paper were formu
lated from information received while I served as 
technical monitor and coordinator for two studies of 
pr.estressed pavements sponsored by the Office of Re
search, FHWA. One study was a coordinated study hy 

Main slob 

0.6~ plastic
coated strand 

9 

three state hiqhway agencies to conduct an on-site 
inspection for the study, Performance of Prestressed 
Pavements in Four States. The representative mem
bers of this inspection team are Wade L. Gramling, 
Pennsylvania Department of Transportation (DOT) ; 
Gene Morris, Arizona DOTi and T. Paul Teng, Missis
sippi State Highway Department. 

The other ~tudy was a follow-up research study of 
the Pres tressed Pavement Demonstration Project, 
which was constructed in 1971-1972 near Dulles 
International Airport, Loudoun County, Virginia. 
This study was conducted by Bengt Friberg, one of 
the principal contributors to the original design 
and construction of this project. I served as moni
tor of this project for the Office of Research, 
FHWA, since 1972 and was closely associated with 
Friberg during the past lB months for the completion 
of this study. J\. research report for each ot these 
two studies is scheduled for future publication by 
FHWA. 

For proper assessment, the subject paper, Pre
stressed Pavement Joint Design, should be viewed in 
the context of the following specific comments. 

1. Several designs of previous contributors are 
presented in a report by the Portland Cement Asso
ciation (PCAl (8). This report gives a summary ac
count of the expansion joints used in the pre
stressed pavement demonstration projects constructed 
in the early 1970s in Virginia and Pennsylvania and 
also of the joints in roadways and airfield pave
ments constructed in Germany during the 1950s. 

2. The design of the l oad-transfer mechanism for 
joint design I for an 8-in, 350-ft slab is similar 
to the dowel design in the 6-in-thick prestressed 
pavement constructed near Dulles International Air
port. This dowel desiqn is shown in the PCA report 
( 8, Figure 33, p. 61). Stainless-steel dowels were 
not available during the scheduled construction of 
this project. The initial dowels of ordinary steel 
were replaced with stainless-steel dowels in 1975. 
The valuable research information and knowledge ob
tained from this demonstration project support the 
recolTUllendation that stainless-steel dowels should be 
used. 

3. Similarly, except for the technique of 
fastening the edges to the pavement slab, the neo
prene-strip seals in design I are the same as those 
initially recommended for the design of the Dulles 
Prestressed Pavement Demonstration Project. At the 
time of construction during the winter of 1971-1972, 
there was some question of long-term reliability of 
the particular design proposed for fastening the 
edges to the pavement slab. Polyurethane foam was 
installed initially, but it was later replaced with 
neoprene strips. There has been no problem asso-
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Figure 1. Prestress pavement design process. Prestressed Pavement Design 
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of effective midslab prestress as an input. Alter
natively, a minimum level of the mids lab pres tress 
value may be assumed for the structural analysis. 
Structural analysis computes fatique consumption due 
to edqe stresses at midslab. If fatique consumption 
is more than 100 percent, the desiqn process is 
repeated by using a larger slab thickness. 

It is assumed that fatigue consumption or damage 
is additive and that calculated fatigue consumption 
of 100 percent or more would result in structural 
failure of the slab. In practice, structural fail
ure (i.e., crackinql in the slab does not result in 
immediate functional failure. Concrete pavements 
continue to provide satisfactory performance even if 
cracked. However, because of the zero-maintenance 
requirements of pres tressed concrete pavements, the 
stringent criterion of 100 percent fatigue consump
tion is used to define failure. 

This paper presents a thickness design procedure 
for prestressed concrete pavements. Factors consid
ered in developing the procedure include traffic 
loading; temperature and moisture variations in the 
concrete slab; loss of subbase support; properties 
of concrete, subbase, and subgrade; and effective 
midslab prestress. 

DESIGN PROCEDURE 

A computerized proqram for thickness design of 
prestressed pavements is presented. Required pave
ment thickness is a function of stresses that result 
from traffic loads, temperature and moisture var ia
tions, loss of subbase support, and midslab effec
tive prestress. The summation of these stresses is 
balanced against fatigue consumed to obtain a pave
ment designed to resist bottom flexural cracking. 

An acceptable criterion for a design based on 
deflection is not available. Therefore, deflections 
are not computed. However, it is recognized that 
prestressed concrete pavements are thinner than 
conventional concrete pavements. For this reason, 
it is recommended that high-quality stabilized 
subbases be specified for use with prestressed 
pavements. 

Procedures used for computing stresses and deci
sions regarding inputs for the computer program are 
briefly discussed. A detailed discussion, a program 
user's manual, and a program listing are presented 
elsewhere (]:) • 
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Prestressed Pavement Thickness Design 
S.D. TAYABJI , B.E. COLLEY, AND P.J. NUSSBAUM 

A computerized procedure for thickness design of zero-maintenance prestressed 
concrete pavements is ·presented. Factors considered in developing the design 
procedure include traffic loading, temperature and moisture variation in the 
concrete slab, loss of subbase support, properties of concrete, properties of sub
base, properties of subgrade, and effective midslab prestress. The procedure is 
based on flexural stress analysis and prevention of bottom transverse cracking 
that may initiate from the longitudinal edge of the slab in the vicinity of mid
slab. Inputs for the computer program include number and magnitude of axle 
loadings, wheel placement, traffic volume distribution during a 24-h day, tem
perature data, load transfer effectiveness, and effective prestress at midslab. 
Program output is in terms of total fatigue consumption at the end of design 
life. If fatigue consumption is less than 100 percent, then the thickness meets 
design criteria. A design example is presented fer a rural four-!ane highway in 
Ulinoi!;_ 

The objective of the Federal Highway Administration 
( FllWA) Research Project SE, Premium Pavements for 
Zero Maintenance, is to exploit modern materials and 
technology in developing zero-maintenance pavements 
for warranted use. As a portion of this research 
project, an investigation has been conducted by 
Construction Technology Laboratories, a division of 
the Portland Cement Association. The objective of 
the investigation was to develop design and con
struction techniques for prestressed concrete pave
ments. 

Conventional concrete pavements are designed on 
the basis of concrete's relatively l ow modulus of 
rupture without effectively using the natural advan
tage of its high compressive strength. In pre
stressed pavements, precompression in the concrete 
due to prestressing increases allowable stress in 
the flexural zone. Precompression causes the reduc
tion or elimination of cracking and a large decrease 
in the number of transverse joints. Consequently, a 
more comfortable riding surface is provided and 

maintenance costs are reduced. 
Prestressed pavement design includes the deter

mination of required pavement thickness and joint 
hardware. Joint hardware is determined based on 
anticipated slab movement and length. Figure 1 
shows the basic steps involved in prestressed pave
ment design. 

As shown in Figure 1, the design process is 
iterative and involves the interaction of many 
factors. The process starts with the selection of 
an initial slab thickness. Then, for joint hardware 
design, trial main slab length and pres tress tendon 
size, spacing. and force ar~ geJ~ctea~ F.ffP.ctivP
midslab pres tress is computed. A minimum of about 
50-psi midslab prestress should be obtained. If it 
is not obtained, slab length, tendon size, spacinq, 
or force is varied until the desired midslab pre
stress is obtained. A minimum prestress is desir
able to ensure that the early shr inkaqe cracks that 
may develop remain tightly closed. Thus, load 
transter across possible cracks is improved due to 
aggregate interlock. 

When the midslab prestress criterion is satis
fied, anticipated maximum joint movement is com
puted. Selection of an appropr late joint infiltra
tion-prevention device such as a strip seal, com
pression seal, or steel cover plate depends on the 
magnitude of total joint movement. Total movement 
may be accommodated at one or two active joints 
between adjacent s~abs. Slab length is varied until 
the computed joint movement can be accommodated by 
the device selected. 

After slab length, midslab pres tress level, and 
joint hardware are established, a structural analy
sis is per formed. This analysis requires the value 
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Figure 2. Tandem axle load configuration. 
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Traffic Load Stresses 

A finite-element computer program for analysis of 
slabs on a Winkler (liquid) foundation was used to 
compute moments for the case of edge loading (2). 
These moments, expressed as a function of the radius 
of relative stiffness (.!_) , are stored in this com
puter program. They are used together with a coef
ficient to determine edge stresses that result from 
loads located at or inward from the pavement edge. 
The program also considers optional use of a tied 
concrete shoulder with a variable input for load
transfer efficiency at the longitudinal joint. 

Either a single- or a tandem-axle load configura
tion may be selected as input. Wheel imprint dimen
sions and wheel and axle spacings used in the pro
gram are shown in Figure 2. For single-axle load
ing, the wheel imprint size and spacings are the 
same. 

Moments at the pavement edqe due to loads at the 
edge are given by the following equations. For an 
18-'kip single-axle load, 
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M = 483.4(1)0· 571 in-lb (1) 

where Ill is the bending moment at edge, and l is the 
radius of relative stiffness of pavement (in), i.e., 

(2) 

where 

E modulus of elasticity of concrete (psi), 
h slab thickness (in), 
u Poisson's ratio= 0.15, and 
k modulus of subgrade reaction (psi) • 

For a 36-kip tandem-axle load, 

M = 185.1(!)0 ·820 in-lb (3) 

Moment equations are based on the assumption of 
loss of subbase support for a 20-in distance inward 
from the pavement edge. This adjustment is made to 
recognize upward slab warping due to moisture di f
ferentials in the pavement. 

Load stress (fr) is determined by the following 
equation: 

fL = (6M/h2)(P/18 000 n)C0 psi (4) 

where 

P single- or tandem-axle load (lb), 
n = l for single-axle load and 2 for tandem-axle 

load, and 
Ce load placement coefficient. 

The load placement coefficients shown in Figure 3 
are provided as program input. These coefficients 
are used to reduce stress at the pavement edge when 
loads are applied in wheel paths located inward from 
the edge. 

Equation 4 for load stress (fr) can be further 
modified to incorporate the contribution of a tied 
shoulder. This is done by using the following 
equation: 

fL = (6M/h2) (P/18 000 n)C0 [1/(1 + JE)] psi (4a) 

where JE is joint efficiency, i.e., JE =deflection 
at shoulder side of joint divided by deflection at 
main pavement side of joint. 

Traffic Characteristics 

Axle loads and lateral placement of loads across the 
pavement during different periods of a 24-h day are 
program inputs. Curling stresses vary during the 
day, and maximum curling stresses exist for only 
short durations of time. Therefore, the traffic 
distribution during the entire day is required to 
equate maximum stresses to the number of load appli
cations during selected time periods. Time periods 
and traffic during the selected periods are program 
inputs. 

States accumulate traffic loadometer data in the 
format used in FHWA W4 loadometer tables. These 
tables tabulate the number of axles observed within 
load groups and are generally reported for 2000-lb 
increments. For concrete pavements, traffic projec
tions are made for design periods that usually range 
from 20 to 40 years. 
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A recommended lateral distribution of traffic is 
shown in the table below: 

Distance from 
Outside Wheel 
to Pavement 
Edge (in) 

0-6 
6-12 

12-lB 
lB-24 
24-30 
30-36 

Truck 
Traffic 
(%) 
20 
20 
25 
15 
10 

5 

These values were selected based on information 
obtained by Emery (}). Traffic volume is subdivided 
with respect to time of day. A recommended dis tr i
bution is given in the user's manual. 

Temperature Effects 

Curling stresses develop in a slab when temperatures 
vary with depth. During daytime when the top sur
face is warmer than the bottom, tensile stresses 
develop at the slab bottom. During nighttime when 
temperature gradients are reversed, tensile stresses 
develop at the slab top. For stress calculations, 
it is generally assumed that the temperature gradi
ent is linear. The maximum gradient is assumed to 
be about 3°F/in during daytime and about 1°F/in 
during nighttime. In practice, the temperature 
distrihution is usuiilly nonl inP.iir and constantly 
changing. Also, maximum daytime and nighttime 
temperature differentials exist for short time 
durations. 

Because the daily variation of air temperature 
follows an appro'l(imately sinusoidal cycle, tempera
ture variations at the slab surface can be assumed 
to be sinusoidal. This variation can be represented 
as follows (,1 ,2 l: 

OT = 00 sin(27rt/T) 

where 

t 
T 

temperature at surface of slab, 
constant = amplitude of the temperature 
cycle at slab surface, 
time of day (24-h clock), and 
24 h. 

(5) 

Equation 5 represents daytime conditions well but 
gives an incorrect distribution for nighttime condi
tions. For nighttime, the amplitude is about one
third of that computed by using this equation. 
Therefore, for nighttime conditions, 90 is 
replaced by 90 ' which is equal to 9of 3. 
Accuracy of the nighttime temperature distribution 
is not as critical because these stresses are sub
tracted from the load stresses. 

For homogeneous semi-infinite solids whose sur-
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face temperature varies sinusoidally, 
ture (9z) at any time t on a plane 
below the surface is given by 

the tempera
at depth z 

where 

a 
'I'' 

(Z/'1' 2 ) hr/T, 
diffusivity of the material (in 2/hl = 
'!../ye, 
thermal conductivity of the material (Btu/ 
h-ft-°Fl, 

y weight per unit volume of the material 
(lb/ft), and 

c = specific heat of the material (Btu/lb-°Fl. 

(6) 

For a concrete slab resting on earth or subbase, 
Equation 6 is applicable, as di ffusivi ties of the 
materials are similar. For concrete, 

'!.. 1.20 Btu/h-ft-°F, 
y 145 lb/ft!, 
c O. 22 Btu/lb- °F, and 

1[1 2 542 in 2 /h. 

By using this procedure, calculated variations in 
temperature distribution with time for concrete 
pavement thicknesses of as much as 10 in are shown 
in Figure 4. These data are more representative of 
measured field data than the assumption of a linear 
temperature distribution. For example, temperature 
distributions shown in Figure 4 agree well with 
those measured at the American Association of State 
Highway Officials (AASHO) Road Test !_&l • 

Average slab temperature (eMl at time t is 
obtained by integrating Equation 6 for 9z be
tween O and the slab thickness (H) and dividing by 
H. The difference (9Dl between average slab 
temperature and slab bottom temperature (9Bl is 
given by 

(7) 

Curling stress at the bottom of the edge of a 
long slab is given by 

(8) 

where a is the coefficient of thermal expansion. 
This nonlinear temperature distribution formulation 
is used in the computerized design procedure to 
calculate curling stresses. 

Its use reau ires iin innut value for A0 shown 
in Equation 5. • For u.s. c~nditions, a recommended 
value is 30°F: however, other values may be substi
tuted where local information is available and 
conditions are substantially different. 

Moisture Effects 

Top-to-bottom variations in pavement moisture con-

Figure 4. Calculated temperature Pavemen1 Tempera1ure, •f 

distribution. 
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tent result in bottom fiber compressive stresses. 
Ideally, these stresses would be calculated for 
cyclical seasonal chanqes in moisture content. 
Calculated stresses would then be used in the thick
ness design procedure in the same manner as tempera
ture stresses. However, only limited data are 
available regarcUng top-to-bottom moisture dis tr ibu
tion, seasonal moisture variation, or stress magni
tude. 

Friberg <2l and Nagataki C_!!l report that re
strained warping strain at the slab bottom may be 
about 150 millionths. These data are valuable and 
serve to direct future research. However, it is 
assumed currently that warping stresses for 7- and 
8-in-thick pavements are 190 and 220 psi, respec
tively. 

Warping also results in loss of support along the 
pavement edge. Loss of support causes an increase 
in edge stress associated with traffic loading. 
Effects of upward warping on load stress calcula
tions are included in Equations 1 and 3. 

Subbase Support 

Pavement performance is related to the quality of 
subbase and subgrade support. Ideally, as shown in 
Figure 1, a thickness design procedure should incor
porate allowable subbase and subgrade deformations 
as limiting criteria. For a concrete pavement in 
contact with the subbase at a corner or edge, these 
deformations could be related to slab deflection. 
However, measured concrete pavement deflections are 
influenced by temperature and moisture gradients in 
the concrete at the time of testing. Therefore, 
sufficient data are not available to develop er i
ter ia for correlating subbase and subgrade deforma
tions with pavement deflection. 

For given load conditions, prestressed concrete 
pavements are thinner than conventional concrete 
pavements. Thus, subbase support requirements are 
more critical. For zero-maintenance projects, it is 
recommended that a high-quality subbase be used with 
prestressed pavements. Modulus of subgrade reaction 
at the top of the subbase should be about 500 
lb/in'. 

Fatigue of Concrete 

Flexural fatigue research on concrete has shown that 
as the ratio of flexural stress to modulus of rup
ture decreases, the number of stress repetitions to 
failure increases (9). Allowable load repetitions 
for stress ratios between 0.50 and 0.85 are given by 
the following equation (10): 

log(NN) = 11.83 -12.20(fT/MR) 

where 

NN allowable stress repetitions, 
fT = total flexural stress, and 
MR concrete modulus of rupture (psi). 

The above equation is used in the 
However, at the designer's option, other 
equations may be used as program input. 

Midslab Prestress 

(9) 

program. 
fatigue 

Midslab prestress is computed by accounting for 
prestress losses due to tendon friction, concrete 
shrinkage, concrete creep, steel relaxation, and 
subbase friction restraint. A minimum of about 
50-psi midslab prestress should be available. This 
is achieved by properly selecting slab length and 
tendon force, size, and spacinq. Selection is an 
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iterative process. Several trial calculations are 
generally required before the desired value of 
midslab prestress is obtained. Details of midslab 
prestress computation are given in the following 
discussion. 

Tendon Friction 

Tendon friction results from curvature and wobble. 
Curvature is due to intentional and wobble to unin
tentional tendon profile variations. Tendon fr ic
tion !f tl is determined from the following equa
tion: 

(IO) 

where 

fpe end prestress (psi), 
u curvature friction coefficient, 
x = angular change of tendon from jacking end to 

midslab (radians), 
K wobble friction coefficient per foot, and 
L slab length (ft). 

For straight portions of pavements, intentional 
angular changes are negligible. Therefore, tendon 
friction can be obtained from the following equation: 

f1 = fpe { 1 - exp[-(KL/2)]} psi 

Concrete Shrinkage 

Prestress loss due to concrete shrinkage 
given by the following equation: 

f, = e,E,(A./Ac)psi 

where 

Es concrete shrinkage strain, 
Es modulus of elasticity of tendon steel 

(psi), 
As area of tendon per unit width of slab 

(in 2 ), and 
Ac area of slab per unit width of slab 

( in'l. 

Concrete Creep 

(II) 

is 

(12) 

Prestress loss due to concrete creep !feel is 
given by the following equation: 

where Cu is the ultimate creep coefficient and 
Ee is the modulus of elasticity of concrete (psi). 

Steel Relaxation 

Prestress loss due to steel relaxation (fcl is 
given by the following equation: 

f, = pfpe psi 

where p is the relaxation 
appropriate stress level. 

Subbase Friction 

coefficient 

(14) 

for the 

Prestress loss due to subbase friction (ffl is 
given by the following equation: 

fr= [(U5yL)/288] psi (15) 

where Us is the slab-to-subbase friction factor, 
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Table 1. Prestress calculations. 

General Calculations 

Item 

Slab length (ft) 
Strand diameter (in) 
Strand force (kips) 
Strand spacing (in) 
End of slab prestress (psi) 
Prestress losses (psi) 

Shrinkage 
Creep 
Relaxation 
Strand friction 
Subbase friction 
Total 

Midslab prestress (psi) 

Slab 7 in Thick 

250 
0.6 
41 
24 
244 

6 
4 

20 
39 

100 
169 
75 

Slab 8 in Thick 

350 
0.6 
41 
18 
285 

6 
6 

23 
62 

140 
237 

48 

Note: For the 8-fo-thick design, actual tendon force selected is 44 kips. This re
sults in an end of slab prestress or 306 psi and midslab prestress of 57 
psi . 

Table 2~ Prestress !oss c.omputation ooefficientsI 

Item 

Tendon ultimate strength (psi) 
Area, 0.6-in-diameter tendon (in2 ) 
Concrete creep coefficient 
Concrete shrinkage strain (millionths) 
Strand relaxation coefficient 

70 percent of ultimate stress 
7 5 percent of ultimate stress 

Wobble friction coefficient per foot 
Subbase friction factor 
Modulus of elasticity of steel (million psi) 
Modulus of elasticity of concrete (million psi) 

Magnitude 

270 000 
0.217 
2.5 
150 

0.08 
0.10 
0.001~ 

0.8 
28 
5 

and y is the concrete unit weiqht (lb/ft'). 
Effective midslab prestress (fpl is given by 

the following equation: 

(16) 

Example calculations for computinq pres tress 
losses and midslab prestress are given in Table 1. 
Coefficients and other values used for computations 
are listed in Table 2. 

PROGRAM FORMULATION 

Total flexural stress at the midslab edge is com
puted by using the following equation: 

where 

fp 

(17) 

total flexural stress for the ith axle 
group at the jth period of the day of kth 
month of 1th year, 
traffic load stress due to the ith axle 
group at the jth period of day of kth 
month of 1th year, 
curling stress at the jth period of day 
of kth month of 1th year, 
effective prestress at midslab at the 
jth period of day of kth month of 1th 
year , a nd 

fwkl warping stress during kth month of 1 th 
year. 

The anticipated number of repetitions (Ni\ of 
stress of magnitude f Tijkl is determined. Then, the 

allowable number of stress repetitions (NNil of 
magnitude fTijkl is calculated by using the tatique 
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model. Fatigue consumption (Fil due 
stress applications of magnitude fTijkl 
as follows: 

to repeated 
is obtained 

(18) 

Total fatigue consumption (FToTl during the 
design period is obtained by summing fatigue con
sumed by load repetitions for each stress level and 
is given by 

(19) 

If total fatigue consumption at the end of the 
design period is less than 100 percent, the thick
ness obtained meets structural design criteria. 

DESIGN EXAMPLE 

The thickness design of a prestressed pavement for a 
heavily trafficked highway in central Illinois is 
presented. The high volume of heavy loads used is 
representative of traffic at locations where the 
concept of zero-maintenance pavements is applicable. 
The concept of zero maintenance implies use of a 
premium pavement at locations where higher first
cost is justified by a reduction in future costs due 
to repairs, user travel delays, and increased poten
tial for accidents. 

The design procedure may be used to determine the 
pavement thickness for any traffic mix. However, 
use of a thickness less than 6 in may not be practi
cal, as space requirements for placing joint hard
ware such as anchors, seal holders, load-transfer 
dev i ces, r einforce ment , and pos i t i on i ng bar s ma y not 
be available. 

1. Project traftic data: The traffic 
distribution used was obtained from data gathered 
from field surveys and interviews by Darter and 
Barenberg (lll. Average daily tratfic (l\.DT\ for the 
design period was selected as 6000 vehicles/day, the 
design life is 20 years, !Ind the single-axle load 
distribution for the design lane dur inq the design 
period is given in the table below: 

Axle Load 
(kiEs) No. 
18-20 80 422 
20-22 62 144 
22-24 25 589 
24-26 8 530 
26- 28 3 656 
::rn- 3n ?l'l 

30-32 609 
32-34 183 

The tandem-axle load distribution for the design 
lane during the design period is as follows: 

Axle Load 
(kips) No. 
38-40 29 244 
40-42 11 576 
42-44 4 874 
44-46 3 656 
46-48 1 828 
48-50 1 219 
50-52 1 2 19 
52-54 609 
54-56 183 

2. The material properties are as follows: 
concrete modulus of elasticity, 5 million psi: 
concrete modulus of rupture, 700 psi: modulus of 
subbase reaction, 500 lb/in': diffusivity of 
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concrete, 5.24 in'/h; and coefficient of thermal 
expansion of concrete, 0.000 005 in/in/°F. 

3, The effective midslab prestress is 50 psi. 
4. warping restraint stress values are as 

follows: stress for a 7-in-thick slab is 190 psi, 
and stress for an 8-in-thick slab is 220 psi. 

5, The results obtained by using the computer 
program are presented below: 

Slab Edge Load Fatigue 
Thickness Transfer Ef- Consumed 
(in) ficienc~ (%) (%) 

7 0 2070 
7 60 l 
B 0 36 

Based on above results, a 7-in-thick concrete 
pavement with a tied concrete shoulder or an 8-in
thick pavement without a tied concrete shoulder may 
be used, 

SUMMA~Y 

A computerized design procedure for prestressed 
concrete pavement is presented. The procedure is 
based on flexural stress analysis and prevention of 
bottom transverse cracking at the slab edge. Cur
rently, only limited data are available to determine 
values for temperature cycle amplitude (0 0 ) and 
warping restraint stress. Therefore, recommended 
design values may be used. The design procedure is 
simple to use and can be implemented immediately. 

When prestressed and conventional pavements are 
compared for alternate designs, it is recommended 
that other factors in addition to first-costs be 
considered in the evaluation. These factors include 
a large reduction in the number of joints, which 
results in an improved riding surface and reduced 
number of lane closures for maintenance and repair. 
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Discussions 

Floyd J. Stanek 

The comments presented in this discussion paper were 
formulated from information received while I served 
as technical monitor and coordinator for two studies 
of prestressed pavements sPOnsored by the OfHce of 
Research, FHWA. One study was a coordinated study 
by three state highway agencies to conduct an on
site' inspection for the study, Performance of Pre
stressed Pavements in Four States. The representa
tive members of this inspection team are as fol
lows: Wade L. Gramling, Pennsylvania Department of 
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Transportation (DOTI: Gene Morris, Arizona DOT; and 
T. Paul Teng, Mississippi State Highway Department. 

The other study was a follow-up research study of 
the Prestressed Pavement Demonstration Project, 
constructed in 1971-1972, near Dulles International 
Airport, Loudoun County, Virginia. This study was 
conducted by Bengt Friberg, one of the principal 
contributors to the original design and construction 
of this project. I served as monitor of this proj
ect for the FHWA Office of Research since 1972 and 
was closely associated with Friberg during the past 
18 months for the completion of this study. A 
research report for each of these two studies is 
scheduled for future publication by FHWA. 

For proper assessment, the subject paper, Pre
stressed Pavement Thickness Design, should be viewed 
in context of the following specific comments. 

l. The paper deviates from the current practice 
of prestressing concrete pavements, which places the 
stressing tendons below midplane of the thickness of 
the pavement slab. This deviation will have a 
tremendous influence and effect on resistance to 
vehicle loads, fatigue properties, and other sig
nificant design advantages. 

2. It is incorrect to use fatigue consumption as 
the design criteria based on bottom surface stresses 
at midslab only. The paper states that prestressing 
concrete increases the allowable stress in the 
flexural zone. It is statistically incorrect to use 
results from fatigue tests conducted on early-age, 
presumably 28-day-old, plain concrete for the design 
of prestressed pavements for a 20-year life. Pre
stressing improves material properties and the 
structural behavior of concrete pavements by pre
venting microcracking and maintaining internal 
stresses at advantageous levels. Fatigue properties 
of advanced-aged prestressed concrete are not cur
rently available. 

3. The design calculations for the one illustra
tive example presented are based on the assumption 
that only 50-psi prestress is available at midslab. 
Other designers and contributors to prestressed 
pavement technology claim midslab prestress of 200 
psi or more can be maintained in slab lengths of 400 
to 500 ft. For the two slab thicknesses of 7 and B 
in, the paper considers only slab lengths of 250 and 
350 ft, respectively. 

4. In the discussion of the temperature effects, 
the paper assumes a maximum daytime temperature 
gradient of 3°F. It is not clear as to how the 
design procedure evaluates and incorporates the 
corresponding time duration that this maximum gradi
ent is imposed on the pavement. At any rate, pre
vious con~ributors claim and substantiate that a 
temperature gradient of 3°F occurs in concrete 
pavements for only l. 73 percent of the time. This 
is less than a half-hour during each daily cycle. A 
comprehensive account of the time duration and 
corresponding temperature gradients through concrete 
pavements is presented by Swanberg (12). The paper 
also states that the accuracy of nighttime tempera
ture is not as critical because these stresses are 
subtracted from load stresses. This is overconser
vative when fatigue consumption is used as the only 
design criteria. 

5. The paper does not identify or characterize 
the serviceability requirements for a zero-mainte
nance pavement. But for the one prestressed zero
maintenance pavement presented, the paper recommends 
only a 7-in-thick slab tied to the shoulder or an 
B-in-thick slab if not tied to the shoulder. 

6. The vehicle load for the example presented is 
assumed to be 6000 ADT, whereas a traffic load of 
21 000-27 000 ADT is assumed in an illustrative 
design of a zero-maintenance pavement presented 
elsewhere (lll. 
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7. The paper states that the concept of zero 
maintenance is characterized primarily on economical 
and safety considerations on heavily traveled high
ways. But, the paper does not explain how these 
considerations are accounted for in the computerized 
program presented. 

8. The paper's treatment of tendon relaxation 
behavior is not consistent with design aspects of 
prestressing pavement slabs or with the research 
results presented by Maguire, Sozen, and Siess 
( 13). The inconsistencies are twofold, as stated 
herein and in comment 9. The paper assumes an 
initial prestressing force of only 70 percent of the 
strand 's ultimate strength, whereas 80 percent is 
permitted by the American Concrete :i:nsti tute (l>.Cil 
buildinq code and has been used successfully by 
previous designers. This higher prestressing force 
increases the minimum i:>restress at midslab an addi
tional 30-40 psi, permits longer slab lengths of 400 
to 500 ft, and also becomes most advantageous for 
prestressing the gap Alab as is done in some current 
designs. 

9. The paper assumes that the r.elaxation coeffi
cient for strands stressed to 70 i:>ercent of the 
ultimate strength remains constant along the length 
of the slab. In accordance with the values pre
sented for the 7- and 8-in slabs in Tables 1 and 2, 
the stressinq force at midslab due to strand fric
tional losses is only 59 and 55 percent of the 
ultimate strength, respectively. This will reduce 
the magnitude of the relaxation coefficient along 
the length of the slab substantially, perhaps by as 
much as 50 percent, at midslab. 

10. A summary account of the performance, road 
tests, and measurements conducted on prestressed 
pavements constructed prior to 1976 in the United 
States, France, Holland, Switzerland, 0elgium, 
Austria, and Germany i11 pre&ented in a report by the 
Portland Cement Association (PCAl (14, pp. 68-103). 
Three of the five prestressed pavement demonstration 
projects constructed during the 1970s in four states 
with slab thickness of only 6 in are described in 
this report. An on-site inspection of these five 
projects was conducted ducing 191ll by the coordi
nated four-person team identified in the beqinninq 
of this discussion paper. The performance report by 
this inspection team is scheduled to be published in 
a future FHWI>. report. 

11. In the results for the one design example 
presented, the paper states that a 7-in-thick con
crete pavement may be used if tied to a concrete 
shoulder with a joint efficiency of 60 percent. In 
accordance with Equation 4a, a joint efficiency of 
60 perc.ant is equivalent to transferring 37 .5 pe.c
cent of the vehicle load to the shoulder. The paper 
does not explain how this partial transfer of the 
vehicle load is to be achieved or how this will 
affect the design and cost of the shoulder. Also, 
no accounting is presented as to how this tie with 
the shoulder will influence and effect the longi tu
dinal stresses and movements of the slab due to 
temperature and moisture effects. 

12. In the discussion of the example presented, 
the paper states that a slab thickness of less than 
6 in may not be practical because of space require
ments. No such problems have been reported for the 
pres tressed pavements described in the PCI>. report 
(14) or in any of the highway prestressed pavements 
constructed with thicknesses of 6 in or less. 

13. The paper's treatment of the frictional 
forces between pavement slab and subbase is not 
consistant with currently known technology as ex
plained herein and in comment 14. In the design 
example presented, the paper does not state what 
friction-reducing medium was assumed between the 
pavement and the subbase. In Table 2, the paper 
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shows a subbase friction factor of 0.8. This value 
is not correlated with the range of 0.3 to 0.8 for 
polyethylene sheets that could reduce to as low as 
0.13 with special additives in accordance to the 
values presented in the PCA report ( 14, Table 14, 
pp. 164, 168). -

14. In Table 1, the paper treats subbase friction 
as a prestress loss of 100 and 140 psi at midslab 
for the 7- and 8-in slabs, respectively. Previous 
contributors have shown and substantiated that the 
influence of the subbase friction can be either a 
positive or a negative effect, depending on whether 
the slab is expanding with warmer temperatures 
during the daytime (a positive effect) or is con
tracting with colder temperatures during the night
time (a negative effect). For the values shown in 
Table 1, this could increase the midslab prestress 
an additional 200-240 psi for the daytime when the 
traffic volume is the highest. This phenomenon 
becomes most er i ti cal and important when the design 
criterion is based on fatigue consumption. In 
addition to others, this phenomenon has been re
ported and discussed in the literature (12:_!.!, 
reference 87, p. 179r 15). 

15. In the discuss°ic;n of moist'ure effects, the 
paper acknowledges cyclic seasonal changes 12,.!!_l , 
but then apparently treats warping as a constant 
flexural stress with compressive stresses of 190 and 
220 psi in the bottom of the 7- and 8-in slabs, 
respectively. The paper then states that the warp
ing stresses cause a loss of support along the 
pavement edqe, presumably to describe the effect in 
the lateral direction. The paper does not explain 
if and how this lateral effect influences or becomes 
combined with the corresponding flexural stresses in 
the longitudinal direction. All effects contribut
ing to this combination must be time coordinated 
i\r.r.ur11t.Pl y whpn f11t-i <JllP cnnf<llmpt ion is the only 
governing design criterion. 

(Note: This discussion paper reflects my views 
and does not necessarily reflect the official views 
or position of FHWA.l 

Bengt F. Friberg 

The paper by Tayabji, Colley, and Nussbaum bases the 
determination of the thickness of prestressed pave
ments on a fatigue analysis for traffic loads for a 
20-year period with an assumed strength of concrete 
given as a flexural strength of 700 psi. The paper 
includes a computer program for determininq pavement 
thickness. Without more data from the computer 
program than are qiven, the results must be judqed 
from the two examples presented: a 7-in-thick slab 
250 ft long with edge load transfer in the trans
verse direction from the edge or an 8-in slab 350 ft 
long without edge load transfer. 

These are relatively short and thick prestressed 
slabs compared with designs for recent pres tressed 
U.S. highway projects that used qreased postten
sioned steel strands in extruded plastic tubing. The 
two design examples are believed to be the result of 
using a low limiting strand stress as well as high 
values of strand friction and subgrade friction. 
These and other conservative assumptions in fatigue 
stress analyses should be covered in other 
discussions. 

It is desired to limit this discussion to the 
items of warping, length changes, and creep in 
concrete pavements, especially as they are evidenced 
in prestressed slabs where they appear to result in 
valuable and favorable distribution of prestress on 
the full-restrained sections. Such developments are 
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shown elsewhere !2), yet none of the applicable data 
have been included in the project reports. The 
reasons may be an unwillingness to accept that a 
pavement slab may grow, either seasonally or pro
gressively. Evidence of growth is present in some 
slabs [the Rolla investigation C2J I. This informa
tion, along with similar information from other 
highway research, has been omitted from the reports. 

Proqressive growth of concrete pavements and the 
seasonal length change is shown in Fiqure 5, which 
was obtained in the pioneering work at the Bureau of 
Public Roads by Teller and Sutherland and furnished 
by E. C. Sutherland, and which covers the entire 
period that the pavement existed from 1930 to 1942. 
The seasonal length change would compensate for 
about 30°F of the annual temperature cycle. 

The relatively high moisture content near the 
bottom is recognized as a permanent condition in 
pavement slabs. Figure 6 shows the moisture gradi
ents from t o p to bottom of a 7-in road slab in 
Oregon for one year (161. Full saturation is 4.8 
percent. The top of th°'E!slab dried out rapidly. No 
values were shown for the first inch of depth be
cause its values varied from day to day or even 
hourly: however, at a 2-in depth, the slowly drying 
trend in the upper part is clear . The bottom 2 in 
show a continuing high moisture content at about 100 
percent of saturation. These data are in agreement 
with observations by Carlson (17). 

Tests of creep in concrete have been under way 
since before 1920 (18), including cylinders to 10-in 
diameter, different stress levels, and dry or moist 
storage for up to 30 years under load. The creep is 
measured in relation to unloaded control specimens 

Figure 5. Progressive and seasonal length changes of 40-ft slabs. 

3!5 3G 37 3CJ 3 9 1940 4 1 4c 
YEAR 

Figure 6. Moisture contents at 2 to 6 in depth in 7-in road slab in Oregon 
during the first year. 
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at the same storage. For storage at 100 percent 
relative humidity, cylinders showed swelling from 
lOOx10- 6 at 10 years to near 200xl0 - 6 at 20 to 
30 years of storage. 

These and other creep data have been analyzed in 
accordance with theories by Ross, as published in 
the United States by Lorman (19!, which give compre
hensive coverage of the v-;[°iables involved. A 
simple hyperbolic relation between creep strain 
(e0 l and time (tl in days under stress (fl by 
using a creep coefficient (Ml defines the ultimate 
creep as strain per unit of stress, and a creep time 
constant of N days is used as follows: 

ec = [Mt/(N + t)] f (20) 

The so-called sustained modulus includes creep 
strain plus initial strain. By its use, stress 
information can be estimated at any time. Modulus 
of resistance is the term used elsewhere (1_, Figure 
11, Table 6). 

Each value of the sustained modulus in the report 
by Friberg <z, Figure lll is based on observations 
of six slabs, one dense and one air-entrained for 
prestress of 100, 300, and 500 psi. Good agreement 
and linearity can be seen. In each case, the sus
tained modulus at top i s less than one-half of the 
sustained modulus at the bottom of the slabs. Lorman 
( 19) shows creep coefficients increasing with 
decreasing moisture content and doubling as the 
relative humidity decreased from 100 to less than 70 
percent. For the Rolla slabs, the creep coeffi
cients at top and bottom were 0.5 and o . 2x10-• in 
the 8-in slabs and 0.7 and 0.3xl0- 6/psi in the 
5.5-in slabs. 

Because of the normal moisture gradients in 
pavements, differential shrinkage must be present as 
a common behavior in all slabs, including swelling 
at the bottom. Upward-warping deflections at the 
ends and edges is the result, so that the moment of 
the corresponding pavement weight redistribution may 
overcome the warping curvature that is unrestrained 
at the ends and that must be fully restrained in 
long slabs. 

With a lower sustained modulus at the top than at 
the bottom, the flexural neutral axis can no longer 
be at middepth. Equal strains at the top and bottom 
section would mean unequal stress and lack of moment 
equilibrium. The simplest approximation is that the 
modulus varies linearly from top to bottom: the 
neutral axis can then be found for the trapezoidal 
stress areas. 

In the paper, the neutral axis is assumed at 
middepth. A moisture gradient flexural restraint 
stress of 190 psi in 7-in slabs and 220 psi in B-in 
slabs at bottom has been assumed, but the relation 
to the prestress, creep, and steel stress relaxation 
has not been explained. The restrained warping 
strain at the bottom of 150x10-•, attributed to 
Fr i berg C2l, is not clear. Naga t aki shows that, for 
a warpi ng unprestressed slab 284 in long and 10 in 
thick, strain differences between the end section 
and the fully restrained midsection of +lBOxlo-• 
at top and -l30x10-• at bottom, with the neutral 
axis well below middepth (Bl. 

On the available data, - compression stress at the 
bottom of 7-in slabs must be in excess of -480 and 
-550 psi in the B-in slabs. The midlength effective 
prestress would be from 100 psi lower at night to 
100 psi higher in daytime in the 7-in slab, with 
daily variations of ±140 psi in the B-in slab. 

If the lower sustained modulus that can naturally 
be expected at the surface had been recognized in 
the paper, an even more favorable effective pre
stress would have been computed. As indicated 
elsewhere (2, Figure 12!, for 280-psi prestress on 
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the B-in thickness, the stress at bottom is about 
-BOO psi at two years, subject only to adjustment 
for steel stress relaxation. 

Authors' Closure 

We thank the discussants for their review of the 
paper. we believe there are many factors that 
influence concrete pavement performance that are not 
well understood and cannot be quantified. Also, 
because prestressed concrete pavements are thinner 
than conventional concrete pavements, deformation 
responses became more important. A significant 
amount of distress in concrete pavements is related 
to deformation. However, no practical criteria 
exist for including deformations in the design of 
concrete pavements. Therefore, the approach taken 
in formulating the design procedure has been to make 
assumptions that provide a reasonable margin of 
safety. 

Design slab thickness is highly dependent on the 
number of repetitions and weight of the heaviest 
truck axles. We chose to provide a design example 
that uses heavy truck traffic. For less heavy 
traffic, a slab thickness of 6 in may be satisfac
tory. The design example should not be misinter
preted to mean all prestressed pavement should be B 
in thick or 7 in thick with tied shoulders. How
ever, we believe that for zero-maintenance primary 
system highways, slab thickness should not be less 
than 6 in. 

With regard to continued concrete growth with 
time, the information available seems to contradict 
Friberg 's contention. Cracked and jointed concrete 
pavements do exhibit overall lengthening or qrowth. 
However, th is growth is pr imar i1 y due to the in tr u
s ion of incompressible material into cracks and 
joints. In addition, concrete slabs may exhibit 
growth if the concrete contains reactive aqqregates. 
With regard to Figure 5, the concrete growth of 
about 350x10-' in/in in the 40-ft slab that con
tained a midslab joint was measured by a micrometer 
at the slab surface. Thus, the data of Figure 5 
represent slab growth of 350x10-• in/in at the 
slab surface. We agree that concrete placed in a 
highly moist environment will exhibit growth. This 
growth, as discussed by Friberg, is only about 
200xlo-' in/ in for concrete cured continuously at 
100 percent relative humidity from the time of 
casting up to a period of 20 years (lB,20). 

For a slab on grade, some growth due to moist 
conditions might be expected at the slab bottom. 
However, the slab surface would be expected to show 
drying shrinkage. Furthermore, this drying shrink
age at the slab surface is never fully recoverable 
under field conditions. This difference in moisture. 
content between slab top and bottom is illustrated 
in Figure 6. Therefore, we cannot accept the appli
cation of the data of Figure 5 without serious 
reservations" In one of the 10-year reports on six 
experimental projects undertaken during the 1940s, 
Paxson, in describing the results of the Oregon 
studies, stated that "there is apparently no slab 
growth in the sense of a swell of the concrete due 
to physical or chemical change in the concrete 
itself. There is some evidence that shrinkage has 
been taking place" (21). 

Similarly, results of the 10-year studies in 
other states indicate that, with few exceptions, all 
contraction joints experienced a gradual progressive 
increase in width durinq the first few years and 
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very little increase in residual opening thereafter 
(~). In a recent National Cooperative Highway 
Research Program (NCHRPl report on joint-related 
distress in portland cement concrete IPCCl pavement, 
it is stated that the pavement lengthens due to 
infiltration and accumulation of incompressibles in 
joints and notes that "there is no permanent in
crease in the length of individual slabs" (23). 
Therefore, there is no clear consensus regarding 
continual growth of concrete in pavement slabs. 

we do consider the effect of differential shrink
age on slab stresses. However, because of limited 
data, empirically derived values for warping re
straint stresses are used. 

The usual approach to thickness design of pre
stressed pavements is not to provide as much midslab 
prestress as possible. It is rather to provide a 
minimum level of prestress to ensure that any early 
cracks that may develop remain tightly closed. If a 
large midslab prestress is made available, then 
theoretically one could determine a design thickness 
of 4 to 5 in, However, balance must be maintained 
between theoretical calculations and practicability 
of construction. We do not object to use of higher 
prestressing levels but believe that higher pre
stress levels should be used to increase slab 
lengths or be used to provide an added factor of 
safety. Unless a satisfactory slab deformation 
response is assured, higher midslab prestress levels 
should not be used to result in significant slab 
thickness reductions. 

with regard to comments by Stanek on pavement 
thickness, it is obvious to us that Stanek has 
overlooked the fact that the paper does recommend 
use of slab thicknesses of 6 in for prestressed 
concrete pavements. However, we do not recommend 
the use of thicknesses less than 6 in for reasons 
<:1 iscus .<;e<:l in the paper ant'.l in th is closLire, Thu5, 
the use of 6-in slab thickness for the demonstration 
projects is not contradictory to the paper. Re
sponses to Stanek's specific comments follow. 

1. For the four designs presentea, tendons are 
placed about 0.5-1 in below slab middepth. Because 
of this steel location, the slab will retain better 
contact with the subgrade. This is an accepted 
practice and was followed on the Mississippi and 
Arizona demonstration projects (±.i,~l. 

2. We do not understand Stanek's 
fatigue considerations. Because traffic 
a pavement is of a repeated nature, the 

comment on 
loading on 
use of the 

fatigue considerations that we employed is general 
practice in pavement design. 

3. As discussed previously, we do not have 
objections to Ile.!~ of hiqher mids lab pres tress .. 
However, we do believe that pres tress is primarily 
used to ensure that early non-load-related cracking 
is minimized. 

As a point of interest, the calculated design 
midslab prestress for the Arizona demonstration 
project was 42 psi (25) . The measured mids lab 
prestress at the Missi;$ippi demonstration project 
immediately after final prestressinq was 60 psi for 
sections that incorporated two layers of polyethy
lene sheets under the slab (±.il • 

4. The thickness desiqn procedure does not use a 
linear temperature distribution for the slab as 
Stanek contends. As the discussion under tempera
ture effect verifies, the design procedure uses a 
nonlinear temperature distribution. In addition, 
curling restraint stresses are computed for differ
ent periods of the day. This ensures a more realis
tic consideration of curling restraint stresses. 

5. For the purpose of thickness design, the 
requirement for zero-maintenance pavements was that 
no load-associated cracking take place and that any 
early crackR remain tightly closed. 
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6. In the design procedure, ADT, axle load, and 
placement of axles are variables. The design ex
ample in the paper used the following vehicle param
eters: 

ADT (vehicles) = 6000, 
Percentage of trucks = 11, 
Percentage of directional distribution = 50, 
Percentage of trucks in design lane = 100, 
Mean axles per truck = 2.529, and 
Percentage of trucks at edge= 20. 

This results in 6 092 580 axles in the desiqn lane 
in 2 O years with 1 218 516 of these axles along the 
edge. This is a high level of truck axle loading 
and is equivalent to 22 000 ADT by using the vehicle 
parameters given elsewhere (11). As design engi
neers are aware, the number -0-f axle loads at the 
edge is a more significant number than the ADT valu~. 

7. The primary warrants for zero maintenance 
include reduced maintenance and user safety. These 
considerations are subjective and can only be estab
lished by each highway agency. However, the pre
stressed pavement design does ensure that a primary 
cause of maintenance activities, such as joint and 
crack-related distress, would be greatly minimized. 

B. The paper does not put a limit of 70 percent 
of ultimate strength on the prestressing force in 
the tendons. The design process is iterative and 
use of tendon force of 70 percent of ultimate 
strength is made for the first trial. In fact, for 
the B-in-thick design, although Table 1 shows trial 
calculations that use a 70 percent value, the final 
design value is 75 percent (26). 

For the Arizon~ demonstration project, a 75 
percent value was used. II.CI Building Code 318-77 
recommends use of a value of 70 percent after elas
tic shortening and anchorage slip losses have taken 
place but before time-dependent losses due to 
shrinkage, creep, and relaxation occur. 

9. Stanek's comment on the relaxation coeffi
cient for strands is not clear. As Table 1 indi
cates, losses due to steel relaxation are only 20 
and 23 psi for the 7- and 8-in-thick pavements, 
respectively. Also, steel stresses at midslab 
immediately after prestressing are about 84 and 78 
percent of that at slab ends for the 7- and 8-in
thick pavements, respectively. Steel stresses are 
not 59 and 55 percent as reported by Stanek. Reduc
tion in computed prestress loss due to relaxation by 
using a nonuniform stress along the length of the 
tendons would be negligible. 

10. As discussed previously, we do not recommend 
use of slab thicknesses less than 6 in. Thus, use 
of 6-in-thick prestressed slabs for low-volume and 
low-axle-weight loading is not contradictory to our 
presentation. 

As a guide, the following thicknesses as related 
to traffic may be considered for pavements without a 
tied shoulder: 

Truck Slab 
Traffic Thickness 
Level (in) 
Heavy 8 
Medium 7 
Light 6 

11. At the pavement edge, load tr ans fer is 
achieved by tieing the shoulder to the main slab by 
using deformed bars. The main slab and shoulder are 
placed in the same paving operation and prestressed 
at the same time. Thus, differential length changes 
would not occur. 

12. Use of slab thickness less than 6 in is not 
considered practical because of difficulties that 
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would be encountered during construction. In addi
tion, use by medium to heavy truck traffic would 
result in significant levels of deformation-based 
distress. Also, Morris (27) of the Arizona DOT has 
reported that, from a construction standpoint, it is 
not desirable to have a prestressed pavement less 
than 6 in thick. 

13. Stanek 's view on the subbase friction reduc
tion that can be achieved by using polyethylene 
sheets is not practical. Although laboratory tests 
on small specimens indicate lower values when using 
oil between two layers of polyethylene sheets, this 
method is not practical, is not used, and therefore 
cannot be recommended. 1'.lso, longer sections have 
differences in grade that result in larger fric
tional restraint values than those measured in the 
laboratory. The measured coefficient of subbase 
friction at the Mississippi demonstration project 
was about O .6 when two sheets of polyethylene were 
used (24). 

14.Prestress loss due to subbase friction is to 
account for frictional resistance encountered at the 
time of prestressing. It is not to account for the 
effect of decreasinq slab temperature. Thus, once a 
stable slab-to-subbase interface condition is 
reached, decreasinq temperature results in addi
tional loss of effective prestress at midslab. 
Similarly, increasing temperatures result in com
pressive bottom frictional restraint stress. 

The incorporation of frictional restraint stress 
due to the average slab temperature variation re
sults in a more conservative design. Tensile fr ic
tional restraint stress during decreasing tempera
tures is of more significance to design than com
pressive frictional restraint stress during increas
ing temperature. 

15. Cyclic seasonal changes do result in var ia
t ions in warping restraint stresses. In fact, the 
computer program does consider monthly variations of 
warping · restraint stresses. It should be noted, 
however, that during periods when the pavement 
surface is continually moist, warping restraint 
stresses may be lower due to smaller moisture dif
ferentials between the slab top and bottom. 

With regard to the effect of loss of support due 
to warping, Equations 1 and 3 were developed by 
using a finite-element computer program that in
cludes loss of support along the pavement edge. The 
net effect of loss of support is to increase traffic 
load associated stresses in the longitudinal direc
tion. 
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Comparison of Solutions for Stresses in Plain Jointed 
Portland Cement Concrete Pavements 

D. R. MacLEOD AND C. L. MONISMITH 

A number of existing models to compute the stresses in plain jointed port
land cement concrete (PCCI pavements due to traffic loads are examined, 
and those that show the most promise are recommended. Solutions ex
amined include (a) plate on dense-liquid subgrades, closed form and finite 
eiements; ib) plate on elastic solid, closed form and finite element; and 
(c) layered elastic system, closed form and finite element (two-dimensional 
and three-dimensional representations). Although the three-dimensional 
finite-element analysis for the layered elastic solid is probably the most 
representative of the methods examined, the associated computer costs 
preclude its use on a routine basis at this time. The study does show that 
a two-dimensional finite-element analysis for the same representation is 
suitable for determining load-associated stresses in plain jointed PCC pave
ments. Changes in the engineering properties of materials, climate varia
tions, and loading conditions can be accommodated. The maximum ten-
sile stress-the controlling factor in the fatigue life of PCC pavements-occurs 
near the edge of the PCC at the midslab position. A finite-element analysis, 
which allows for the consideration of the strengths of the cement-stabilized 
layer (not accounted for in a dense-liquid subgrade type of analysis), has 
demonstrated that the stiffness of the cement-stabilized layer has an im
portant effect on the fatigue life of PCC pavements. This analysis has 
indicated that different cracking-behavior patterns can be identified with 
different stabilized layer stiffnesses. A detailed traffic analysis, with 
allowances for thermal stresses and material variabilities, has indicated 
that there is a common fatigue relation for PCC pavements when the 
failure criteria Nr = 225 000 (MR/a)4 is used. 

It has long been recognized that cracking in port
land cement concrete (PCCJ pavements cannot be re
lated to traffic alone, but such factors as climate, 
pavement material stiffnesses, strengths, and thick
nesses are significant in establishing pavement be
havior as well. To date, mechanistic models have 
not been able to deal satisfactorily with these fac
tors. This paper examines some of the existing 
models that have been used to analyze the develop
ment of load-associated cracking in plain jointed 
PCC pavements. Based on these analyses, those rep
resentations that have promise are recommended for 
use, recognizing that a satisfactory predictive 
model for PCC pavement cracking should 

1. Predict the location, type, and severity of 
dis tress; 

2. Be adaptable to various climatic conditions; 
3. Allow for changes in the engineering proper

ties of materials (in particular, the model should 
realistically reflect the influence of various sta
bilized subbases on performance) ; 

4. Allow for changes in loading conditions (this 
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Table 1. Transverse and longitudinal first-stage cracking patterns for pave· 
rnents with 8·in concrete layers, San Francisco Bay area. 

Transverse 
Route No. Cracking(%) 

Longitudinal 
Cracking (%) 

CTS designs 
US-101, Marin and Sonoma Counties 97 
1-80, Alameda and Contra Costa Counties 90 
CA-17, Santa Clara and Alameda Counties 84 

CTB designs 
US-I 01, Marin and Sonoma Counties 40 
1-680, Alameda and Contra Costa Counties 52 

Figure 1. Load position and traffic distribution. 

rz' 
Tronsvers11 

.Join I 

3 
10 
16 

60 
48 

Wtdlh, 
fl 

~~~~12 

is particularly important in evaluating changes in 
legal axle-load limits); and 

5. Permit a rational approach for the design of 
overlays for PCC pavements. 

LOCATION AND TYPE OF DISTRESS 

For a plain jointed PCC pavement, the initial crack 
(first-stage crack) may be a transverse crack across 
the middle of the slab or it may be a longitudinal 
crack that initiates at the transverse joint and 
propagates in the direction of traffic. 

Darter (.!) has reported that, based on study of 
pavements in the American Association of State High
way Officials (AASHO) Test Road and the Michigan 
Test Road, longitudinal cracking occurred in PCC 
pavements less than about 8 in in thickness and that 
transverse cracking occurred in pavements thicker 
than 8 in. 

An analysis of pavements with 8-in-thick concrete 
layers in the San Francisco Bay area (~) indicated 
that cracking patterns were dependent on the 
strength of the cement-stabilized base directly 
underneath the PCC layer. Two different materials 
were used: one a cement-treated subgrade (CTS) and 
the other a cement-treated base (CTB) , with CTS 
being weaker than CTB. The data given in Table 1 
indicate that pavements that contain CTS cracked 
transversely at midslab, while pavements with CTB 
exhibited considerably more longitudinal cracking. 
These longitudinal cracks generally started in the 
inner wheel path of the outer lane at the transverse 
joint and progressed away from the joint until the 
slab was completely cracked. 

For concrete slab design, a number of locations 
have been considered for determination of stress. 
Four such locations are shown in Figure 1 (3). 

For case I, stresses at the transverse -joint be
tween two adjacent slabs are determined. This loca
tion is used as the critical location in both the 
Portland Cement Association (PCA) (3) and the Cali
fornia Department of Transportatioil (Caltrans) (4) 
design procedures. For this situation, the maximum 
flexural stress is assumed to occur at the underside 
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of the slabs and to act parallel to the transverse 
joint; this would lead to longitudinal cracking in 
the wheel path that initiated at the transverse 
joint edge. 

Cases II and III assume that the maximum stress 
occurs at the pavement lateral edge at midslab 
length. For both of these cases, Darter (.!) con
cluded from a finite-element analysis that the high
est stresses were perpendicular to the transverse 
joint (i.e., parallel to the longitudinal slab edge) 
and decreased as the load moved inward. These 
stresses would lead to transverse cracking in the 
midpanel position. Distribution of the wheel load 
across the lane (Figure 1) indicates that case III 
is probably more critical, since case II occurs only 
infrequently. 

Case IV (corner loading) occurs when the load is 
located near the transverse and longitudinal 
joints. This has been neglected in some previous 
studies because of difficulties in the three
dimensional analysis and the fact that corner crack
ing is not as common as the longitudinal and trans
verse cracking for highway-type loading. 

STRESS-ANALYSIS PROCEDURES 

A number of different procedures are available to 
estimate stresses and deformations in systems rep
resentative of concrete pavement structures. This 
section briefly summarizes the available method
ology, including the procedure selected for this 
investigation. 

Elastic Plate on Dense Liquid Subgrade 

Closed-form solutions have been developed for load 
stresses by Westergaard (~-~) and for temperature
induced stresses by Westergaard (9) and Bradbury 
C.!Q). Influence charts presented by-Pickett and Ray 
( 11) for the load stresses for multiple wheels at 
v~ious locations in the slab area have been used by 
PCA (3) and by Caltrans (4), for example, to select 
slab thicknesses to mitigate fatigue from repetitive 
traffic loadings for a range in axle loads and for 
single and tandem axles. 

For airfield pavements, PCA (12) and the U.S. 
Army Corps of Engineers Waterways Experiment Station 
(USACE-WES) (13) have developed computer solutions 
for this pavement representation to ascertain 
stresses (PCA-interior, USACE-WES-edge) for a range 
in aircraft loads and gear configurations. These 
programs are currently used for design purposes. 

A discrete-element model based on a finite
difference solution (14) has been developed to 
analyze concrete slabs. The method considers the 
concrete to be an assemblage of joints, rigid bars, 
and torsional bars. This analysis is available as a 
computer program (15). 

More recently, finite-element solutions have been 
developed that can reflect different load-transfer 
conditions at joints and partial contact between the 
slab and the dense liquid subgrade (16,17). Com
puter solutions such as WESLIQUID (18) for stress 
analysis and JCP (.!) for analysis-Of cumulative 
damage effects are examples of the methodology. 

A major limitation of this pavement representa
tion is that stresses in the materials underlying 
the concrete cannot be determined. Moreover, it is 
difficult to assess the influence of the change in 
stiffness characteristics of materials such as CTB 
on the response of the concrete to loading. 

Elastic Plate on Elastic Foundations 

Several solutions have been developed over the years 
in which the pavement is represented as an elastic 
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plate resting on an elastic solid [e.g., Hogg (19), 
Holl ( 20) , Pickett and Ray ( 11)] or on a layered 
elastiC- solid. The finite-element procedure has 
also been adapted for solution of these situations 
[Wang and others (~,~) and Huang (3il] and com
puter solutions are available [e.g., WESLAYER (lB)]. 

Multilayer Elastic Systems 

Asphalt concrete pavements have been represented as 
multilayered elastic solids, and a number of com
puter programs have been developed to estimate 
stresses and deformations in such systems, e.g., 
ELSYM (24), BISAR (25), and CHEVRON, which was de
velopedby H. Warren and W.L. Deickmann in their 
unpublished report, Numerical Computation of 
Stresses and Strains in a Multiple-Layer Asphalt 
Pavement System, which was written for the Chevron 
Research Corporation in 1963. 

Recently, the U.S. Army Corps of Engineers has 
developP.d a procedure for concrete pavement design 
for airfield pavements in which the pavement is 
expressed as a_ multilayer elastic solid with full 
continuity at each of the interfaces (26). This 
procedure has some disadvantages in that the slab is 
assumed to be infinite in extent in the horizontal 
plane. Stresses at the edges have to be increased 
ovpr thm1P th11t nccnr in the interinr (the computeil 
stresses) for this analysis procedure. 

The finite-element method has some advantage in 
analyzing this representation in that it has the 
capability to consider the three-dimensional conf ig
urations of concrete slabs. Also, as will be seen, 
some simplifications can be made to reduce the com
putational costs associated with finite-element 
analyses. 

Two-Dimenoional Finite-Element Models 

The applicability of the finite-element solution to 
pavement problems has been demonstrated in recent 
years (~-lQ_). Two systems have been used: one an 
axisymmetric configuration [Figure 2 (27)] and the 
other a plane strain formulation (Figure-"'3). 

As with the conventional solutions for multilayer 
elastic systems (e.g., BISAR, ELSYM), the axisym
metric solution is limited, for concrete pavements, 
to the interior loading condition. The plain strain 
formulations can be made applicable to determine 
interior and edge stresses but cannot evaluate 
corner stresses. An indirect procedure is required 
in that the interior strip load required to give the 
same interior stress, as found by axisymmetr ic or 
elastic-layer solutions, is determined by trial. 
This equivalent strip load is then used to calculate 
edge stresses. Solid SAP (11.l and ANSR (~) are 
representative examples o f avai l able c omput e r solu
tions for two-dimensional problems. 

Three-Dimensional Finite-Element Models 

One approach to modeling three-dimensional slab con
figurations is that presented by Wilson and 
Pretorius (ll_). It employs a prismatic space finite
element method. The approach is essentially two
dimensional, with the third dimension introduced 
into the idealization by expressing the load as a 
Fourier series in this direction. This configura
tion permits determinat ion of edge but not corner 
stresses. 

The most general method available is the eight
node-br ick three-dimensional program (three-dimen
sional version of Solid SAP). This program permits 
determination of interior, edge, and corner load
ings. It can also accumulate changes in material 
properties in both the horizontal and the vertical 
directions. 
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FINITE-ELEMENT ANALYSES WITH LAYERED 
ELASTIC SOLID FOUNDATION 

Of the analysis methods presented, it was concluded 
that the finite-element procedure in which the 
underlying materials are represented as layered 
elastic solids would be the most appropriate to 
study the plain jointed concrete pavements used in 
California. 

For this purpose, the Solid SAP three-dimensional 
program was selected for initial studies. However, 
time and memory requirements required program modi
fications. The modifications (~) are based on a 
procedure used by Otte (_l!) • Symmetry in the x and 
y directions was usedi the concrete slab was divided 
into four segments, each with a load of P/4 (Figure 
4). Superposition of the effects of the fine loads 
provides the solution. Even with these modifica
tions, the program was very costly to run and re
quired 140 K core memory and central processor time 
of BODO s on a cnr. 6400 computer. 

Figure 5 is a schematic diagram of the loading 
used. Axle loads of lB 000 lb were used with axle 
spacings of 7 ft to simulate the princ iple o f t a ndem 
axles (in California a 4-ft spacing is more common, 
but the 7-ft spacing permits the comparison of mid
slab loading and loading at the transverse joint in 
the same computer analyses) . 

Two pavement sections on US-101 in the Petaluma 
area north of San Francisco were analyzed. Each was 

Figure 2. Finite-element idealization of a cylinder. 
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Figure 3. Finite-element idealization of plain strain conditions. 
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typical of CTS or CTB constructions. Table 2 con
tains a summary of material properties determined 
from laboratory tests on recovered samples and from 
an analysis of construction records. Note that the 
stiffness characteristics of CTB are about three 
times that of CTS. 

Figures 6, 7, and 8 are plots of Sxx• Syy• 
and the maximum pr incipal stresses for the Petaluma 
site (pavement with CTS) that used the three-dimen
sional analysis and assumed no load transfer at the 
joint. Figure 8 indicates that the maximum stress 
occurs at the midslab edge, where the principal 
stress is approximately 10 percent higher than the 
midslab interior stress. These stresses are larger 
than the corner stresses and significantly larger 

Figure 4. Axisymmetric and asymmetric loading conditions. 
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Petaluma test section. 

Horizon/a/ Rollers 
Hod.(O/liall-----::J 

Rollers ~CASE A 

+ 
Verl1co/ Rollers 

lhrm•?lolr-;J CASE B 
Rollers ~ 

+ 
Honzontol Rollers 

Vertkol~ 
Rollers ~C4SE C 

+ 
Ver lie a/ Rollers 

Vetlicol~CASE 0 
Rollers~ 

\ 
r'--._ 

'zooX - -~n 
&60 ~-

X 9000/b Load 

Slob 
Edqe 

....___. 

r--'-.... 

""' 
" i-.;,.,,,. ./ 
v l;A70 ,._..... 

_/ 

~ 
~ 

........ ,___, .... 
11' )a? 

~r --....._ 
__, J"V'I 

I 

'-50 

\ 

"" v 

-~n 

.--.......... 
~100 !'-... 

) 

. 

25 

than the stresses at the interior wheel at the 
transverse joint. 

It is of interest to note that the Sxx stresses 
are larger than the Syy stresses for the loads 
located at midslab, which indicates that transverse 
cracking in the midslab length should be the failure 
mode. This confirms the observed failure pattern. 

Figures 9, 10, and 11 indicate that the Windsor 
site (pavement with CTB) exhibits much the same 
stress-distribution patterns, but the stresses are 
significantly lower in magnitude. Principal 
stresses at the midslab edge are about 215 psi ver
sus 325 psi at Petaluma. Again, the relative magni
tude of the stresses suggests that transverse crack
ing should be the failure mode. However, the 
largest value of Sxx (180 psi) is only slightly 
higher than Syy (170 psi). Accordingly, it is 
possible that, with some load transfer occurring at 

Figure 5. Load positions and stresses considered in fatigue analysis. 
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Table 2. Stiffness moduli and layer thicknesses of pavement components. 

Stiffness Modulus (psi) Layer Thickness (in) 
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Figure 7. Svv stresses on underside of PCC, 
Petaluma test section. 
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Figure 10. Syy stresses on underside of PCC, 
Windsor test section. 
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Figure 11. Principal stresses on underside of PCC, 
Windsor test section. 
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the joints, longitudinal rather than transverse 
cracking could be obtained and may assist in ex
plaining the observed behavior of more frequent 
longitudinal cracking with the CTB-type pavements. 

The major significance of the three-dimensional 
analysis is the fact that, in both cases, the maxi
mum principal stresses occur for the midslab loading 
condition. This suggests that slab response can be 
analyzed by a simpler two-dimensional finite-element 
idealization along the y-y axis. Such a situation 
is representative of stresses caused by an axle at 
the midslab loading condition or at the transverse 
joint if full interlock is assumed. 

Figure 12 is a schematic diagram of the condi
tions used for the analyses. Because the two-dimen
sional model uses a strip load rather than the cir
cular or rectangular loadings employed by the other 
solutions, it was required to calibrate the solution 
for the strip load with those obtained for other 
solutions for the interior loading case where all 
solutions can be considered equivalent. This was 
done by adjusting the strip load until it resulted 
in the same principal stress on the underside of the 
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Figure 13. Stress distribution for CTB site. 
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Figure 14. Stress distribution for CTS site. 
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concrete as predicted by the other solutions. 
Figures 13 and 14 show the three-dimensional 

stress distribution and corresponding two-c'limen
sional and ELSYM 5 solutions for the CTB and CTS 
sites. The strip loading of 66 lb/in agrees with 
the three-dimensional solution, while a str ip l oad
ing of 27 lb/in more closely matches the ELSYM 5 
solution. 

The difference is considerable; the ELSYM 5 solu
tion results in interior stresses of 140 psi while 
the three-dimensional analysis indicates stresses of 
325 psi. There is also a considerable divergence 
between the three-dimensional and two-dimensional 
solutions between the loaded wheels. This is not 
surprising, since previous work with the Solid SAP 
three-dimensional program (31) indicated that there 
would be a divergence at l~er stresses due to the 
boundary conditions used. That study indicated, 
however, that when the stresses were higher, the 
differences in the calculated stresses would be 
minimal. 

The divergence between the elastic-laye1 solution 
was judged significant enough to justify a compari
son of estimated stresses by using other procedures 
[Pickett and Ray (11) influence charts, and the Cal
trans (_!) method] (k in the range 250 to 300 
lb/in') . The computed values are shown in Figures 
13 and 14. For the CTB site (Figure 13), the agree
ment between three-dimensional Solid SAP, Pickett 

Figure 15. Analysis of pavement components. 
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and Ray, and the PCA method is reasonable, but the 
elastic-layer solutions (ELSYM and BISAR) indicate 
much lower stresses. 

There is less agreement between solutions for the 
CTS site, but this is expected, since solutions 
other than the finite element and elastic layer can
not adequately handle variations in the CTS 
strength. Comparisons of all solutions indicate 
that the stresses based on the elastic-layer solu
tions are too low. Consequently, the t wo-d imen
sional strip loadings were adjusted to match the 
three-dimensional analysis that is believed to be 
the most accurate. The difference between the 
elastic-layer solutions (ELSYM 5 and BISAR) and the 
other solutions remains to be explained. 

Results of the two-dimensional finite-element 
study are summarized in Figure 15 (low value indi-
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cates the 10th decile and high values indicate the 
90th decile for the stiffness characteristics of the 
materials analyzed). The steeper the slope of the 
line in Figure 15, the greater the influence of the 
parameter on the fatigue life of the pavement. 
(This is based on the assumption that the horizontal 
principal stress on the underside of the PCC layer 
is a determinant of fatigue life.) 

Figure 15 indicates that the moduli of the aggre
gate subbase (ASB) and the subgrade (as well as 
Poisson's ratio) of these layers have a limited 
direct influence on the fatigue behavior of the con
crete pavement. This is not surpr1s1ng, since 
existing design procedures (PCA) have indicated that 
pavement performance is not changed significantly 
for minor changes of the modulus of subgrade reac
tion (k). However, the behavior of the pavement is 
influenced by the quality of these materials in 
other than fatigue distress. The better the quality 
of materials, the better the resistance to pumping, 
settlement, frost damage, and volume change. This 
figure does indicate, however, that the expected 
variations in the CTB have dramatic effects on the 
performance of the stress level in the concrete 
layer above it. The results do not imply that the 
absolute strength of the CTB is more important than 
the absolute strength of the PCC; it simply indi
cates that the variations in the strength of CTB 
that result from a more loosely controlled construc
tion procedure (road mix and acceptance of a wider 
range of materials) are more significant than the 
smaller variations in strength of the PCC, which is 
a more carefully controlled product. 

APPLICABILITY OF ANALYSIS TO PREDICT IN-SERVICE 
PERFORMANCE 

To assess the efficacy of this analysis procedure, 
it was used to predict the performance, as measured 
by cracking, for both the Windsor and Petaluma sec
tions. In order to do this, it is necessary to sim
ulate the in s i tu condit i ons for a range of environ
mental conditions. In the northern California area 
in which the pavements are located, the winters are 
wet and the summers dry. This results in different 
stiffness moduli for both the untreated subbase and 
subgrade soils during the year. Table 2 lists rep
resentative values for summer and winter conditions. 

Daily and monthly variations in temperatures can 
lead to thermal stresses in the PCC and stabilized 
bases. When the s~rface of the PCC is hot and the 
underside is cooler, this thermal gradient creates 
tensile stresses on the underside of the PCC. These 
combine with the load stresses and produce combined 
tensile stresses on the underside of the pavement. 
They have a detrimental effect during the hot days 
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and a beneficial effect during the cooler nights . 
Thermal stresses ~an be calculated by using 

finite-element techniques; however, this study re
quired a more detailed procedure. From weather 
records, the temperature gradients across the slabs 
were calculated by using a procedure suggested by 
Barber <12> • The thermal stresses were then deter
mined by the procedure developed by Bradbury (10). 

Truck traffic was estimated by the axle-group 
from Caltrans traffic data. This information was 
further divided into axle weights by using W-4 
tables compiled at the weigh stations within the 
study sections. These data were then classified 
into five subgroups that represented temperature 
conditions for noon, midnight, early morning, early 
evening, and the remaining transition periods. 
Changes in traffic distribution from month to month 
were also calculated so that the number of vehicles 
(nf) with a given axle weight that had traveled on 
the particular section of highway could be calcu
lated for each of the applicable thermal conditions. 

Because cracking in the PCC is attributable to 
fatigue, it was necessary to select an appropriate 
fatigue criterion for the concrete. The relation 
finally used was that developed by Vesic and Saxena 
(~): 

Nr = 225 000 (MR/u)4 (I) 

where 

Nf number of load applications to failure at 
stress level o, 

MR modulus of rupture of concrete, and 
a tensile stress from traffic load. 

Load stresses were combined with the calculated 
thermal stresses to determine the allowable number 
of repetitions (Nil associated with Equation 1. 
In this instance, since the load stresses are fluc
tuating and the thermal stresses are constant, it 
was necessary to use a modified Goodman diagram (30) 
to determine the allowable number of load repeti
tions (Ni). Summi ng the ratios of ni/Ni for 
the various subgrade and temperature conditions pro
vides, according to the linear summation of cycle 
ratios, an indication of the potential for fatigue 
cracking. The summation should approach unity at 
failure. 

Figure 16 summarizes the cracking data for vari
ous segments of the Windsor and Petaluma sections 
plotted versus ni/Ni• Note that the procedure 
is valid for sections that contain both types of 
cement-stabilized materials. 

The same procedure was applied to an additional 
1200 lane mi les of freeway in various climatic re-

Figure 16. Percentage of total cracking versus n/N, US-101 : Marin and 100•.---.--.--.-~~~---..-~--..~~--~-.-~-.-m~.,._~--..--..~ 
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gions of California. The additional analyses sup
ported the validity of the approach <l!.l • 

Thus, it would appear that the finite-element 
procedure, which uses a layered elastic solid rather 
than the dense liquid subgrade idealization as a 
representation of the foundation for the PCC, per
mits a realistic assessment to be made of the in
fluence of properties of the cement-stabilized layer 
on cracking performance of the concrete. 

As an additional consideration, such a procedure 
is sufficiently general to permit it to be applied 
to the design of overlays for plain jointed pave
ments. If the existing concrete slab is not 
cracked, the thickness of the additional overlay can 
be determined so that the reduced strains in the 
existing concrete that result from the overlay will 
use up the remaining life, which is obtained by sub
tracting from unity the sum of the ni/Ni's ap
plied to the time of the overlay. 

The finite-element procedure can also be used to 
examine the development of reflection cracking in 
the overlay and the use of various treatments to 
mitigate this phenomenon (38). 

CONCLUSIONS 

From the material presented in the paper, a few con
clusions appear warranted for plain jointed PCC 
pavements: 

1. A two-dimensional finite-element analysis 
that uses a layered elastic solid rather than a 
dense liquid subgrade as the idealization of the 
underlying materials for the concrete layer is suit
able for the analysis of the fatigue response. 
Changes in (a) engineering properties of the founda
tion materials, (b) loading conditions, and (c) 
temperat.ure variations can be accommodated. 

2. The maximum tensile stress, which is the con
trolling factor on the fatigue life of this type of 
pavement, occurs near the edge at the midslab posi
tion for the representative highway load configura
tions examined in the investigation. 

3. The finite-element analysis, which permits 
consideration of different. stiffness characteristics 
of the cement-stabilized layer, has demonstrated 
that the strength of this layer has a significant 
influence on the fatigue life of the concrete 
layer. This analysis has also indicated that dif
ferent cracking patterns can be identified with dif
ferent stiffnesses in the cement-stabilized layer. 

4. The fatigue relation presented by Ve sic and 
Saxena (36) appears to reasonably predict the crack
ing performance of th'l:! concrete when due considera
tion is given to the influence of thermal stresses, 
material variabilities, and traffic repetitions. 
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Structural Performance Model and Overlay Design Method 
for Asphalt Concrete Pavements 

A. A. A. MOLENAAR AND CH. A. P. M. VAN GURP 

The development of a structural performance model for flexible pavements is 
described. This model consists of a set of probability-of-survival curves in 
which the structural deterioration of pavement structures, which are charac
terized with their equivalent layer thickness, is given with respect to the 
number of load repetitions. The equivalent layer thickness is calculated ac
cording to Odemark's theory. It is shown that the equivalent layer thickness 
and the survival rate of the pavement can be determined by means of deflec
tion measurements. Furthermore, it is shown how an in situ asphalt concrete 
fatigue relation can be derived for the construction considered. An overlay 
design chart based on the equivalent layer thickness concept is given, and an 
example of how the developed techniques are used for the overlay design of 
asphalt pavements is presented. 

Because the economic recession is restricting the 
available pavement maintenance and rehabilitation 
budget, an optimal allocation of this budget for 
maintenance projects becomes more and more impor
tant. It is obvious that, in this situation, engi
neering judgment alone is not enough to solve over
lay design and budget-allocation problems. More 
emphasis is therefore placed on the so-called ra
tional methods. 

This paper describes the efforts of the Labora
tory for Road and Railroad Research, Delft Univer-

sity of Technology, on the development of structural 
performance and overlay design methods. These models 
are based on deflection measurements that were 
carried out on several road sections over a three
year period and on a theoretical analysis of three 
layer pavement systems. An example illustrates the 
use of these models. 

STRUCTURAL PERFORMANCE MODEL: THEORETICAL ANALYSIS 

Ninety-three layer structures were analyzed with the 
BISAR computer program to derive relations between 
the equivalent layer thickness lhel and the maxi
mum strain in the asphalt layer or the vertical 
compressive strain at the top of the subgrade (_!). 

The equivalent layer thickness is defined as follows: 

where 

he equivalent layer thickness (m) , 
hi thickness of layer i (m), 

(!) 
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Ei elastic modulus of layer i (N/ m2 ), and 
E3 elastic modulus of the subgrade (N/m 2 ). 

The geometry of the loading system used in the 
analysis is shown in Figure 1. The results of this 
analysis are presented in Figure 2. The equivalent 
layer thickness was used as an independent variable 
because it is a simple way t o describe the bearing 
capacity of pavement structures. The equivalent
layer-thickness concept was originally developed by 
Odemark ( 2) and has been successfully used by Jung 
and Phang - (.;!) in the assessment of subgrade deflec
tion. 

Figure 1. Geometry of loading system. 
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From the relation given in Figure 2 and appropri
ate fatigue relations for the asphalt mix and the 
subgrade considered, relations between the equiva
lent layer thickness and the pavement life expressed 
as the number of equivalent 100-kN axles could be 
developed. An example is given in Figure 3 . Figure 
3a shows the equivalent layer thickness versus 
asphalt strain relation, while Figure 3b shows the 
fatigue relation for a gravel-sand asphalt mix. 
Combining Figures 3a and 3b results in Figure 3c, 
which gives the relation between the equivalent 
layer thickness and the pavement life based on the 
asphalt strain criteria. The same procedure is 
followed to derive relations between the equivalent 
layer thickness and the pavement life based on the 
subgrade strain criteria (Figures 3d, 3e, and 3f). 

Finally, the combination of Figure 3c and Figure 
3f results in Figure 3g, which shows the overall 
relation between equivalent layer thickness and 
pavement life. Figure 3g can be used for pavement 
design purposes, which means that an equivalent 
layer thickness can be selected if the design number 
of load applications is known. The equivalent layer 
thickness determined in this way can then be split 
up in layer thicknesses and layer moduli by using 
Equation 1. In fact, alternative designs can be 
made very easily by using the procedure described 
here. 

It should be noted that the pavement life deter
mined from Figure 3g is the mean pavement life 
because it is based on the mean value of material 
properties, layer thicknesses, and strains. The 
llll!dll piiVl!ment life means that the design has a 
reliability of 50 percent. 

By taking into account the variability of layer 
thicknesses and material properties, survival curves 
have been derived from design charts as given in 
Figure 3. ThesP. i;nrviv;il cnrv"'B r:Jive the prob
ability of survival of a give n design (he) in 
relation to the number of load applications. An 
example of such a survival curve is given in Figure 
4. 

The way in which these probability-of-survival 
curves were derived is fully described elsewhere 
<l>· However, for the sake of completeness it will 
be repeated here. 

First, the variance of the equivalent layer 
thickness was assessed from the following equation: 

L - 1 L 

s~e = i~' (IH/oh;)2 s~i + J1 (Of/o Ei)
2 

s i ; Cl) 

where 

_2 
var i anc e of l ayer tn i clmes s i , " hi 

s2 
Ei 

varianc e of the elastic modulus of l aye r i, 

L number of layer s , 

f = 0.9 E h ~E7i-, and 
i=l i i s 

Es elastic modulus of the subgrade. 

Next, s2 was calculat ed from 
log E 

Stag < = d2 Stag he + S[o.r. (he - <J (3) 

where 

s2 variance of the estimated 
log E strain, 

d• slope of the equivalent layer 
thickness versus strain rel a-
tion, and 
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s2 
l.o.f. (he - £) 

variance due to lack of lit 

of the equivalent layer thick
ness versus strain relation. 

Finally, s2 was calculated from 
log N 

(4) 

where 
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s2 
log N 

variance of the estimated number 
of load repetitions to failure, 

b 2 • slope of the used fatigue re-
lation, and 

s2 = variance due to lack of lit of 
l.o.f. (N - £) the strain versus number of 

repetitions to failure relation 
(fatigue relation). 

Figure 3. Pavement design curves. -4.-~~~~.....-~~~~~~~~~~ 
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The number of load repetitions to a certain level 
of reliability (Np) can now be calculated from 

(5) 

where N is the number of load repetitions that have 
all variables set at their mean value and Up is 
the value taken from the normal tables that cor
responds with the desired confidence level P. Figure 
4 is derived by using an S1og N value of 0.4. 

From the foregoing, it will be clear that any 
value for Slog N can be used by knowing the varia
tions in layer thicknesses and material properties. 

Figure 4. Probability-of-survival curves for a given set of equivalent layer 
thicknesses. 

Figure 5. Basic set of survival curves. 
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Because the shape of the survival curves depends on 
the material properties and their variations, a 
basic set of survival curves was derived, which is 
shown in Figure 5. Figure 5 was derived simply by 
using different values for Slog N in Equation 5. 
Now the probability of survival ls given as a func
tion of the ratio of applied number of load applica
tions to allowable number of load applications and 
Slog N• 

Later it will be shown how a value for S10 N 
can be determined from deflection measurements. Tgen 
it will be shown how Figure 5 will be used for 
residual life assessment. 

ASSESSMENT OF EQUIVALENT LAYER THICKNESS FROM 
DEFLECTION MEASUREMENTS 

Deflection measurements in this study were taken by 
means of a falling-weight deflectometer. The basic 
principle of this device is shown in Figure 6. From 
BISAR calculations, the following relation could be 
derived between the surface curvature index measured 
with the falling-weight device anil the eql1ivalent 
layer thickness: 

logh,, = -1.117 - 0.486 log E3 - (0.556 - 0.021 log E3 ) log (2lxl0·6 

+ 0.6 SCI) (6) 

where SCI is the surface curvature index measured 
with a falling-weight deflectometer (P = 50 kN, t = 
0. 02 s) (m) , and EJ is the elastic modulus of the 
subgrade (MN/m 2 ). 

The elastic modulus of the subgrade can be as
sessed directly from the deflection measured 2 m 
from the loading center with the following equation: 

log E3 = 3.869 - l .009 log 6 2 (7) 

where l'l2 is the deflection measured at 2 m from 
the loading center (P = 50 kN, t = 0.02 s). 

Temperature corrections should be applied on the 
calculated he in order to get the he at the 
reference temperature of 11°C. This temperature was 
selected as the reference temperature because it is 
the weighted mean annual air temperature of 11°C for 
Dutch conditions (4). It has been shown elsewhere 
<2l that the temp;rature correction should be ap
plied in the following way: 

het"=ii •c= het-(ll-t)·0.014 (8) 

where 

and t is the air temperature at the measurements. 

The temperature-corrected h is calculated 
et=ll°C 

with the following equation: 

(10) 

OBSERVED STRUCTURAL PERFORMANCE 

By using the techniques described in the previous 
sections, the decrease of the he in time was 
determined for a number of road sections by means of 
deflection measurements that were carried out over a 
three-year period. Because extensive measurements 
during and after completion of the construction were 
carried out by others on a couple of sections !.§.>, 
the decrease of the he from the opening of those 
sections to traffic could be determined. An example 
of such a deterioration curve is given in Figure 7a. 
Figure 7b gives the same deterioration curve, but 
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Figure 7 . Decrease of h8 with respect to (a) time (years) and (b) number of 
load applications. 

Figure 8. Decrease of K with respect to ratio n/N and (3. 
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now with respect to the number of equivalent 100-kN 
single axles that have passed the section consid
ered. For almost all of the sections that were 
studied, a comparable decrease of he was observed. 
On some sections, the expected decrease of he 
could not be determined. 

The decrease of he with respect to the ratio 
n/N (Figure 7b) can be written as follows: 

K: = 1/(1 + expWlog n/N)] (I 1) 

whe r e 
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h equ i valent layer thickness after n load 
en 

applications, 
h equivalent layer thickness at the beginning 
eo 

of the pavement life (n = 0), and 

a a constant. 

A graphical representation of Equation 11 is 
shown in Figure B. If one compares Figure B (ob
served structural deterioration) with Figure 5 
(theoretically derived structural deterioration), 
one notices the striking resemblance. Therefore, it 
is concluded that K (Figure 8) and P (Figure 5) are 
exchangeable with each other and that P can be 
determined by means of deflection measurements. 
Furthermore, it is concluded that a proper value of 
Slog N can be determined for each construction 
from a c ompa rison of a and s 10g N with each 
other (compare Figures 8 and 5). If the he is 
known for at least two values of n, a can be 
determined by means of regression techniques. 

From our study, we concluded that a (and so 
Slog N) is dependent on the type of construction. 
For rather rigid constructions (i.e., constructions 
with a c eme n t-stabil ized base ), Sl o g N i s about 
O. 3. For full-depth asphalt construc tio ns slog N 
is about 0. 4, a nd for co ns tructions with an unbound 
granular base Slog N is about 0 . 6. Next we will 
show how one or ttie other is used in the assessment 
of the residual life of pavement structures. 

RESIDUAL LIFE ASSESSMENT 

For reasons of costs and time, it will not be possi
ble to perform regular deflection measurements in 
order to follow the decrease of he in time. These 
measurements are mostly taken at the moment when one 
expects that an overlay should be applied on the 
construction considered. In order to be able to 
make a proper estimation of K, it is therefore 
recommended to perform deflection measurements in 
the wheel tracks and between the wheel tracks. The 
value of he calculated from the measurements 
between the wheel tracks is thought to be a 
reasonable estimate for h , since this part of the 

eo 

structure is hardly subjected to traffic loading • 
Furthermore , a value for s 1og N can be selected 

from the type of construction (see previous sec
tion). Knowing K and Slog N• the c o rresponding 
value for the ratio n/N can be deter mi ne<;! (Figure 
9), and the pavement life N can be calcu~ated if the 
applied number of load applications n is known. The 
residual life, which is defined as N - n, can then 
easily be calculated. Once again it should be noted 
that the ratio n/N ~ 1 corresponds to the mean 
pavement life and that ratios greater than 1 can 
occur. 

OVERLAY DESIGN 

In order to be able to make life predictions for a 
strengthened construction, one should know the 
fatigue behavior of the asphalt materials used in 
the existing construction. Normally, laboratory-de
termined fatigue relations are used, which are 
corrected for beneficial effects as rest periods, 
etc. It is believed, however, that the fatigue 
behavior in situ can be very different from labora
tory-determined fatigue behavior. Therefore, it is 
suggested that for each construction considered, an 
in situ fatigue relation should be determined. This 
is done in the following way. 

From the h , which is determined according to the 
eo 

procedure outlined in the previous section, the 
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initial maximum tensile strain in the asphalt layer 
is determined by using Figure 2. Because the pave
ment life N can also be calculated (see previous 
section) , the combination of the calculated £ and 
N will result in a point in the fatigue diagram 
(Figure 10) • 

To get a fatigue relation, a line with a slope of 
-4 is drawn through this fatigue point (Figure 10) . 
A value of -4 is selected for the slope of the 
fatigue line because it is a reasonable value com
pared with slope values for in situ fatigue rela
tions reported elsewhere (2,~). This fatigue rela
tion, determined in the above-described way, is used 
to predict the pavement life N for lower values of 
£ (i.e., higher values of he>· An example of 
the process described above is given next. 

Figure 10. Determination of an in situ fatigue relation . 
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From a construction that cons ists of a 100-mm
thick asphalt layer on a 350-nun unbound granular 
base layer, the ratio of he in the wheel tracks to 
he between the wheel tracks is determined to be 
0.6. Because the construction consists of a rather 
thick unbound base layer , the value of Slog N is 
set at 0. 6. From Figure lla it is determined that 
the ratio n/N is 0.7. Because the number of equiva
lent 100-kN single axles that have loaded the con
struction (n) equals 2. lxl0 5 , the allowable number 
of equivalent 100-kN single axles is 3xl0 5 • 

The equivalent layer thickness between the whee"! 
tracks is 1000 mm; from Figure llb it was determined 
that the initial tensile strain ( £i) is 
7.3xlo-•. The combination of the calculated 
Ei and N resulted in the fatigue relation for 
the construction considered, which is given in 
Figure llc. The pavement life for higher values of 
he was calculated, and pavement survival curves 
were derived for those higher he values, assuming 
that Slog N for these construct ions is the same as 
the S1oq· N for the construction considered (0. 6). 
These c urves a re shown in Fig ure lld . For the 
construction considered , it was determined t hat it 
should sustain another 7xl0 5 equivalent 100-kN 
single- axle repetitions. 

From Figure lld it can be seen that if the mini
mum acceptance level for the survival rate is set at 
0.65, a construction with he = 1270 mm is capable 
of sustaining the design number of load repetitions. 
The needed increase in he is therefore 270 mm. 

Figure 12 shows the overlay design chart that is 
used to determine by which overlay the needed in
crease in he can be achieved. This figure was 
derived from BISAR calculations. As can be seen 
from Figure 12, the overlay in the example can be 

c 
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Figure 12. Overlay design graph (overlay thickness in millimeters). 
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either a 75-mm gravel-sand asphalt layer or a 110-mm 
dense asphaltic concrete layer. Because of better 
skid resistance and crack-propagation properties 
(slower crack propagation), the dense asphaltic 
concrete solution is selected. 

As will be noted, the minimum acceptance level 
for the survival rate has a rather high influence on 
the overlay thickness. A value of 0.65 was se
lected, because accepting lower values of the sur
vival rate will increase the need of routine mainte
nance because of a worse condition of the pavement 
surface, especially if rather severe winter condi
tions occur (~) . 

CONCLUSIONS 

Based on the results of the study presented in this 
paper, the following conclusions can be drawn: 

l. Because the equivalent layer thickness corre
lates well with the maximum tensile strain in the 
asphalt layer or the vertical compressive strain at 
the top of the subgrade, it is an adequate parameter 
to judge the pavement bearing capacity. 

2. The equivalent layer thickness can be easily 
determined by means of deflection measurements. 

3. The probability-of-survival curves derived 
from observed structural deterioration of pavements 
can be described with an e-power relation that shows 
very much resemblance with the theoretically derived 
probability-of-survival curves. 

4. The shape of the survival curve seems to be 
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dependent on the type of construction. 
5. The survival rate of the pavement can be 

determined by means of deflection measurements in 
and between the wheel tracks. 

6. For each pavement section considered, an 
appropriate in situ fatigue relation can be deter
mined from the equivalent layer thickness determined 
from deflection measurements taken between the wheel 
tracks. The precondition is, however, that no 
cracking be visible in this area. 
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Structural Performance Evaluation of Recycled Pavements 

by Using Dynamic Deflection Measurements 

SUDIPTA S. BANDYOPADHYAY 

A comparative study is presented that concerns the structural performance 
of recycled pavements, which is based on the Dynaflect deflection measure· 
ments on five test sections of Kansas highway KS-96 that were monitored at 
regular intervals. Central-plant hot-recycling processes and in-place cold
recycling processes (with and without rejuvenating agentl were used to con· 
struct the four recycled test sections; the fifth one was a typical overlay 
section generally used in Kansas. In addition to the five deflection param
eters that are associated with the Dynaflect measurements and are thought 
to be indicative of the structural characteristics of the measured pavement 
structure, criteria used for the comparative evaluation include the relative 
variation, with time, of required overlay thickness, pavement life, average 
pavement modulus, and subgrade modulus. The study reveals that the aver
age values of layer coefficients for recycled materials generally found in the 
literature do not properly reflect the structural performance of the recycled 
sections. The study also reveals that the cold-recycled section (without re
juvenating agent) is Pf!!'haps superior in structural performance as compared 
with other sections. However, the typica! over!ay section and the cold-re
cycled section (with 2 percent rejuvenating agent) have a structural perfor
mance comparable to the previous one. Total pavement thickness is certainly 
a contributing factor. Gradual development of creep-actuated stiffening 
properties of the bituminous materials is found to vary widely, depending 
on the type of material. 

The tremendous increase in recent years in the cost 
of asphalt cement and asphalt paving and an aware
ness of the need to conserve finite deposits of 
nonrenewable natural resources have prompted sig
nificant interest and investment in pavement re
cycling. In addition to the conservation of asphalt 
and aggregate, advantages of pavement recycling 
include conservation of enerqy, environmental pres
ervation (reduced mining for new aggregate), and 
selective rehabilitation (elimination of the need 
for full-width overlays on multilaned highways) . 

Although pavement recycling as such is by no 
means a new concept, the methodology process, as it 
exists today, is still relatively new and undergoing 
changes. Thanks to the vigorous interest and par
ticipation of government, contractors, and re
searchers, pavement recycling is becoming a realiza
tion. 

In general, pavement-recycling approaches can be 
classified under the following categories: surface 
recycling, in-place recycling, and central-plant 
recycling. Each of these three categories can be 
subdivided further into hot and cold processes. 

Surface recycling is the reworking of thP top 1 
in of the pavement surface and can be achieved by 
techniques such as heater planing, heater scarify
ing, cold planing, and cold milling. 1'.lthough sur
face recycling is effective in reducing distresses 
like rutting, shoving, corrugation, and reflection 
cracking, it produces limited structural improve 
ment. In-place surface and/or base recycling con
sist of in-place pulverization followed by reshaping 
and compaction with or without the addition of a 
stabilizer. The advantages of in-place recycling 
include significant structural improvement and the 
ability to treat almost all types of pavement dis
tress in asphalt-surfaced roadways. The problem of 
quality control is the major disadvantage of in
place recycling. In central-plant recycling, the 
pavement material is first scarified and removed 
from the roadway, mixed in a plant, and then laid 
and compacted to the desired grade. Advantages 
include improvements in structural capacity and the 
ability to correct all types of distress. Higher 
cost (compared with the other two), quality control, 

and potential air pollution problems are the disad
vantages. 

Although numerous publications have appeared in 
the specialized literature on design, construction, 
and cost analysis of different categories of pave
ment recycling, including reports of a symposium (l) 
and a seminar (ll at the national level, very little 
information, if any, is available concerning the 
relative performance of recycled pavements. The 
objective of this paper is to present a comparative 
structural evaluation of recycled pavements (in
place and central-plant) and analyze the performance 
of recycled pavements compared with typical pavement 
overlays. The analysis and evaluation are based on 
the dynamic deflection measurements obtained by a 
Dynaflect on different test sections of a recon
structed highway in Kansas. 

PROJECT HISTORY 

A test section about a mile long was selected on 
highway KS-96, which is east of Scott City in west
ern Kansas. The original pavement was built in 1954 
and was 7 in thick: it was a cold mix composed of 
sand-gravel with little or no crushed material and 
put down by blade laying. Conventional seals were 
added several times subsequently up to the current 
thickness of 8 in. 

A 1952 soil survey report on the project de
scribed the soils as colby silt loam. The surface 
soil was a silt with a small proportion of very fine 
sand that extended to a depth. of about 12-18 in. 
Underlying the surface soil was found a zone of dark 
brown weathered material that varied in thickness 
from 4 to 8 in and was classified as a silty clay. 
During the original construction, the top 12 in of 
the subgrade was compacted to a density equal to or 
greater than 95 percent of the Standard Proctor 
density. 

The predominant type of distress that developed 
over the years was mainly transverse and some lon
gitudinal cracking. The transverse cracks, which 
developed in the mat, eventually progressed from a 
single crack to a series of closely spaced multiple 
cracks~ The mix beneath and adjacent to the cracks 
then deteriorated to the point where it lost its 
stability and load-carrying capacity substantially. 
The deterioration continued despite an extensive 
crack-sealing maintenance program. 

PAVEMENT RECYCLING 

The arrangement of the recycled test sections is 
shown in Figure 1. The decision to keep about 4 in 
of the existing mat was prompted by the requirement 
that traffic be allowed during the construction 
period. Construction was carried out during the 
last week of August 1979. 

Central-Plant Rot Recycling 

A CMI-750 Roto Mill, which is capable of cutting a 
section 12.5 ft wide, was used to mill about 3.5 in 
off the existing pavement in one pass. For the 
in-plant hot-recycling process (section A), the 
milled material was loaded into trucks, hauled, and 
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STA. Figure 1. Arrangement of test sections. 
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stockpiled at the plant site. The reclaimed mate
rial was mixed with virgin material on a 50:50 
proportion. About 2.5 percent new 120 to 150 pene
tration-grade asphalt was added. A split feed drum 
mixer was used, and the virgin aggregate was intro
duced at the flame end of the drum and superheated 
to 300°-500°F. The reclaimed material was intro
duced at about the midpoint of the drum and heated 
by hot gasses as well as by heat transferred from 
the superheated virgin aggregate. The combined 
material was then laid back in two lifts totaling 
5.25 in thick on a 30-ft width. It was then topped 
with a 1.5-in wearing course. 

In-Place Cold Recycling 

The in-place cold recycling was done with and with
out a rejuvenating agent. A CMI-750 milled the old 
roadway 3.5 in deep and 12 ft wide. While milling, 
except in the no-additive section (section C), a 
distributor was attached by hose to the front of the 
PR-750. The rejuvenating agent (ARA-1) was pumped 
through the PR-750 water spray bar. The milled 
material formed a windrow about 3 ft high behind the 
PR-750. A blade followed and cut the turf shoulder 
down to the depth of the 3. 5-in cut. A CM! Clarco 
Windrow loader, which was pushed by the paver, 
picked up the windrow and loaded it into the paver. 
The paver relaid the recycled material 15-ft wide. 
The recycled mix was then compacted and traffic was 
allowed on the rolled material. A wearing course 
was then applied the following day. A detailed 
account of the cold-recycled section is given else
where !ll . 

DEFLECTION MEASUREMENTS 

The deflection basin parameters associated with 
Dynaflect measurements are shown in Figure 2. The 
Dynaflect maximum deflection (DMD) is a measure of 
the structural characteristics of the pavement and 
support conditions. The surface curvature index 
(SCI) is predominantly an indicator of the struc
tural integrity of the surface layer. The base 
curvature index (BCI) measures the base support 
conditions. The spreadability (SP) measures the 
load-carrying capacity and stiffness ratio of the 
pavement structure, and the fifth sensor reading 
(W5) has been shown to be an indirect measure of 
the subgrade modulus. These five parameters, con
sidered either individually or jointly, can provide 
an estimate of the structural condition of the 
pavement structure being surveyed. Further informa
tion regarding evaluation and application of Dyna
flect deflections is given elsewhere (3-12). 

Dynaflect deflection measurements - w~e obtained 
on all sections before and after construction. The 
results are presented in Table 1. All the parameter 
values are the average values normalized with re
spect to a base temperature of 70°F (2,.!.Q.l • 

STRUCTURAL PERFORMANCE EVALUATION 

Different thicknesses of the structural layers in 
the test section preclude a direct comparison be
tween them. Therefore, the sections will be evalu
ated in terms of their structural number (SN) • The 
SN is defined as an index number derived from an 
analysis of traffic, roadbed soil conditions, and a 
regional factor that may be converted to thickness 
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Table 1. Average Oynaflect parameter values. 

DMD SCI BC! SP Ws 
Section Date (mils) (mils) (mils) (%) (mils) 

A Sept. 15, 1978 1.58 0.49 0.11 50 0.30 
Oct. 23, 1979 1.53 0.21 0. 13 61 0.35 
May 7, 1980 1.26 0.29 0.12 58 0.31 
Aug. 20, 1980 1.38 0.3 3 0.13 57 0.33 

B Sept. 15 , 1978 1.58 0.49 0.11 50 0.30 
Oct. 23, 1979 1.3 1 0. 14 0.11 67 0.41 
May7, 1980 1.05 0. 19 0.13 64 0.35 
Aug. 20, 1980 1.13 0.23 0.12 62 0.36 

c Sept. 15, 1978 1.58 0.49 0.11 50 0.30 
Oct. 23 , 1979 1.42 0.25 0. 12 59 0.33 
May 7, 1980 1.09 0.25 0.12 58 0.25 
Aug. 20, 1980 1.09 0.26 0.12 58 0.28 

D Sept. 15, 1978 1.58 0.49 O. l l 50 0.30 
Oct. 23, 1979 1.64 0.30 0. 13 59 0.38 
May 7, 1980 1.20 0.32 0.10 57 0.30 
Aug. 20, 1980 1.22 0.36 0.11 56 0.32 

E Sept. 15, 1978 1.58 0.49 0.11 50 0.30 
Oct. 23 , 1979 1.58 0.49 0. 13 54 0.42 
May 7, 1980 1.50 0.41 0. 13 57 0.35 
Aug. 20, 1980 1.49 0.46 0.13 55 0.39 

Figure 3. Required overlay thickness before and after reconstruction. 
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of various flexible-pavement layers through the use 
of suitable layer coefficients related to the type 
of material being used in each layer of the pavement 
structure. The layer coefficient (designated by 
a1, a2 , and a3 for surface, base, and subbase, 
respectively) is the empirical relation between SN 

for a pavement structure and layer thickness, which 
expresses the relative ability of material to func
tion as a structural component of the pavement C.!.ll • 

Analytically, the SN is given by the following 
equation: 

(1) 

where the Di values are the respective layer 
thicknesses. A layer coefficient value of 0. 44 is 
generally used for surface course in Kansas. Because 
layer coefficients for recycled materials have not 
yet been formulated in Kansas, the following coeffi
cients are selected based on the recommendations by 
Epps (.!_!) : 

Transportation Research Record 888 

1. Hot-recycled bituminous base = 0.40, 
2. Cold-recycled bituminous base (with ARA-1) 

0.38, and 
3. Cold-recycled bituminous base (without ARA-1) 

0.30. 

A layer coefficient of 0.15 was selected for the 
existing mat. The SNS of different sections are 
then given by the following: section A = 3.33, 
section B = 2.96, section c E 2.83, section D = 
3.11, . and section E 2.73 • According to this 
criteria, section A is supposed to be structur<;1lly 
superior to the other sections and section E rep re-
sen ts the weakest section, provided that the values 
of layer coefficients used are realistic. As will 
be seen in the following sections, pavements that 
might be categorized structurally superior according 
to SN criteria are not necessarily superior in their 
structural performance. 

Overlay Thickness and Pavement Life Criteria 

The r eco rded DMDs on eaci, sec tion we r e used to 
determine a r epresentat i ve DMD f or the section. At 
the 95 percent confidence level , the repre sentative 
DMD equals the following: 

Representative DMD= (DMD + 1.645 s) · f · c 

where 

DMD arithmetic mean of the individual values, 
s standard deviation, 
f = temperature adjustment factor, and 
c = critical period adjustment factor. 

(2) 

The representative DMD was used to comput e the 
ovP.rlay t.hir.knPRR ~n~ the p~vement lifa according to 
the Asphalt Institute method (15). An evaluation of 
f and c factors has been discussed elsewhere (.?._,!Q_) • 
It should be emphasized that too many extraneous 
forces affect the condition of the pavement for any 
method of estimating the overlay thickness and 
pavement service life accurately. This paper is 
primarily concerned with the comparative study of 
solutions and, therefore, comparative values rather 
than absolute values are mainly significant. 

Required overlay thickness and pavement life for 
each section before and after reconstruction are 
plotted in Figures 3 and 4, respectively. It is 
evident from Figures 3 and 4 that, based on overlay 
thickness and pavement life criteria, section C (SN 
~ 2. 83) is superior to the other sections and sec
t ion E (SN 2 .. 73) ,Q the '::eakest section. It 
should also be noted that the performances of sec
tion B (SN = 2. 96) and section D (SN = 3 .11) are 
comparable with that of section C. For all sec
tions, the percentage reduction in the required 
overlay thickness and the percentage increase in the 
pavement life af t er recons tr uc tion are given in 
Table 2. 

One important observation that can be made from 
Figures 3 and 4 is that the performance of all 
sections after reconstruction improves up to about 
seven to eight months. ' After that, except for 
section C, the performance begins to deteriorate. 
The rate at which the performance improves or dete
riorates can be judged by observing the slope of the 
lines in Figures 3 and 4. The rate of improvement 
for sections A and E is much lower than that of the 
other sections. However, the rate of deterioration 
of section B is much higher than that of any other 
section. The performance of section C was steadily 
improving one year after construction. 

The gradual improvement observed after construc
tion in the performance of the recycled sections can 
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Table 2. Percentage improvement in structural performance of test sections after reconstruction. 

Section A Section B 

10/23/ 5/7/ 8/20/ 10/23/ 5/7 I 8/20/ 
Item 79 80 80 79 80 80 

DMD 3 20 13 17 34 28 
SCI 57 41 33 71 61 53 
BC! -18 -9 -18 0 -18 --9 
SP 22 16 14 34 28 24 
Ws -17 -3 -10 -37 -17 -20 
Overlay thickness 47 65 56 58 85 67 
Pavement life 344 656 489 511 1233 711 
Avg pavement 900 667 600 1733 1733 1233 

modulus 
Subgrade modulus -17 0 -6 -17 3 3 

Figure 4. Pavement life before and after reconstruction. 
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be expected because the deflections taken on a newly 
laid asphalt pavement a few days after its construc
tion will subsequently decrease in magnitude (up to 
a certain time). The reasons for this reduction in 
magnitude are (a) densification of the bituminous 
material under wheel loads, and (b) gradual develop
ment of creep-actuated stiffening properties of the 
bituminous material. Although the expected densifi
cation of the bituminous material due to wheel loads 
is generally achieved in the first few months of the 
pavement service period, the development of the full 
stiffening properties may take some additional 
time. It is evident that the stiffening properties 
of section C were still developing one year after 
its construction, while the stiffening properties of 
the other sections realized their full potential 
about seven or eight months after their construction 
and then started to deteriorate. 

Pavement and Subgrade Modulus 

To investigate the mechanism of the variation of the 
stiffening properties with time for the sections, 
average pavement modulus (average of all the bitumi
nous layers) was computed from the deflection mea
surements by assuming the pavement structure as a 
two-layer medium. The pavement modulus values were 
determined from a consideration of the corresponding 

Section C Section D Section E 

10/23/ 5/7 I 8/20/ 10/23/ 5/7/ 8/20/ 10/23/ 5/7/ 8/20/ 
79 

10 
49 
-9 
18 

-10 
47 

344 
767 

-8 

80 80 79 80 80 79 80 80 

31 31 -4 24 23 0 5 6 
49 47 39 35 27 0 16 6 
-9 -9 -18 9 0 -18 -18 -18 
16 16 18 14 12 8 14 10 
17 7 -27 0 -7 -40 -17 -30 
86 90 29 79 78 25 40 36 

1256 1444 156 1011 1000 122 256 211 
1067 1067 583 633 533 367 567 517 

17 17 -17 0 II -6 3 3 

average SP and DMD values and assuming a Poisson's 
ratio value for the pavement and the subgrade equal 
to 0.45 (16). 

The variation with time of section pavement 
modulus is shown in Figure 5. It can be seen that 
the average pavement modulus for section A started 
to decrease almost immediately after construction, 
while that of section B reached its highest value 
about four months after construction and then 
started to decrease drastically. The average pave
ment modulus value for section C increased to about 
one year after construction and those of sections D 
and E increased to about eight months after con
struction and then slowly began to decrease. The 
average pavement modulus of section B is substan
tially larger than that of other sections; the 
greater thickness of section B, as compared with 
other sections, may be a contributing factor to its 
larger value of pavement modulus. Section C has the 
next largest pavement modulus. 

The variation of subgrade modulus with time, 
computed from corresponding DMD and SP values (16), 
is shown in Figure 6. Monthly precipitation values 
are also plotted in Figure 6. It can be seen that, 
immediately after construction, the subgrade moduli 
of all the sections decreased and, after that, there 
was no significant gain in the moduli values, as 
shown in Table 2. This trend, with respect to 
values of subgrade modulus, is also substantiated by 
the BCI and W5 values, which are indicative of 
subgrade strength. Substantial amounts of rain at 
the site during the time of construction may help to 
explain the reduction in values of subgrade modulus. 
As can be expected, the subgrade modulus behavior 
for all the sections is approximately the same. A 
recent study concludes that there is a statistically 
significant cross correlation between precipitation 
and the value of subgrade modulus. Further discus
sion of this topic is beyond the scope of this paper. 

SUMMARY 

Five test sections are being monitored on KS-96 near 
Scott City, Kansas, to study the structural perfor
mance character is tics of recycled pavements. Cen
tral-plant hot-recycling and in-place cold-recycling 
processes (with and without rejuvenating agent) were 
used in the construction of four test sections: the 
fifth section has a 4-in surface course overlay. A 
comparative evaluation is presented based on the 
Dynaflect deflection measurements being obtained at 
regular intervals on all test sections. 

It was found that the structural performance of 
the different sections is not necessarily directly 
related to their SN obtained from the recommended 
values of layer coefficients found in the literature 
for recycled materials. This would suggest that 
further studies are needed to evaluate realistic 
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Figure 5. Variation of pavement modulus of sections with time. 
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values of layer coefficients for recycled materials, 
which should adequately reflect their structural 
performance. 

Based on the criteria of required overlay thick
ness and pavement life, section C, which has a 
3.5-in in-place cold-recycled layer (without rejuve
nating agent) , is found to be superior than the 
other sections. The performance of section B with 4 
in of surface course overlay and of section D with 
3.5 in of in-place cold-recycled layers (with 2 
percent ARA-1) is comparable to that of section c. 
Section E, which has structural layers similar to 
section D but is 2. 25 in less in thickness, is the 
weakest section, thereby accentuating the effect of 
thickness on structural performance. Section A, 
which has a 5. 25-in hot-recycled bituminous layer 
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and also the highest SN, has a poor structural 
performance compared with sections B, C, and D. 

As far as the average pavement modulus is con
cerned, section B developed a modulus value ini
tially much higher than those of the other sections. 
However, after about 7-8 months, the modulus value 
for this section began to decrease rather abruptly 
and attained a value only slightly higher 'than the 
modulus of section C, which showed a steady gain in 
magnitude for almost 10-11 months. The average pave
ment modulus of section A began decreasing almost 
immediately after the section was built. 

Subgrade moduli in all sections showed remarkably 
similar characteristics, as can be expected, and 
also exhibited some susceptibility to rain. 
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Application of Asphalt Rubber on New Highway Pavement. 

Construction 

GENER . MORRIS, NAN JIM CHEN, AND JOSEPH A. DI VITO 

Asphalt rubber has been used for many years as a stress-absorbing membrane 
(SAM) or stress-absorbing membrane interlayer (SAMI) for both rigid and 
flexible pavement overlay systems in Arizona with satisfactory performance. 
In 1977, a new experimental application of asphalt rubber was used to build 
a low-volume highway pavement between Dewey and 1-17 on AZ-169. Sev
eral experimental pavement sections were placed. After four years of service, 
only two sections are still in excellent condition with no cracks or ruts ob
served to date. One section consisted of a cement-treated base and the other 
a lime-fly ash-treated base. Each section received a SAMI and a 1-in wearing 
course. Other test sections failed, and constant patching is required to main
tain a minimal level of service. Generally, cement-treated bases will always 
have shrinkage cracks that easily reflect through any asphalt concrete sur
face layer if without special treatment to retard crack propagation. A 
finite-element procedure was used as an aid in explaining why a SAMI can 
be used effectively to eliminate reflective cracks. It was found that SAM ls 
can significantly reduce crack tip stresses due to thermal and traffic loads 
and provide longer service life of the asphalt concrete surface layer. 

In the early 1960s, asphalt rubber was originally 
used as a patching material for alligator-cracking
type failures in Arizona <l.~l. Later it was devel
oped as a stress-absorbing membrane (SAM) and 
stress-absorbing membrane interlayer (SAM!) for 
rehabilitation and overlay of cracked pavements 
(l-ll· Asphalt rubber has also been used as a joint 
and crack seal material and as a waterproof membrane 
for the control of expansive clay subgrades. 

Coetzee and Monismith (8) investigated the effec
tiveness of a SAM! as an overlay system over rigid 
pavements by inducing thermal and symmetrical traf
fic loading across a crack. Results of this study 
concluded that a SAMI can reduce stresses in over
lays and can also prolong the service life of a 
typical overlay. 

Many field studies of SAM and SAM! have been 
undertaken by the Arizona Department of Transporta
tion. In 1977, a new area for application of as
phalt rubber was introduced in the construction of a 
low-volume road with a cement-treated base (CTB). 
This paper discusses this new asphalt-rubber appli
cation. 

CONSTRUCTION AND PERFORMANCE 

The Dewey project, as it is often referred to, is on 
AZ-169 between mileposts 4.8 and 14.5 and is located 
approximately 80 miles north of Phoenix. It was 
constructed as a new connecting highway between 
Dewey, Arizona, and I-17. Currently, the average 
daily traffic (ADT) is approximately 1000 with 6 

percent trucks. The embankments and grades were 
constructed in 1976 and surfacing was placed in 
August 1977. This project consisted of five test 
sections and one control section. 

The original pavement design (before it was 
decided to build test pavements) called for stage 
construction of 6 in of full-depth asphalt concrete 
with an open-graded asphalt concrete friction course 
(ACFC) on the compacted subgrade. Initial surfacing 
was 2 in and the remaining 4 in was designated for 
future surfacing. 

Subgrade material is primarily decomposed gran
ite, clayey sand, and gravel with a plasticity index 
ranging as high as 69. The average project eleva
tion is approximately 4400 ft, and winter months are 
often severe. 

The characteristics of the control section and 
the five test sections are as follows: 

1. Control section, station 262-520: The sub
grade was compacted to 100 percent of maximum den
sity (36-ft width). Two inches of asphalt concrete 
were placed on the compacted subgrade. Asphalt 
concrete was made with an AR2000 asphalt. 

2. Test section 1, station 520-555, Lime-Fly 
Ash-Treated Base: Three percent quicklime and 12. 5 
percent fly ash (by weight of subgrade material) 
were added to in-place subgrade soil and thoroughly 
mixed to a depth of 6 in and then compacted to 100 
percent of maximum density. An asphalt-rubber 
membrane was placed across the entire roadway, 
shoulders, and cut ditches. A 1-in ACFC was placed 
as a wearing course. 

3. Test section 2, station 555-590, CTB: Four 
and one-half percent (by weight of subgrade mate
rial) portland cement was added to the in-place 
subgrade soil. This was thoroughly mixed to a depth 
of 6 in and then compacted to 100 percent of maximum 
density. An asphalt-rubber membrane was placed 
across the entire roadway, shoulders, and cut 
ditches. A 1-in ACFC was placed as a wearing course. 

4. Test section 3, stations 590-640 and 670-765: 
The subgrade was compacted to 100 percent of maximum 
density. Asphalt rubber then was placed across the 
entire roadway, shoulders, and cut ditches. A 1-in 
ACFC was placed as a wearing course. 

5. Test section 4, station 640-670: Same treat
ment as test section 3 except that an asphalt-rubber 
membrane was placed 2 ft down into the subgrade. 
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6. Test section 5, station 765-780, ARlOOO, 
Enzymatic SS: The subgrade was compacted to 100 
percent of maximum density by using Enzymatic SS, a 
compaction aid. Two inches of asphalt concrete were 
placed on the subgrade as a wearing course. ARlOOO 
asphalt was used in the production of the asphalt 
concrete. 

Test sections 1 and 2 and the lime-fly ash and 
cement-stabilized sections have served perfectly 
with no visible problems or defects whatsoever, as 

Figure 1. Test section 1: lime-fly ash subgrade, SAMI, and 1-in ACFC. 

Figure 2. Test section 2: CTB, SAMI, and 1-in ACFC. 

Figure 3. Pavement core at station 540. 

Transportation Research Record 888 

shown in Figures 1 and 2. Several pavement cores 
were taken from these test sections. A typical 
core is shown in Figure 3. All other test sections, 
as well as the control section, have experienced 
some degree of distress i performance of even the 
best of which has been judged unacceptable. Exam
ples of these sections are shown in Figures 4 and 
5. The control section and the other three test 
sections experienced numerous construction difficul
ties. The intent was to encapsulate the pavement 
subgrade to prevent moisture change and, thereby, 
rely on the inherent strength of a cohesive soil 
molded at optimum density and moisture content. 
These sections might have performed better if dif
ferent construction procedures were followed. The 
asphalt-rubber membrane was placed directly on the 
compacted subgrade. During construction, asphalt 
concrete haul trucks were allowed to travel on the 
recently completed membrane and very often picked up 
the membrane. These areas were never patched. As a 
result, a complete, intact membrane seal was never 
achieved. During the first winter (which was very 
wet), it became apparent that these sections were 
doomed to failure. An asphalt-rubber membrane can 
be properly placed if construction procedures are 
controlled to prevent pickup of the membrane from 
the subgrade. 

A great deal was learned from this test project. 
Although we know stabilized bases will crack, espe
cially CTBs, both of these test sections (sections 1 

Figure 4. Test section 3. 

Figure 5. Test section 5. 
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Tl!ble 1. Range of pavement layer properties. 

Item 

Asphalt concrete or ACFC 
SAM! 
CTB 
Sub grade 

Figure 6. General configuration of pavement structure with CTB and a crack. 
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Figure 7. General input pavement temperature profile. 
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and 2) remain crack-free after four years of ser
vice. The SAMI has effectively prevented transmis
sion of the cracks in the stabilized base through to 
the 1-in-thick surface course. 

Asphalt rubber has shown its effectiveness in 
preventing reflective cracking in overlays over 
existing pavements, and it was expected that a 
membrane would do the same on new construction with 
stabilized bases. 

ANALYTICAL STUDIES 

An analysis was conducted of the theoretical behav
ior of the structure to explore the basic reason why 
the asphalt rubber prevented reflective cracking as 
well as to provide a method to determine the struc
tural adequacy of the systems. 

Several finite-element method (FEM) computer 
programs were used for the analysis of stresses and 
strains. The primary computer program used for this 
study was a slightly modified static-analysis pro
gram for solid structures--namely, Solid SAP by 
Wilson (9). The slight modification of this program 
was in -"the calculation of the effective stress, 
which is defined by using the normal and shear 
stresses in an orthogonal Cartesian coordinate 
system, as follows: 

Serr= (l/Yf) [(S11 - S22)2 + (S22 - S33)2 + (S33 - S11 )
2 

+ 6(S12 2 + S23 2 + S31 2)] 'h (1) 

It is considered to be a realistic determinant for 
fracture (cracking) under the triaxial stress state 
that exists in the overlay pavement. 

In order to reduce the cost of computer time, a 
linear elastic plane-strain analysis was assumed 
with up to 685 nodes and 620 elements. The general 
configuration of the pavement structure is shown in 
Figure 6. The range of different layer properties 
is given in Table 1. This does not exactly model 
the pavement condition in Dewey. However, the 
objective of this paper is to provide an analytical 
explanation for the apparent success of this new 
asphalt-rubber application. 

Computer runs were not arranged .as a factorial 
matrix due to the high cost of each run. Instead, 
several interesting variables were studied sepa
rately. 

Thermal Effects 

The general temperature profile shown in Figure 7 
was used. Results of this study indicate the hori
zontal tensile stress near the crack tip reduced 
significantly as a result of the SAMI, as shown in 
Figure 8. The SAMI will not reduce the overall 
horizontal stress in asphalt concrete or an ACFC due 
to thermal expansion or contraction, but it will 
significantly reduce the stress concentration above 
the crack tip, thereby minimizing reflective crack
ing. 

Overlay Thickness 

Overlay thicknesses from 1 to 4 in were studied. For 
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Figure 9. Effects of SAMI on effective stress near crack tip. 
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Figure 12. Influence line of shear stress near crack tip due to moving load. 
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an overlay without a SAM!, stresses were reduced 
significantly due to increasing thickness (Figures 8 
and 9). However, for an overlay with SAM!, stresses 
were only slightly reduced due to the increasing 
overlay thickness. This indicates that, from an 
economical point of view, a thick overlay may not be 
justified for a reflective overlay design when SAM! 
is used. 

Crack Width 

Only two different crack widths were investigated--
0. 03 and U.3 in. Results show that when there is 
not a SAM! in the overlay system, the stress concen
tration problem is more serious for smalle( cracks 
than larger cracks (Figure 10). For overlays with a 
SAM!, stresses stay approximately the sa~ no matter 
what the crack width. It is assumed there is no 
load-transfer capacity across a crack, which is 
valid in most cases, depending on the magnitude of 
the crack width and vertical differential movements. 

Effects of Moving Traffic 

Traffic loading was represented Dy a 12-in long, 
100-psi load moving from one side of the crack to 
the other, as shown in Figure 6. Shear and effec
tive stresses are at a maximum when the edge of this 
simulated traffic load just reaches the location of 
a crack, as shown in Figures 11 and 12. This study 
also revealed that a SAM! can reduce effective 
stress and, more importantly, shear stress in the 
surface layer, which many researchers believe is one 
of the major factors that causes reflective cracking. 

SUMMARY 

1. SAM! can be used for the overlay of flexible 
and rigid pavements, for new construction, or any
where else that stress concentration around a crack 
needs to be reduced. 

2. SAM! can reduce stresses due to thermal 
changes as well as vertical shear stresses due to 
moving traffic loads. 

3. SAMis can retard (or eliminate) reflective 
cracks by reducing crack tip stresses. In many 
cases, crack tip stresses drop to 10 percent or less 
of the original stresses. 

4. A three-dimensional finite-element analysis 
with more realistic time- and temperature-dependent 
material properties will provide better results. 
However, the computer time required may increase 10 
to 20 times. The primary purpose of this paper is 
to report a new area for the application of asphalt 
rubber as a SAMI in the construction of new pavement 
;,nil try to provide analytical explanations for the 
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apparent success of this new approach in pavement 
design. 

5. During the analytical study, it was assumed 
that there is no load-transfer capability across a 
crack. This is especially true when the ratio of 
crack width to vertical differential movement of a 
crack is high. Results of this study imply that a 
SAM! will perform even better if there is some 
load-transfer capacity through a crack. 

6. A better understanding of SAM! properties is 
needed through laboratory testing. 

7. When a SAM! is used, the thickness of overlay 
becomes less critical. This may result in very 
economical approaches to overlay design. 
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Characterizing Fatigue Life for Asphalt Concrete Pavements 

J. BRENT RAUHUT AND THOMAS W. KENNEDY 

The evaluation of fatigue life for asphalt concrete pavements is very difficult 
because of limited knowledge as to fatigue damage relations for real pave
ments, reliable testing data for only a limited number of mixtures, and limited 
information as to how the fatigue life potential of an asphalt concrete pave
ment varies with temperature and mixture characteristics. This paper seeks to 
overcome some of these difficulties by (a) proposing a typical fatigue rela
tion for a typical asphalt concrete mixture in place, (b) presenting procedures 
for modifying fatigue relations with changes in temperature and mixture 
stiffness, (c) proposing a procedure for taking specific mixture characteristics 
into account, and (d) offering a simplistic method of transforming fatigue 
life predictions into predictions of area cracked. 

The characterization of fatigue life for asphalt 
concrete pavements is extremely complex and has been 
the subject of study by a number of researchers for 
more than two decades. Various laboratory tests 
have been employed, but the most conunon one involves 
small beams subjected to repetitive loading with 
either constant load or constant strain. The beams 
have been simply supported, supported on springs, or 
supported on a rubber medium to simulate a base and 
subgrade. One characteristic shared by all beam 
tests and other types of common laboratory tests is 
that none come close to simulat i ng actual field 
conditions and a realistic crack-propagation process. 

Shell Laboratories attempted a more accurate 
simulation with wheel-tracking tests, which produced 
more realistic crack propagation in small asphalt 
concrete slabs, but may have overpredicted fatigue 
life because of the lack of environmental effects. 
More recently, a number of attempts have been made 
to use laboratory test curves in conjunction with 
elastic-layer theory to predict the occurrence of 

fatigue cracking distress in real pavements. Because 
the laboratory relations almost always grossly 
underpredict fatigue cracking, shift factors have 
been used to translate the predictions to approxi
mate fatigue life actually measured in the field. 
Such fatigue curves appear to be the best available 
for use in predicting fatigue cracking. 

The form of the fatigue relations in common use 
is derived from a logarithmic relation between 
either stress or strain and the number of load 
cycles to failure. The relations between the loga
rithm of stress or strain and the logarithm of load 
cycles are considered to be linear, which results in 
the following general equation: 

where 

number of load cycles to failure for a 
loading that results in a tensile strai n, 
calculated strain under load, 
inverse of absolute value of slope of 
logarithmic function, and 

K2 
Ni£i for any pair Ni and £i that satisfies 

the logarithmic function. 

Both K1 and K2 depend primarily on material 
characteristics and temperature. 

A very important problem with this form of fa
tigue life characterization is that this equation is 
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extremely sensitive to small variations in the value 
of K2, while test results for specimens that fail 
in tension are quite scattered. Further, the oc
currence of fatigue cracking in the field is itself 
quite variable, even for apparently identical sec
tions. Considering that laboratory test results are 
also of limited quality, the predictions for indi
vidual sections may be expected to be poor, and 
statistical means for a number of sections are not 
likely to be especially accurate either. 

Unfortunately, in view of our limited capabili
ties for predicting fatigue cracking, it is the most 
significant distress experienced by our highways and 
the primary generator of maintenance and repair 
requirements. Therefore, it must be considered in 
design and analysis, and we must characterize the 
fatigue life potential of asphalt concrete mixtures 
as best we can. 

It is not generally feasible to conduct fatigue 
testing programs for specific mixes to support 
routine analyses or designs because of the sophisti
cated laboratory equipment required and very high 
costs for such a programi therefore, some other 
approach must be developed. One reasonable approach 
is to select a fatigue relation that is reasonably 
typical for asphalt concrete pavements in place and 
to modify that relation on some rational basis to 
reflect the effects on fatigue life of established 
characteristics of the specific mixture of interest. 
The purposes for this paper are then to 

1. Propose a fatigue relation for a typical 
asphalt concrete mixture in place, 

2. Present procedures for modifying fatigue 
relations with changes in temperature or mixture 
stiffness, 

3. Propose a procedure based on relative mixture 
s 'tiffness for taking specific mixture character is
tics into account, and 

4. Offer a simplistic method of transforming 
fatigue life predictions into predictions of area 
cracked. 

TYPICAL FATIGUE RELATIONS FOR ASPHALT CONCRETE 
PAV"'.k'.ENTS IN PLACE 

Thirteen fatigue relations for mixture temperatures 
of approximately 70°F (from previous studies) are 

Figure 1. Fatigue reiations at 70° F, 
including results of laboratory 
testing, wheel-tracking tests, and 
efforts to represent field conditions. 
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plotted in Figure 1. Descriptions of the tests (or 
other bases for development) are given elsewhere 
(_!-13). 

Six relations were obtained from standard labora
tory beam tests (l,2_-10). Two relations were also 
obtained from laboratory tests, but the specimens 
rested on elastic supports (5, 11). Two other rela
tions were produced from multiple regression anal
yses on American Association of State Highway 
Officials (AASHO) Road Test data and are related to 
present serviceability index (PSI) (1_,_!). Witczak 
(}) specifically related tensile strain in the 
bottom of the AASHO Road Test pavements to number of 
load repetitions to reduce the PSI to 2.5. ARE (_!) 
related tensile strain to measured cracking, but in 
terms of 18-kip equivalent single-axle load (ESAL) 
based on PSI. Three relations were obtained from 
laboratory beam-test results transformed to repre
sent field conditions (1,12,13). In general, lab
oratory beam-test results -grossly underpredict 
fatigue cracking distress, while the other relations 
may underpredict or overpredict. 

Figure 2 includes only the three relations trans
formed to represent field conditions and the rela
tion by Meyer and others <ll that was derived from 
stress-controlled beam testing related to 20 percent 
class 2 and 3 cracking at the Brampton Test Road. 
Note also that a relation developed hy Pinn ann 
others (1) to represent 45 percent measured cracking 
at the AASHO Road Test is essentially identical to 
t;hat of Meyer and others. It can be seen from 
Figure 2 that these four curves are very similar, 
and it appears reasonable to select from this group
ing a relation to be considered typical. The rela
tion selected was the one developed by Finn and 
others to represent less than 10 percent cracking at 
t-he A~SHO Road Test. The relation from Meyer and 
others, which represents 20 percent class 2 and 3 
cracking at the Brampton Test Road or 45 percent 
cracking at the AASHO Road Test, could also he used 
to represent failure or need for maintenance if a 
higher level of damage is preferred. 

MODIFYING TYPICAL FATIGUE RELATIONS WITH CHANGES IN 
TEMPERATURE OR MIXTURE STIFFNESS 

Typical fatigue 
previous sect ion 

-·- .. ---

relations were selected in the 
to represent two different levels 

·--
- I· - __ ,_ 

- l-H-1-1----1-- '-

--1.- --1---1-

STRAIN REPETITIONS 
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Figure 2. Fatigue relations for asphalt con
0
crete that represent 

oavements at pavement temperature of 70 F. 
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of fatigue cracking distress. These typical fatigue 
relations will require modifications to (a) repre
sent specific mix characteristics and (b) represent 
changes in temperature or mixture stiffness. Proce
dures for the first type of modification will be 
provided in a subsequent section, but procedures for 
modifying the typical fatigue relations with tem
perature or mixture stiffness are the subjects of 
this section. 

Modifications with Temperature 

Witczak (3) recommended fatigue relations as func
tions of temperature. Rauhut and others developed 
procedures for varying fatigue curves with tempera
ture, which is described and applied elsewhere (12), 
and these procedures were adopted by Meyer and 
others (_~). The relation by Witczak assumes that 
the exponent K2 is constant and that the multiply
ing coefficient K1 varies with temperature. 
Rauhut and others, on the other hand, noticed some 
slight variations of K2 with temperature, and this 
trend was included at a limited rate of change in 
their procedure. 

The study by Rauhut was based on limited data in 
the literature on variations in fatigue relations 
with temperature for the same mixes. The data used 
appear elsewhere ( 12, Table 17) and are plotted for 
K1(T) normalized for K1(70°F) in Figure 3a. A 

curve has been added for the Finn relation <llr with 
K1(T) obtained by substituting values of resil
ient modulus for 40°, 70°, and 100°F from test 
results on the AASHO mix. It can be seen that the 
variations in K1(T) with temperature are quite 
different for the various sets of test results, 
ranging f-rom approximately one order of magnitude 
for the Finn relation to many orders of magnitude 
for the Penn State surface mix. 

Figure 3b indicates the range of variations and a 
curve selected on the basis of judgment to be used 
in converting K1 (T) as a function of temperature. 
Meyer and others <ll developed a multiple regression 
equation for the curve selected as follows: 

log (K1 (T)/K1 (70° F)] = -2.952 + 0.000 58T2 (1) 

The relation for K2(T) (12) is as follows: 

K2 (T) = K2 (70" F) (I - 0.001 (T - 70)] (2) 

By substituting 70°F for T in Equation 1, it can 
be readily seen that the regression curve does not 
pass through the value 1 when the ratio K1(T)/ 
K1 ( 70°F) is 1. A somewhat more general and more 
accurate relation may be obtained as follows: 

log [K1 (Ti)/K1 (70" F)] = -2.952 + 0.000 58T1 
2 (3) 
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[K1 (T1}/K1(70"F}]=10<-2 .95 2 + o.ooo 58T12 ) 

Similarly, 

2 
[K1 (T2}/K1(70"F)]=10(-2. 95 2 + o.ooo 5BT 2 ) 

(4) 

(5) 

Dividing Equation 4 by Equation 5 and taking loga
rithms gives the following: 

log [K1 (T1)/K1 (T2)] =log po<-2.952 + o.ooo 58T 1 
2

) 

7 J0(-2.952 + 0.000 5BTz 2) 

=log 10 (-2.952 + 0.000 58T1
2 +2.952 

- 0.000 58T 2 
2) 

= 0 .000 58 (T1 
2 -T2

2)] (6) 

Figure 4 (_~) is a copy of a plot that shows the 
Kingham-Witczak relations in solid lines for a wide 
range of temperatures. Superimposed on this plot 
are relations generated by Equations 2 and 6 for 
identical temperatures based on the Kingham-Witczak 

Figure 4. Comparison of Witczak fatigue relations for various temperatures and 
Witczak's 70° F fatigue relation modified with temperature by using Equations 
2 and 6. 
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relation at 70°F. As can be seen, the Witczak and 
Rauhut modifications for temperature are quite 
similar above around 60°F, but differ rather dramat
ically for the colder temperatures. This would be 
expected, considering the differences between the 
Kingham-Witczak relation (Figure 3a) and the typical 
relation selected for previous work (Figure 3b) • 

It may be seen that Equation 6 reaches a limit at 
a temperature of 0°F, as the values of temperature 
are squared. The effects of freezing mixture tem
peratures on fatigue relations are really not known, 
but such a limit appears reasonable as fatigue life 
potential is correlated strongly to mixture stiff
ness, which tends to reach an upper limit with de
creasing temperature at around 20°F. Equation 6 is 
recommended for modifying Ki with temperature as 
(a) it represents a relatively typical variation 
with temperature (a compromise within the broad 
range of variation shown in Figure 3a) , and (b) the 
data for temperatures below freezing are very lim
ited, but the only known data (13) are more consis
tent with the results from Equations 2 and 6 than 
with the Kingham-Witczak relation. 

Equation 2 was developed during a period when the 
approach of considering K2 constant and varying 
K1 to account for temperature effects was gen
erally accepted. It was noted by Rauhut at that 
time that there were sometimes considerable varia
tions in K2 , and Equation 2 was developed to 
introduce this trend. However, much of the data 
then available indicated relatively constant values 
of K2 , so the trend was introduced at a very 
limited rate. There is a fairly close correlation 
between Ki and K2 that is documented in Figure 
5, which was extracted from various sources fl,ll. 
14, 15) • (Note that variations of log K1 along the 
abscissa of Figure 5, in general, represent varia
tions in sample temperature.) Values of K2 (T) and 
Ki (T) obtained by application of Equations 2 and 6 
to the typical relation for 10 percent cracking were 
also plotted. As can be seen, the Kingham-Witczak 
relation plots as a horizontal line because of the 
assumed constant value of K2, and this appears to 
be inconsistent with the clear correlation estab
lished by the preponderance of test data. Also, the 
Finn relation, modified by Equations 2 and 6, plots 
almost horizontal, as Equation 2 only included a 
moderate rate of change with temperature. 

In order to obtain the best representation of 
variation of K2 (T) with K1 (T), it was decided to 

• 

• WITCZAK - KINGHAM 
.. CLAESSON 
0 CHEVRON 
D MON ISl11TH 
e KALLAS & PUZINAUSKAS 
9 PELL & COOPER 
c. PELL & COOPER 
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Figure 6. Fatigue relation for 10 percent cracking selected as 
typical, plotted for different temperatures (using new transforma
tion relation). 
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use the regression equation from Figure 5 in lieu of 
Equation 2 for calculating K2: 

K2 = 1.350 - 0.252 log K1 (7) 

Study of Figure 5 indicates that most of the 
flexure data lies above the regression line and the 
rotating cantilever and indirect tensile test data 
below. As the typical values of K1(70°F) and 
K2 (70°F) of 7.87xlo- 7 and 3.29, respectively, 
appear to represent typical flexural test data 
better than the general regression line in Figure 5, 
the line was simply transformed to better represent 
the specific test results (at the same slope) by 
using Equation 7 to calculate K2 for the known 
K1 and adding the difference 6K 2 of 0.40 
between actual and calculated K2 to the equation, 
i.e., 

K2 (T) = 1.75 - 0.252 log K 1 (T) (8) 

By using values of K1 (T) calculated by Equation 
6 for the typical relation and calculating consis
tent values of K2 (T) with Equation 8, the rela
tions plotted in Figure 6 are obtained. As can be 
seen by comparing the general distribution of the 
relations with temperature in Figure 4 to the dis
tribution in Figure 6, changes in predicted fatigue 
life with changes in temperature will be consider
ably reduced by use of Equation 8 in lieu of Equa
tion 2 (and indeed there is almost no change for 
strains approximating 0.0001). The question then 
arises as to which is most accurate. 

The preponderance of test data now available, 
including results for 11 mixes (.!!_) , indicates that 
K2 does vary with temperature or stiffness but at 
different rates for different mixes and perhaps 
different types of tests and procedures. However, 
it is not really known how either K1 (T) or K2(T) 
vary in a field pavement with temperature, as all 
field relations have either been extrapolated from 
laboratory data by shifting the curves to approxi
mate measured cracking levels as functions of calcu
lated Etrains and repetitions of loads or either 
direct' f or implicitly based on ride quality mea
sured at the AASHO Road Test instead of fatigue 
cracki.ng. Although we may only hope to limit the 
magni ':udes of errors to be expected because of our 
limit~d state of knowledge, our best judgment (based 
on available data) indicates that K2(T) is best 
predicted by Equation 8. 

The procedure for modifying the fatigue relations 
with temperature adopted is the use of Equation 6 to 
calculate values of K1(T) for specific values of 

seasonal pavement temperature and Equation 8 to 
calculate consistent values of K2(T). 

Modifications with Mixture Stiffness 

Although modifications to the fatigue relations for 
some applications may best be made with temperature 
as described previously, it may be more useful to 
modify them with mixture stiffness for other appli
cations. 

Table 1 provides dynamic moduli, fatigue re la
t ions at various dynamic moduli, the initial strain 
for each fatigue relation that will cause failure at 
1 million load repetitions, identification of the 
source for the data, and other values of use in 
subsequent developments. These data were studied 
and plotted in various formats for use in developing 
a means of converting the fatigue relation from one 
stiffness to another. It was found that plots of 
the logarithm of the ratio of an arbitrary fatigue 
coefficient Ki (El to K1 (E • 500 ksi) against the 
logarithm of the ratio of the corresponding dynamic 
modulus to 500 ksi approximated straight lines. 
Plots of these relations for each of the first six 
mixtures that appear in Table 1 are shown in Figure 
7. Specific points have been included for plots 1, 
2, and 5 to illustrate slight nonlinearities. In 
drawing the straight lines, emphasis was given to 
fit for the higher values of stiffness where the 
relation was most linear. 

The general equation for any of the lines plotted 
in Figure 7 is as follows: 

log [Kli/K 1 (E = 500 ksi)] = 0 +Slog (E;/500 ksi) 

where K1i equals K1 consistent with arbitrary 
value of dynamic modulus Ei, and S is the slope of 
the line (S will be negative in each case). 

By moving S within the logarithm as an exponent 
and carrying K1 (E = 500 ksi) to the other side of 
the equation, 

K1 ; = K1 (E = 500 ksi) (E;/500 ksi)5 (9) 

For generality, K1i can be divided by another 
arbitrary base value, Kij• so that any known value 
of Ki that represents any specific mixture stiff
ness may be used to obtain others. The result of 
this division is 

(10) 

The values of slope for the plots in Figure 7 
have also been entered on that figure and are ex-
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Table 1. Fatigue relations for asphalt that vary with material stiffness. 

Plot 
No.8 

2 

4 

s 

6 

a Figure 7 ~ 

Reference 
No. 

16 

3 

I I 

14 

17 

15 

Dynamic 
Modulus 
E (ksi) 

100 
200 
500 
800 

1200 
2000 

100 
200 
300 
500 

1000 
2000 

60 
150 
200 
300 
500 
600 

iOOO 
1500 
2000 

40 
75 

150 
300 
~uo 

600 
900 

1500 
4000 

100 
200 
300 
500 
700 

1000 

50 
100 
250 
500 

1000 
4000 

114 
204 
500 
584 

Log 
(E/500 ksi) 

-0.70 
-0.40 

0 
0.20 
0.38 
0.60 

-0.70 
-0.40 
-0.22 

0 
0.30 
0.60 

-0.92 
-0.52 
-0.40 
-0.22 

0 
0.08 
0.30 
0.48 
0.70 

-1.10 
-0.82 
-0.52 
-0.22 

0 
0.08 
0.26 
0.48 
0.90 

-0.70 
-0.40 
-0.22 

0 
0.15 
0.30 

-1.00 
-0.70 
-0.30 

0 
0.30 
0.90 

-0.64 
-0.39 

0 
0.67 

3.291 

·{c 
e !! 

~+~ 
3.291 

5.26 
4.95 
5. 12 
5. 12 
5.12 
5.12 

5.00 

5.00 

3.22 
3.31 
3.40 
3.66 
3.82 
3.93 
4.12 
4.28 
4.78 

6.10 
6.10 
6.10 
6.31 
6.54 
6.54 

2.59 
2.85 
3.27 
3.58 
4.07 
5.07 

2.66 
3.20 
3.65 
3.73 

Initial Strain 
E Leading 
to Failure at 
106 Load 
Repetitions 

4.8xl0-4 

3.4x 10-4 

2.3xl0-4 

l.9xl0-4 

l.4xl0-4 

I. Ix 10-4 

8.2x10-4 

4.8xl0-4 

3.6xl0-4 

2.5xl0-4 

l.7xl0-4 

l.5xl0-4 

0.9xi0-4 

0.6x10-1 

0.4xl0-4 

3.lxl0- 4 

2.8x!O 1 

2.5x I o-4 

2.3xlo-4 

2.lxl0-4 

2.lxl0-4 

l.9xl0-4 

l.8xl0-4 

l.6xl0-4 

7 .Ox I o-4 

5.lxlo-4 

4.4x10-4 

3.7x10-4 

3.2xl0-4 

2.8xl0-4 

l.4x I o-4 
l.3xl0-4 
I.Ix 10-4 

l.Ox!0-4 

9.5x10- 5 

9.0xl o-s 

2.4x10- 5 

3.7xl0-s 
2.8x10-s 
2.7xJO-S 

3.llxl0-6 

l.72xl0-6 

7.87xl0-7 

5.27x10-7 

3.73x10-7 

2.4lx10-7 

3.52xJO-L 2 

6.77x10-12 

2.36xl 0-13 

8.86x 10-14 

l.86x I 0- 14 

5.39xl 0- 1 5 

3.71xlO-lO 
2.55xl0-11 

6.05xl0- 12 

9.77xl0- 13 

l.42xl0- 13 

7.59x10- 14 

5.90x j 0-1 5 

9.16x!U··16 

9.02xl0- 17 

5.2ox10-6 

l.63x!U-6 

5.66xl0-7 

4.46x 10-8 

9.18xl0-9 

3.25xl0-9 

4.76xl0 10 

8.63xl0- 11 

7.13xl0- 13 

5.65xl0- 14 

8. lRxlo- 15 

3.32x10-1 5 

2.23x10- 16 

l.44xl0-L 7 

6.0lx!0-18 

l.02x 10-4 

7.87x10-6 

l.16xl0-7 

4.83x I 0-9 

4.22x10- 11 

3.16xl0-15 

5.0lx!0-7 

3.07xl0-9 

6.37xJO-I O 

l.29x10- 11 

K1 =K1 
(E = 500 ksi) 

3.95 
2.20 
1.00 
0.67 
0.47 
0.31 

39.8 
76.5 
2.7 
1.0 
0.21 
0.061 

2613 
180 
42.6 
6.9 
1.0 
0.54 
U.04 
U.UU64 
0.000 64 

566 
178 
62 
4 .9 
1.0 
0.35 
0.05 
0.009 
0.000 08 

253 
36.7 
14.9 
1.0 
0.064 
0.023 

21 030 
1628 
24 
1.0 
0.0087 
6.55xl0-7 

786 
4.8 
1.0 
0.02 
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Log [K1/K1 
(E = 500 ksi)] 

0 .60 
0.34 

0 
-0.17 
-0.32 
-0.51 

1.60 
1.88 
0.42 

0 
-0.68 
-1.22 

3.42 
2.25 
1.63 
0.84 

0 
-0.27 
-1.38 
-2.19 
-3.20 

2.75 
2.25 
l.79 
0.69 

0 
-0.45 
-1 .28 
-2.03 
-4.10 

2.40 
!.56 
1.17 

0 
-1.19 
-1.57 

4.33 
3.22 
1.38 

0 
-2.06 
-6.18 

2.90 
0.66 

0 
-1.69 

K1/K2 
(E = 500 ksi) 

1.0 

1.0 

1.027 
0.967 
1.0 
1.0 
1.0 
1.0 

1.0 

1.0 

0.843 
0.866 
0.890 
0.958 
1.0 
1.029 
1.079 
1.120 
l.251 

0.967 
0.967 
0.967 
1.0 
1.036 
1.036 

0.710 
0.781 
0.896 
1.0 
1.115 
1.389 

0.729 
0.877 
1.0 
1.022 

tremely variable, as might be expected from review 
of the similar information in Figure 3a. Although a 
value of the slope s for the particular mixture 
stiffness should be used when available for the 
transformations possible through application of 
Equation 9, it will be necessary, as for tempera
ture, to select a slope that may be used as typical. 
The mean value for the six values of slope shown in 
Figure 7 is -3.84. However, it might also be rea
sonable to give more credence to the three lines 
that are very close together. If plots 3, 4, and 5 
are given twice as much weight as the other three 
plots, the mean value is then -4.09. As this is a 
rather arbitrary decision in view of the vari
ability, a value of -4 for the slope s was selected 
for convenience. Equation 10 then becomes 

did not result in functions that predicted any 
better than Equation 11. As no marked improvement 
was gained by the regression equations and they 
tended to stray from the origin and perform poorly 
in that vicinity, Equation 11 was selected for 
modifying K1 with mixture stiffness. Although it 
may be used for any E·, best r esults will be 
obtained for Ej as near soa ks i as available . 

Where specific f a tigue t est data a r e a va ilable, a 
mixture-specific value of the negative of slope S 
may be obtained and substituted for the value -4 
assumed in Equation 11. 

COMPARISONS OF FATIGUE CRACKING PREDICTIONS FOR 
FATIGUE CONSTANTS MODIFIED WITH TEMPERATURE AND WITH 
MIXTURE STIFFNESS 

( 11) 

Attempts to obtain better functions through 
regressing the data in Table 1 for plots 3, 4, and 5 

Procedures have been proposed for modifying the 
fatigue coefficient K1 on the basis of temperature 
and on the basis of mixture stiffness by using 
Equations 6 or 11, respectivP.ly. Once a mollified 
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Figure 7. Plot of logarithms of ratio of Ki for an arbitrary value 
of dynamic modulus E to K1 when E is 500 ksi against 
E(ksi)/500. 
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value of K1 is calculated, the exponent K2 is 
obtained from Equation 8 in either case. These 
procedures were developed independently by selecting 
typical curves from widely scattered data (see 
Figures 3b and 7). As either procedure may reason
ably be used, it will be useful to compare the 
resulting predictions for fatigue cracking. 

Table 2 gives the results of applying these two 
procedures for two asphalt concrete mixtures and for 
three levels of tensile strain at the bottom of an 
asphalt concrete layer. The two mixtures were a 
relatively stiff mix reported by Witczak (lB) and 
the AASHO Road Test mixture (4), which is of approx
imately average stiffness. - Mixture stiffnesses 
related to mix temperatures were available and are 
included for each mix. 

In view of the approximate nature of the rela
tions used (Equations 6, 8, and 11) , it is rather 
surprising that the differences in predicted load 
repetitions to 10 percent cracking are relatively 
small. For the 36 combinations of strain and fa
tigue relations calculated, the percentages of 
difference only exceeded 20 percent five times, four 
of which were for the larger strain of 0. 001. The 
percentages of differences were in fact 10 percent 
or less for 26 of the 36 predictions. 

For the more typical strain levels of 0. 0001 to 
O. 0003, only 2 of the 24 sets of calculations re
sulted in differences greater than 20 percent, and 
both were for the higher temperature of 105°F past 
the range of the fatigue data on which the relations 

I I '. I ' " 
-1 -0.5 0 0.5 l l. 5 

LOG (E/500 KSI) 

were developed. The differences for only 6 of the 
24 exceeded 10 percent. 

It appears from these comparisons that either 
temperature or mixture stiffness may be used as a 
basis for obtaining seasonal modifications to fa
tigue relations once a base relation in terms of 
either temperature or mixture stiffness is available. 

MODIFYING TYPICAL FATIGUE RELATIONS TO REFLECT 
SPECIFIC MIX CHARACTERISTICS 

Typical fatigue relations have been selected, and 
means of modifying these typical relations to ac
count for changes in temperature or mixture stiff
ness were then proposed. The purpose of this sec
tion is to propose a procedure for modifying typical 
fatigue relations to reflect the characteristics of 
specific mixes. A thorough treatment of the varia
tions in fatigue characteristics as related to 
various mix characteristics is not possible, as 
sufficient data do not exist in the literature for 
such a development. However, it is known that the 
fatigue life of a pavement is affected by at least 
the following parameters: 

1. Mixture stiffness or dynamic modulus E, 
2. Air voids, 
3. Asphalt content, 
4. Pavement temperature, 
5. Viscosity of asphalt cement, and 
6. Gradation and characteristics of the aggregate. 
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Table 2. Calwlated fatigue cracking by using fatigue constants modified on basis of temperature and mixture stiffness. 

Fatigue Constants Predicted Load Repetitions to 10 Percent Cracking 

Based on Stiffness Based on Temperature Based on Stiffness Based on Temperature 
E Temperature 

(°F) (ksi) K1 (E1) K1 (E1) K1(T;) K2 (T1) e = lxl0-3 € = 3xl0-4 e = lxl0-4 e = lx!0-3 e = 3xl0-4 E = lx10-4 

105 245 l.37xlo-s 2.98 4.08xl0-4 2.60 l.19xla4 

85 5aa 7.87x1a-1 3.29 2.55x I o-6 3.16 5.83xla3 

1a 8la l.14xl0-7 3.5a l.14xl0-7 3.5a 3.60xla3 

65 940 6.30xlo-B 3.56 4.47xl0-8 3.60 3.02xl a 3 

45 15aa 9.72xl0-9 3.77 2.46x10-9 3.92 l.98xla3 

25 23aa l.76xl0-9 3.96 3.79x10-10 4.12 l.33xl03 

5 33aa 4.l 5x 1 a-to 4.11 l.7ax10-10 4.21 8.87xla2 

105 62 3.33x10-3 2.37 2.81x10-1 2.39 4 .29xla4 

85 200 3.a7x10-s 2.89 l.76xl0-s 2.94 l.44xl a4 

1a 50a 7.87x10-7 3.29 7.87x10-1 3.29 5.83xl a 3 

65 600 4.aax 10-7 3.36 3.0ax 10-7 3.39 4.8lxla3 

45 122a 2.22xl0-8 3.68 l.69xl0-8 3.71 2.43xl a3 

Note: Base va lues are as follows: K1 = ? .e?x10-7, T2 = 70° F, K2 = 3.29, and Ej = 500 ksi. 

There is a limited amount of data available that 
indicates the effects of percentage of air voids, 
asphalt content, and mixture stiffness on the fa
tigue life of specific mixes. However, the interac
tion of these three parameters and the others listed 
above are not defined, so it appears necessary to 
select one of these three that is believed to ex
plain the most variation in fatigue life and to base 
modifications to the fatigue characterizations on 
changes in that parameter. It is believed that the 
mixture stiffness explains much more about varia
tions in the fatigue relations than any other param
eter and, fortunately, more test data are available 
in terms of mixture stiffness. Therefore, variations 
in the fatigue relation will be based on variations 
in mixture stiffness for a specific mix tested at a 
specific temperature from the stiffness measured at 
the same temperature for the mixture on which the 
typical fatigue relation is based. 

Equation 11 may be used to calculate the new base 
value of Ki and Equation 7 to calculate a consis
tent base value of K2• These base values may then 
be used to obtain other mixture-specific relations 
for other values of temperature or mixture stiffness. 

OVERALL PROCEDURE FOR YEAR-ROUND CHARACTERIZATION OF 
FATIGUE LIFE 

By using the procedure described above, fatigue 
relations may be obtained for specific mixes in 
terms of variations in their stiffness at a speci
fied temperature from that of a typical mixture. 
These relations may then be modified in terms of 
variations in temperature or mixture stiffness to 
characterize fatigue life potential during various 
periods or seasons of the year. The only data 
needed are the mixture stiffness at 70°F, which can 
be obtained from a single dynamic-modulus test at 
70°F or from a plot of mixture stiffness versus 
specimen temperature. 

The first step is to obtain values of K1 and 
K2 that better represent the specific mixture. 
This is accomplished by substituting the mixture 
stiffness at 70°F into Equation 11 along with Klj 

7. 87x10- • and Ej = 500 ksi to calculate 
Kli fo.r the mixture. K2 for the mixture is then 
obtained by substituting Kli as K1 in Equation 8. 

The second step is to select analysis seasons for 
the year and to establish appropriate pavement 
temperatures to represent each season. Winter, 
summer, fall, and spring are usually used, sometimes 
with an additional short season in colder climates 
to represent spring thaw. (The calculation of 
pavement temperatures is itself a complex procedure 

4.3 lxla5 1.14xl07 2.57xl04 5.89xl05 1.a2x 1 a 7 

3.06xla5 l.14xla 7 7.7axl03 3.46xla 5 l.llx107 

2.44x 1a5 l.14xla7 3.6axl03 2.44xla5 l.l4xl07 

2.19xl05 l.09x 107 2.82xl o3 2.15xla5 l.12xla7 

l.86xla 5 l.17xla7 l.42x!a3 l.59xl0 5 l.18xla7 

l.57x 1 as l.22x 107 8.68x I a 2 l.24xl0 5 l.14xla 7 

l.25xla 5 1.14xla7 7.25xla2 l.15xlas l.18xla 7 

7.44x 105 J.alxl07 4.16x!a4 7.39xl05 l.02xla7 

4.65xl0 5 l.llx107 l.16xJa4 4.alx!Os J.alxla7 

3.a6xl05 1.14xla7 5.83xla3 3.06xla5 1.14x 107 

2.75xl05 1.10xl07 4.44xl03 2.62xla 5 l.09xla7 

2.a4xl as l.16xl07 2.28x!a3 l.99xl0 5 l.17xla7 

and is outside the scope of this paper.) 
Once the seasonal pavement temperatures have been 

established, seasonal temperatures or mixture stiff
nesses may be obtained and used in Equations 6 or 11 
to obtain seasonal values of Ki. Seasonal values 
of K2 may then be obtained through use of Equation 
8. 

These seasonal fatigue relations may then be used 
along with calculated strains (considering seasonal 
values of layer stiffnesses) to arrive at values of 
lu~u re~etitiuns to failure that represent each 
season. Miner's hypothesis may then be used with 
ratios of seasonal traffic estimates to seasonal 
failure repetitions to accumulate consumption of 
fatigue life with time or traffic. 

PREDICTING FATIGUE LIFE AS AREA CRACKED 

Prediction of failure in fatigue depends on the 
definition of failure for which the fatigue relation 
is based. When sufficient loads have been experi
enced for the linear summation of cycle ratios 
(Miner's hypothesis) to reach unity, a damage index 
(DI) is defined as unity and the pavement is consid
ered failed. 

As measurement of fatigue cracking is usually as 
a percentage of areal cracking, it would be more 
convenient to predict fatigue in terms of areal 
cracking than as fraction failed, as is usually 
currently done. As the typical fatigue relation is 
based on 10 percent areal cracking, we know that a 
predicted DI of unity corresponds to 10 percent 
cracking for the typical fatigue relation adopted. 
Review of fatigue relations by Finn and others (ll 
indicates that the only difference is in K1, so 
division of K1 at 45 percent cracking by that at 
10 percent cracking (1. a84x10- 6 7. 87x10- • 
= 1. 39) indicates that a damage index of 1. 30 will 
correspond to 45 percent cracking. These two points 
are plotted in Figure 8, and a relation that is 
believed to represent a reasonable distribution has 
been developed and plotted through these points. 
Comparisons with similar developments for different 
purposes by Von Quintus and others (19) on the basis 
of the same fatigue relations indicate an almost 
identical shape for the relation. 

It is proposed that the relation below be used to 
transform predicted DI to percentage of areal crack
ing (Acl: 

ft..,= 0.J9e3.96DI (12) 

Inspection of Figure 8 indicates that Equation 12 
will predict the first noticeable crack at the 



Transportation Research Record 888 55 

Figure 8. Curve for transforming DI to percentage of areal cracking. 
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surface when the predicted damage index reaches 
0.4. Ten percent cracking will be predicted at a DI 
of unity, 45 percent at a DI of 1.38, and 100 per
cent at a DI of 1.583. For constant rates of traf
fic (numbers and axle-load distributions), this 
means that 40 percent as much traffic is required to 
produce the first crack as is necessary to induce 10 
percent cracking. Thirty-eight percent more traffic 
is required to progress from 10 to 45 percent crack
ing. For example, in the primary range of interest 
between 5 and 45 percent cracking, Equation 12 is 
believed to provide reasonable predictions for the 
growth of areal cracking. 

SUMMARY 

The evaluation of fatigue life for asphalt concrete 
pavements has in the past been very difficult be
cause of limited knowledge as to fatigue damage 
relations for real pavements, availability of labo
ratory test data for only a limited set of mixtures, 
and limited information on the variations of fatigue 
life potential with pavement temperature and mixture 
characteristics. This paper offers procedures to 
overcome some of these difficulties and to improve 
the confidence levels at which such evaluations may 
be made. Although the typical fatigue relations and 
approximate procedures proposed are considered to 
offer a much greater opportunity for successful 
prediction of fatigue life than has been generally 
possible, no claims of great accuracy are made and 
fatigue life characterizations for specific mixtures 
in place should be used in the fortunate and unusual 
event that they should be available. 

The proposed transformation from prediction of a 
DI to prediction of percentage of class 2 and 3 
areal cracking is believed to be more meaningful to 
most engineers. It also offers an interval of 
prediction rather than relation to a single condi
tion defined as failure. As with many fatigue-re
lated functions, however, the rate of development of 
areal cracking used in developing Equation 12 is 
based on only one mixture and environment, and it 
might be expected to vary for others, as well as for 
other changed conditions. 

Prediction of fatigue life in asphalt concrete 
pavements may vary considerably from actual fatigue 
performance in the fieldi however, the accuracy of 
such predictions has improved in the past decade due 
to contributions by numerous researchers. It is 
hoped that the procedures proposed will contribute 
to this positive trend. 

0.2 0.4 0.6 0.8 l. 0 l. 2 1. 4 l. 6 
DAMAGE INDEX DI PREDICTED BY VESYS I I 1-B 
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Structural Design of Flexible Pavements: A Simple 

Predictive System 

JACOB UZAN AND ROBERT L. LYTTON 

During the past two decades, much effort has gone into the development of 
ratiViiiil pawemsiit dcaiyii prucet:h.irns that a1e iiiteiided tu be iiitcgratcd iiitu a 
more general framework. The Federal Highway Administration has developed 
a computer program package known as VESYS 11 to predict the structural re
sponses and hence the integrity of flexible pavements. The program is quite 
formidable for the local design engineer. Therefore, a simple predictive system 
is needed to be widely used for the structural design of flexible pavements. A 
simple computer program package is presented that includes (a) regression 
formulas for tensile strain and rut depth computations, cracking prediction, 
and evaluation of the rut depth variance; (b) modification and calibration of 
the American Association of State Highway Officials (AASHO) Road Test 
serviceability model, where rut depth variance replaces the slope variance; 
(c) seasonal (monthly) characterization of pavement materials and discrete 
representation of axle-load distribution; and (d) special treatment for overlay 
analysis. The procedure is illustrated and the results are discussed. The good 
agreement between the results and measured values and the simplicity of the 
program make it very attractive. It could be programmed on a desk (micro) 
computer. 

During the past two decades, much effort has gone 
into the development of rational pavement design 
procedures that were intended to be integrated into 
a more general framework. The Federal Highway Ad
ministration (FHWA) <.!.> has developed a computer 
program package known as VESYS II (and its modifica
tions and extensions VESYS IIM, VESYS A, and VESYS 
G) to predict the structural responses and hence the 
integrity of flexible pavements. The program is 
based on an advanced viscoelastic analysis that is, 
however, a rather significant departure from more 
conventional systems. The implementation and use of 
the VESYS package seems appropriate for a statewide 
study, but it appears quite formidable for the 
design engineer. At the same time, pavement struc
tural subsystems have been developed for the Trans
portation Research Board (.3_) • The computer 
programs--one for fatigue cracking and permanent 
deformation (named PDMAP) and one for low-tempera
ture cracking (named COLD)--were proposed for imple
mentation and field calibration. The PDMAP package 
does not include the synthesis of the two subsystems 

and does not predict pavement performance. 
This paper pr.esern~~ the integration of the fa

tigue and permanent deformation subsystems into a 
computer program package. The proposed system is 
simple, reliable, and also general, which facili
tates its use by most people who deal with pavement 
design and maintenance. It includes the following: 

1. Modification and calibration of the American 
Association of State Highway Officials (AASHO) Road 
Test serviceability model to enable pavement perfor
mance prediction by using computed damages, 

2. Cracking prediction based on the commonly 
used fatigue law and probabilistic considerations to 
express mechanistic variables into cracked areas, 

3. Permanent deformation prediction bas ed on 
quasi-elastic analysis, 

4. Regression formulas and closed-form probabil
istic solutions for evaluation of the variables in
volved in the performance model (the probabilistic 
solutions are similar to those used in VESYS G), 

5. Overlay application analysis to permit pave
ment maintenance strategy studies, and 

6. Seasonal (monthly) characterization of pave
ment materials and discrete representation of axle
load distribution. 

SERVICEABILITY MODEL 

The AASHO Road Test serviceability model relates 
serviceability index to variables that describe 
pavement damage, i.e., cracking, patching, rutting, 
and slope var i ance Cl) . 
follows: 

The AASHO model 

PSI= 5.03 - l.91log10 (1 + SV) - l.38R'02 - 0.01 y'C+P 

R2 = 0.84 

reads as 

(I) 
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where 

PSI present serviceability index, 

SV : average slope variance (10 6 radian), 

RD = average rut depth (in), 

c = cracking (ft 2 /1000 ft 2 ), 

P patching (ft 2 /1000 ft 2 ), and 
R correlation coefficient. 

The model was used in its original form in the 
VESYS IIM program. Its implementation required the-

prediction of all the basic variables involved: SV, 

RD, a nd c. [The variable P (patching) was dropped 
from Equation 1, as it was taken into account through 

the variable C (cracking).] It should be noted that 
only two mechanistic subsystems exist for the pre
diction of the three variables mentioned above. 
Cracking and rutting are readily dealt wi th by the 
fatigue and permanent deformation subsystems, re
spectively, while the slope variance variable, which 
is the result of the variability of the material in 
the longitudinal direction, required additional de
velopment. Its prediction in VESYS II is based on 
the stochastic variation of the rut depth <ll and on 
assumptions that concern the spatial autocorrelation 
function. Rauhut and others ( 4, 5) used an approxi
mation for the relation betwe~ -slope variance and 
rut depth and its variance as follows: 

SV ~ k Var [RD] (2) 

where k is the coefficient derived from linear re
gression with intercept forced through the origin, 
and Var [RD] is the rut depth variance. 

The regression for all data from all four states 
was very poor. Substituting Equation 2 into Equa
tion 1 corresponds, in fact, to a change of vari
ables in Equation 1. Better results would be ob
tained by handling the original problem, i.e., 
deriving the serviceability model from raw data by 
using predictable variables only. The new service
ability model is then 

PSI= a0 + a1 log10 (I+ a2 Var [RD])+ a3 RD"4 + a5 (C + P)"6 (3) 

where ao to a6 are the new regression coeff i
c ients. A nonlinear regression analysis was made on 
the four test sections of the AASHO model. The fol
lowing equation was obtained by trial and error: 

PSI= 4.436-1.686 log10 (I+ 350 Var [RD])-0.881 RD2
·
5 

-0.031µ 

R2 = 0.80 

(4) 

In this equation the effect of cracking became 
significant, while in Equation 1 the cracking term 
could be dropped without affecting the correlation 
coefficient. Furthermore, the intercept coefficient 
ao is very close to the average value of the pave
ment serviceability after construction (4.44 as com
pared with 4.20) . Therefore, the new Equation 4 
might be of greater engineering significance than 
Equation 1, even for a lower correlation coefficient 
(R2 = 0.80 as compared with 0.84). 

FATIGUE SUBSYSTEM 

All fatigue subsystems presented in the literature 
are based on (a) computing tensile stresses or 
strains at the bottom of the surface layer, (b) 
evaluating the pavement service life from the rela
tion between number of repetitions to failure 
(Nf), and (c) applied stress or strain. Few fa-
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t igue subsystems extended the analysis to predict 
the cracked area based on field correlation (ll or 
probabilistic solutions (.!_,i>· 

Computa tion o f Tensi l e Strain at Bottom o f 
As phal t Conc r ete 

The tensile strain at the bottom of the asphaltic 
concrete layer has been computed for a dual wheel 
load with a center-to-center distance between wheels 
of three times the radius of contact. The computa
tion was made by using the BISAR program of the 
Shell Company and at two points: under one wheel of 
the dual load and between the wheels. Comparison of 
these results for radial and tangential strains 
under one wheel of the dual load and between the 
wheels shows that, in general, the tangential strain 
under one wheel of the dual load is larger than the 
other strain components. This selection of the 
strain component is generally not dealt with in the 
VESYS IIM program <ll or the Shell method <l>• since 
only one wheel is used for strain computations. 
However, it is important for the summation applied 
in Miner's law for fatigue analysis to select only 
one component of the strain tensor. 

In the computer program, the strain is computed 
either by interpretation of tabulated values read as 
data or by the regression formulas for tangential 
strain computations that are given below (Equations 
6 and 7) • The regression formulas for tangential 
strain under one wheel of the dual load at the bot
tom of the first and second layer of the three- or 
four-layer system are as follows : 

E4E ifp = 0.095 929 - 0.039 75 2 log (T 1 /a) - 0.025 642 log (Ei/E4 ) 

- 0 .068 359 log (E2 /E4 ) - 0 .008 391 log (E3/E4) 

- 0.020 938 [log (Ti/a)] 2 + 0.020 661 log (T1/a) log (E2 /E4 ) 

- 0.003 075 log (T2 /a) log (E1 /E4 )-0.010 022 log (T2/a) 

log (E3/E4 ) + 0.01 3 842 log (E 1 /E4 ) log (E2 /E4) 

+ 0.009 354 [log (E2 /E4 )] 2 + 0 .003 873 log (E2 /E4 ) 

~~~ w 
R2 = 0 .83 

E4 E2 /p = 0.085 565 - 0.063 772 log (T1/a)- 0.053 237 log (T2 /a) 

- 0.003 243 log [(! + T 3 )/a] - 0.021 28 log (E1 /E4 ) 

- O.Ql8 796 log (E2 /E4 )- 0.066 174 log (E3/E4) 

R2 = 0.84 

where 

+ 0.029 831 log (Ti/a) log (T2 /a) + 0.013 190 log (T1/a) 

log (E2 /E4 ) + 0.037 69 log (T2 /a) log (E3 /E4 ) 

+ 0.010 535 log (T2 /a) log (Ei/E4 ) + 0.003 481 log (T2 /a) 

log (E2 /E4 ) + 0.024 568 log (T 2 /a) log (E3 /E4 ) 

+ 0.004 905 log (Ei/E4 ) log (E2 /E4 ) + 0.012 278 log (Ei/E4) 

log CE2/E4 ) - 0.002 551 [log (E2 /E4 )] 2 + 0.017 822 

log (E2 /E4 ) log (E3 /E4 ) (6) 

c1 longitudinal (tangential) strain 
computed at the bottom of the 
upper asphaltic concrete layer 
under one wheel of the dual loadi 

c2 longitudinal (tangential) strain 
computed at the bottom of the 
lower asphaltic concrete layer 
under one wheel of the dual load 
(applicable for an asphaltic 
concrete base layer or for an 
asphaltic overlay analysis) i 

p contact pressurei 
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a = radius of contact: 
T1, T2, T3 thicknesses of surface, base, and 

subbase layers, respectively1 and 
E1, E2, E3, E4 = elastic moduli of surface, base, 

subbase, and subgrade layers, 
respectively. 

Note that the regression formulas were derived from 
the following values of variables: T1/a = 0.4, 
1.1, 2.2: T2/ a = 0.5, 1.3, 2.6; T3/a = O, 1.3, 
2.6, 5.2; E1/E4 = 10, 60, 350; E2/E4 = 2, 5, 
10, 60, 350; and E3/E4 1, 2, 5, 10. 

Eva luation of Pavement Fati gue Life 

The commonly used fatigue law that relates the ap
plied tensile strain to the number of repetitions 
that cause failure is implemented in the system. 
The law reads 

where 

number of strain repetitions 
failure, 
applied strain, and 
regression coefficients from 
or field tests. 

(7) 

that cause 

laboratory 

Correction factors for rest periods or residual 
stress effects could be incorporated at this stage 
into the Ki and K2 coefficients. The damage 
caused to the structure by wheel-load repetitions is 
evaluated by using Miner's law, i.e., 

(8) 

where 

Dj = damage caused by k different load configura
tions during the previous j periods, 

ni actual number of repetitions for load i, and 
Nfi = number of repetit i ons t o failu re determined 

for load i by using Equation 7. 

Evaluation of Cracked Area 

The cracked area is evaluated by using the approach 
presented by Rauhut and others (!) and Kenis (.!_) • 

The pavement geometry (layer thicknesses) and mate
rial properties (elastic moduli and fatigue law pa
rameters) are treated stochastically, and the damage 
factor Dj is assumed to be a normally distributed 
random variable whose mean and variance can be com
puted by using Cornell's first-order, second-moment 
theory [Huffert and Lai (..!!_)]. Under these assump
tions, and for each Dj mean a nd var iance , the 
probability F (1) that tile variable Dj reaches t he 
value of one (or the pavement is cr acked) could be 
computed and used to evaluate the cracked area as 
follows: 

C = 1000 [l - F(l}] (9) 

where C is the expected cracked area (ft 2/1000 ft 2 ). 

It is used in Equation 1 or in Equation 4 to repre-

sent the cracked and patched area (C + P) . 

PERMANENT DEFORMATION SUBSYSTEM 

The completed permanent deformation is based on the 
quasi-linear elastic analysis and incremental pro
cedure proposed in three unpublished reports by J. 
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Uzan, J.T. Christison, and K.O. Anderson [hereafter 
referred to as the Uzan reports (Rut Depth Predic
tion Using the Quasi-Elastic Approach; Prediction of 
Rut Depth Performance in Flexible Pavement Using 
Statistically Based Models: and Permanent Deforma
tion in Asphalt Overlays on Flexible Pavements), 
which were done at Technion, Israel Institute of 
Technology, Haifa, 1979]. The procedure includes 

1. Computation of the deflection bowl under 
loading and unloading conditions; the difference in 
deflection is the incremental (per repetition) re
sidual surface deflection or rate of rutting; 

2. Computation of the above rate of rutting at 
different stages during the pavement life; its in
tegration enables estimation of the rut depth: and 

3. For the quasi-linear elastic analysis, the 
moduli of elasticity under loading and unloading 
conditions are required. 

It is shown that they are related to each other 
through the number of repetitions and the plastic 
parameters derived from repetitive loading tests. 

In the actual permanent deformation, the incre
mental residual surface deflection is expressed as 
follows (from the Uzan reports): 

(10} 

and its integration over an interval of the pavement 
life (i.e., the contribution of the load repetition 
number between nj-1 and nj) is 

where 

(11) 

RD rut depth of permanent deflection, 
6RDj a increment of rut depth caused by a given 

load during period j of the pavement 
life, 

p contact pressure of the dual wheel, 
a = contact radius of each wheel, 

al, a2 regression coefficients [functions of the 
pavement geometry and material proper
ties (elastic and plastic)], and 

E4 ~ subgrade elastic modulus. 

It should be noted that Equation 10 is similar to 
the rutting model by Finn and others <±>· According 
to both the models of Finn and others (2) and VESYS, 
there is some evidence that the perma;ent deforma
tion is well correlated to the r esilient deflection 
of the pavement. It was therefore introduced in the 
model through the regression coefficients a1 and a2. 

Two different regression models were derived: 

1. The first model assumes fixed transversal 
distribution of wheel loads and a standard deviation 
of 1 ft . By using the deflection bowl and the nor
malized distribution, the rut depth increment per 
repetition in Equation 10 is computed at two loca
tions: (a) under one wheel of the dual load that 
corresponds to the maximum depression, and (b) at a 
2-ft distance from the first position, on both the 
right and the left side, which corresponds to sup
ports of the 4-ft straight edge. The contribution 
of the lateral distribution to the residual incre
mental deflection is taken proportional to the den
sity function of the distribution. The difference 
between the residual deformation at the first loca
tion (under one wheel of the dual load) and the 
average of the residual deformations at the second 
locations (on the right and the left side) is the 
incremental rut depth. Note that this permanent 
deformation definition is in accordance with the 
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AASHO definition and procedure for measuring rut 
depth. Other program packages such as VESYS do not 
compute the rut depth but the absolute pavement de
formation, as in our second model. 

2. The second model computes the permanent de
formation under one wheel of the dual load. The rut 
depth (as measured with a 4-ft straight edge) can be 
evaluated by computing the deformation under the 
wheel and at a 2-ft distance from the wheel and is 
the difference between these two computations. 

The two approaches are implemented in the current 
computer program package. The regression formulas 
for a1 and a2 are given below (Equations 12-
15). The use of either the first or second model at 
this stage is a matter of engineering judgment until 
the superposition law for permanent deformation is 
formulated and verified. 

The regression formulas for the Ai (=l + a1 ) 
and A2 (=l + a2) used in Equations 10 and 11 are 
given below: 

1. The first case that corresponds to a given 
transversal distribution of wheel loads is as 
follows: 

log A1 = 0.0281 logcx2 + 0.0916 logcx3 - 0 .025 l logcx4 + 0.0365 

log (l+µi) + 0.1051 log (1+µ 2 ) + 0.0544 log (1+µ 3 ) 

+ 0.0705 log ( 1 +µ4 ) +log W [0.009 logcx2 + 0.0894 logcx3 

- 0.039 logcx4 + 0.0425 log (1 +µ 1 ) + 0.054 log (1 +µ 2 ) 

+ 0.075 log (1+µ 3 ) + 0.1025 log (1+µ4)] + 0.0122 logcx 1 

logcx2 + 0.0255 logcx 1 log (1 +µ 2 ) + 0.013 logcx2 log (1 +µi) 

- 0.1502 logcx2 log (1+µ 2)- 0.1752 logcx3 log (l+µi) 

- 0.3116 [log (1+µ 2)]2 (12) 

R2 = 0.96 

A2 = 0.054 + 0.0093 logW - 1.424 loga1 - 0.457 loga2 + 1.428 loga3 

+ 0.0265 loga4 + 0.217 log (1+µ 1)- 0.4523 log (1+µ 2) 

- 0.183 log (1 +µ 3 ) + 2.428 logW loga3 - 3.3946 loga1 loga2 

+ 1.442 (loga2 ) 2 -2.237 loga2 log (1+µ2 ) 

R2 = 0.94 

(13) 

2. The second case is for no transversal distri
bution of wheel loads: 

log A 1 = 0.0266 loga2 + 0.055 log (l+µi) + 0.1593 log (1+µ 2 ) 

- 0.1084 log (1+µ 3 ) + 0.7798 log (1+µ4) 

+ logW [0.0260 loga2 + 0.1662 loga4 + 0.0281 log (l+µi) 

+ 0.1872 log (1+µ 2 ) + 0.2132 log (I +µ 3 ) + 0.8103 log (1+µ 4)] 

+ 0.0293 loga1 loga2 + 0.0757 loga1 log (1 +µ 3 ) 

-1.6121 (loga4)2 - 0.1072 loga4 log(1+µ 2) + 0.2018 loga4 

log (1+µ 3) + 0.0508 [log (1+µ 1 )] 2 + 0.0860 log (1 +µ 1 ) 

log (1+µ 3 ) + 2.4116 [log (1+µ 3 )] 2 (14) 

R2 = 0.97 

A2 = 0.0884- l.1007 loga1 - 0.9640 loga2 - 0.2455 log (1+µ 2 ) 

- 1.4252 log (1 +µ 3) + 0.6959 (loga 1 )
2 - 3.220 loga1 loga2 

- 0.9517 loga1 log (1 +µi) + 1.2965 loga1 log (1+µ 2 ) 

+ 6.0467 loga1 log (1+µ 4 ) + 0.6490 (loga2 ) 2 - 0.3772 loga2 

log (1+µ 3 ) + 8.0917 log (1+µ 2 ) log (1+µ 3 ) + 7.4075 log (1+µ 3 ) 

log (1 +µ4 ) (15) 

R2 =0.95 

where 
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W wE4/pa = nondimensional deflec
tion; 

w = elastic deflection between wheels 
of the dual load; 

p = contact pressurei 
radius of contact; 
thicknesses of surface, base, and 
subbase layers, respectivelyi 
elastic moduli of surface, sub
base, and subgrade layers, re
spectively; 
alpha's plastic material proper
ties of layers; and 
mu's plastic material properties 
of layers. 

The nondimensional deflection (W) was expressed as a 
function of the four-layer system variables as 
follows: 

log W = 0.2847 - 0.2361 log (T tfa) - 0.0898 log (T 2/a) 

- 0.2441 log (E1/E4)-0.1830 log (E2/E4)-0.0460 log (E3/E4 ) 

+log (Ttfa) {-0.2075 log (T1/a) + 0.2015 log (T2 /a) 

+ 0.0986 log [(I+ T3 )/a] -0.2191 log (E1/E4) 

+ 0.1246 log (E2 /E4) + 0.1020 log (E3 /E4)} +log (T2 /a) 

{-0.1720 log (T 2 /a) + 0.1143 log ((1 + T 3 )/a] + 0.0118 

log (E1/E4)- 0.1919 log (E2/E4)-0.0965 log (E3 /E4)} 

+log [(1 + T3 )/a] (-0.0474 log (E1/E4) + 0.0220 log (E2 /E4 ) 

+ 0.0220 log (E3/E4)] +log (Ei/E4 ) (-0.3315 log (Ei/E4) 

+ 0.0145 log (E2 /E4) + 0.0095 log (E3 /E4)] +log (E2 /E4) 

(0.0216 log (E2 /E4) + 0.0074 log (E3 /E4)] 

+ 0.0300 (Jog (E3 /E4 )] 2 (16) 

The rut depth variance, as required for service
ability evaluation as per Equation 4, is computed by 
using Cornell's first-order, second-moment theory 
<!!.> for the functions that are represented by Equa
tion 11 and the regression formulas (Equations 12-
16). It includes the effect of variation of pave
ment geometry (layer thicknesses) and of material 
properties (resilient moduli and plastic parameters 
of all layers) • 

PROGRAM DESCRIPTION 

The system that has been developed to predict pave
ment performance includes several elements and 
models for describing the structure, the different 
materials, and the environmental and loading condi
tions. They are presented and discussed in the fol
lowing sections. 

Pavement Design Framework 

The pavement design framework consists of a four
layer system with an option for selecting only the 
three-layer system. This is especially convenient 
for overlay analysis. In its early life, the three
layer system is for describing the conventional 
pavement while the four-layer system is used for the 
overlaid pavement. 

The material properties required for structural 
analysis are the linear-elastic moduli, which are 
assumed temperature and/or suction dependent. 
Strain and rut depth computations are made by using 
the regression formulas {Equations 5 and 6 and 
12-16) • 

Loads are represented by dual wheels with constant 
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contact radius (a= 4.5 in) and constant distance 
between wheels (c - c = 3a). Loads of varying in
tensities can be prescribed. Their contributions to 
fatigue life or cracking are summed by using Miner's 
law. Note that the sequential order of application 
of the loads does not affect the results. However, 
it does affect the rate of permanent deformation, as 
seen from Equations 10 or 11. In this case, the 
time-hardening scheme (~) is adopted for load equiv
alency computations that are made each month during 
the pavement life. 

Environmental Conditions 

The environmental conditions include temperature 
distribution of each asphalt concrete layer and tem
perature and suction (or moisture content) distribu
tion of the subgrade. The analysis, and therefore 
the input, is made for each basic time period that 
has been chosen to be a monthly interval. For the 
asphalt concrete modulus of elasticity, which 
strongly depends on temperature, the following 
three-segment relation is assumed: 

(J 7) 

When 32° F < T .;; 77° F, ET= E 0 10<T-32 la1 (18) 

When T < 77' F , ET= Eo JOI~ 5<>' +(T 77)<>2 I (JlJ) 

where 

modulus of elasticity of asphalt concrele 
at temperature T (°F), 
ET at T = 32°F = o•c, and 
material coefficients. 

The temperature and suction (or moisture content) 
dependence of the modulus of elasticity of the sub
grade are assumed as follows (10): 

•1t =exp [a 5 (h - h, )] (21) 

aT =exp {a3 (T- T,)/[a4 + (T-T,)]} (22) 

and 

(23) 

where 

Es subgrade modulus at t"mperatu r e 'I' 

and suction h or moisture con
tent w, 

Esr subgrade modulus at given refer
ence temperature Ts and given 
reference suction hs, 

ah suction influence factor, 
aT temperature influence factor, and 

a1,a2,a3,a4,a5 = constants. 

Note that when the subgrade temperature is 32°F 
or less, the material is assumed to be frozen and a 
representative modulus of elasticity of 50 000 psi 
is assigned to it (2). During the frozen period, 
which should be specified, no rut depth computations 
are made, since no contribution could be made during 
these months. 

The environmental conditions indirectly affect 
the material properties of granular subbase and base 
layers through the dependence of their moduli of 
elasticity on that of the subgrade. Two ratios of 
granular material and subgrade moduli are imple-
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mented: 
(11). 

the Shell method (.:?) and the USCE method 

Overlay Analysis 

The overlay analysis is included in the program for 
maintenance strategy studies. In this case, crack
ing involved in Equation 4 is the one that is com
puted in the upper layer (overlay layer). Rut depth 
and its variance are initialized (to zero and to the 
corresponding initial serviceability) and new plas
tic parameters (alphas and mus) of the existing 
pavement layers are specified. This makes it pos
sible to take into account the changes in material 
properties that result from past traffic condi
tions. The computations are then made for the re
newed pavement, and its performance is predicted. 

Note that the period preceding overlay applica
tion can be subdivided into subperiods that are 
multiples of a year. This facility enables the de
signer to include changes in material properties 
during the pavement life that are caused by environ
mental and/or loading conditions (such as for 
cracked asphalt or any special conditions). 

APPLICATION 

System Description 

Application of the procedure is illustrated by ana
lyzing the pavement response of an AASHO Road Test 
section. The analysis presented below includes a 
sensitivity analysis of different pavement response 
components (cracking, rut depth, and its variance) 
to input parameter variations. The section chosen 
is section 581 of loop 4 in the AASIIO Road Test. 
The i nput variables were collected from the li tera
ture and are summarized below: 

1. Geometry: The geometry consists of 5-in as
phalt concrete, 6-in base course, and 13-in subbase 
course on the top of the silty clay subgrade. 

2. Moduli of elasticity: The asphalt concrete 
material is temperature dependent according to Equa
tions 17-19, where E0 = l.Bxl0 6 psi, cr 1 = 0.014, and 
a2 = 0.022, which lead to elastic moduli as reported 
by Finn and others (_~). The subgrade modulus is 
temperature and moisture dependent according to 
Equations 20-23, where Esr = 6000 psi, a1 = O, 
a2 = -1, a3 = -0.070, a4 = 33.50, and a 5 = -0.70, 
which were chosen to reduce the elastic modulus by 
half in the springtime period. The granular mate
rial modulus was computed by using the procedure by 
Barker and others (11). 

3. Plastic properties: The following alphas and 
mus were chosen on the basis of the literature review 
(_!,_?., and Uzan reports): a 1 = 0 , 56, µl = 0 . 3, a 2 = 
o 3 = 0.9, µ2 = µ 3 = 0.3, o 4 = a.so, and µ4 = 0.045 . 

4. Fatigue parameters: The fatigue law from 
F i nn a nd o ther s (~) f o e 10 perce nt cracking and a 
corrected one (K1 = 0 . 057 943 E-0.854 and 0.3 
E-0.854, K2 = 3.291) a re imple me nted. 

5. Environmental conditions: The asphalt tem
perature distribution was 48, 37, 32, 31, 35, 62, 
73, 82, 87, 88, 78, and 63 for the 12 months follow
ing the onset of the test (repeated for the next 12 
months). The subgrade was assumed to be frozen dur
ing the period between the second and fifth month 
and thawed during t he sixth and s eventh month. 

6. Loading: The traffic is comprised of 18-kip 
axle loads with an assumed standard deviation of the 
wander of 1 ft. The traffic was not uniformly dis
tributed throughout the test period. The actual 
number of repetitions was taken from the AASHO Road 
Test data (}) • 

7. Material variability: It was assumed that 
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Figure 1. Results of analysis of AASHO Road Test section. 
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Figure 2. Results of sensitivity analysis and variation of means. 
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Figure 3. Results of sensitivity analysis and varying the coefficients of variation • 
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Table 1. Variable values that correspond to different curves in Figure 2. 

Curve 
No . "'1 µ, °'4 E4 (psi) 

I 0.56 0.30 0.80 6000 
2 0.56 0.50 0.80 6000 
3 0.70 0.30 0.80 6000 
4 0.45 0.30 0.80 6000 
5 0.56 0.30 0.95 6000 
6 0.56 0.30 0.80 5000 

the coefficient of variation of layer thicknesses, 
moduli of elasticity, and plastic parameters is 
0 .10. The regression coefficients were assumed nil 
for those input variables except for the subbase, 
base, and subgrade moduli that were fully depen
dent. As for the fatigue law, the coefficients of 
variation of the K1 and K2 variables were 0.3 
and their regression coefficient was 0.857 <!,12). 

Results 

The results of the analysis are presented in Figures 
l, 2, and 3, which describe the pavement performance 
(serviceability index, rut depth, and cracking area 
versus number of repetitions). 

Figure l shows that about a 50 percent cracked 
area was obtained at the end of the test period when 
the fatigue law derived by Finn and others (2) is 
implemented (curve 2) • Because the section did not 
crack, it is concluded that the fatigue law derived 
by Finn and others (2) in conjunction with a non
linear computation scheme cannot be implemented in 
the program. The K1 parameter was therefore cor
rected to correspond to minor cracking (curve l) • 
Figure l also shows the predicted performance of the 
pavement for the above two cases. Because the only 
difference is in the cracked area, the serviceabil
ity index computed by using the fatigue law (_~) is 
lower than the index computed by using the corrected 
fatigue law. Measured rut depths and performance 
are reproduced in Figure 1 to evaluate the reliabil
ity of the prediction for the chosen input vari
ables. It is seen that the predicted and measured 
shape and values are in very good agreement. 

Sensitivity Analysis 

The fatigue subsystem is not included in this analy
sis, since the section did not fail at the end of 
the test period. This will simplify the analysis of 
the rut depth and of its variance (and through these 
variables, the serviceability index) • Moreover, we 
feel that the fatigue subsystem should be comple
mented to take into account the rest period, crack 
propagation, crack retardation, etc. Until then, it 
appears that the cracking is yet unpredictable, 
leading to the introduction of correction factors 
such as that proposed by Brown (ll,) • 
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Results of the sensitivity analysis of the rut 
depth are presented in Figures l and 2, which illus
trate the effect of varying only the variables that 
are of significance, such as a1, Ulr a4, 
and E4 (see Table 1). Figure 2 shows that the 
ranking of these variables by their effect on rut 
depth is similar to that reported by Rauhut and 
others (4,5) in their sensitivity analysis that used 
VESYS II~ -Figure 2 also shows the effect of varying 
these variables on the serviceability index. It is 
seen that the main effect is due to a 1 through 
its influence on the rut depth. Figure l illus
trates the effect of the plastic properties of the 
base, subbase, and subgrade from the above values to 
perfectly elastic properties that are assumed to 
correspond to the overlay case (curve 3 in Figure 
1) • It is seen that the rut depth is reduced to 
less than half its value and the serviceability in
dex remains high. This behavior corresponds with 
experience with overlay or step construction (Uzan 
report, Permanent Deformation in Asphalt Overlays on 
Flexible Pavements). 

The rut depth variance is sensitive not only to 
the mean values of the input variables but also to 
their variance. According to Rauhut and others 
(!,~), the slope variance, which was replaced by the 
rut depth variance in Equation 3, is affected by 
almost the same variable variations as was the rut 
depth. However, this was expected to happen, since 
the slope variance was expressed as a function of 
the rut depth (Equation 2) • Because this does not 
correspond to the current case, the sensitivity 
analysis is conducted only for the effecl or varia
tion of the coefficient of variation of a1, 
u1 , E1, and E4• Figure 3 shows the effect 
of varying the coefficient of variation of only one 
variable. Curve l represents the performance of the 
section for a 0.10 coefficient of variation; other 
curves correspond to an a1's coefficient of var
iation of 0.2 for curve 2, a Ill's coefficient of 
0.2 for curve 3 (superimposed with curve 1), and an 
E4 's coefficient of 0. 27 for curve 5 (also super
imposed with curve 1). It is seen that the main 
effect is again due to varying the coefficient of 
variation of a1 · 

From the results shown in Figures 2 and 3, it can 
be concluded that the pavement performance is highly 
affected by the a1 plastic property. 

DISCUSSION OF RESULTS 

The results of the analysis presented refer to a 
particular section of the AASHO Road Test. The loss 
in serviceability in this section was mainly due to 
rutting and slope variance. It is seen that the 
fatigue law derived by Finn and others (~) from 
AASHO Road Test data and the PSAD program are not 
applicable in the present program. (This fatigue 
law seems appropriate only in the framework of the 
PDMAP program.) Because no other fatigue law is 
available and no cracking developed in the section, 
the fatigue law was therefore adjusted to correspond 
to minor cracking. However, note that a basic ap
proach for fatigue analysis (based on fracture me
chanics) is warranted to release from correction 
factors of the order of 13-18 (2) or 100 (13). 

The computed rut depth versus number of repeti
tions is very similar to the measured one. Note 
that the rut depth is very sensitive to the plastic 
material properties of all layers, especially the 
upper asphaltic one. Similar results could be ob
tained with a different set of plastic properties. 
Because these properties are of primordial impor
tance in the rut depth evaluation, their values and 
dependence on material and stressing variables 
should he investigated further. In addition, the 

Transportation Research Record BBB 

rut depth variance was found to be primarily af
fected by the alpha of the upper asphaltic layer and 
its variation. Therefore, since there is an indica
tion of the stress and temperature dependence of 
this parameter, it should be investigated carefully 
at stressing conditions similar to field condi
tions. The model for rut depth prediction is in 
essence similar to that developed by Uzan and others 
(Rut Depth Prediction Using Quasi-Elastic Approach) 
extended to simple statistically based models, and 
verified by using test sections from AASHO Road Test 
and Alberta and Ontario Brampton Test Road (Uzan 
reports, Prediction of Rut Depth Performance in 
Flexible Pavement Using Statistically Based Models; 
Permanent Deformation in Asphalt Overlays on Flex
ible Pavements). The results were very satisfac
tory. The current program is therefore expected to 
bring similar good results. However, information 
concerning material properties and performance as 
required by the program was not available to us. 

The pavement performance predicted by the program 
is in very good correlation with the measured one. 
Note that the curvature of the serviceability index 
versus the number of repetitions is rather upward 
(sag curvature). This results from the special com
bination of the traffic distribution and environ
mental conditions. 

In conclusion, the program package seems reliable 
and could be widely and easily implemented and pro
grammed on a microcomputer. 

REFERENCES 

1. W.J. Kenis. Predictive Design Procedures, 
VESYS Users Manual--A Design Method for Flex
ible Pavements Using the VESYS Structural Sub
system. Proc., Fourth International Conference 
on Structural Design of Pavements, Univ. of 
Michigan, Ann Arbor, Vol. 1, 1977, pp. 101-130. 

2. F. Finn, C. Saraf, R. Kulkarni, K. Nair, w. 
Smith, and A. Abdullah. The Use of Distress 
Prediction Subsystems for the Design of Pave
ment Structures. Proc., Fourth International 
Conference on Structural Design of Asphalt 
Pavements, Univ. of Michigan, Ann Arbor, Vol. 
1, 1977, pp. 3-38. 

3. The AASHO Road Test: Report 5, Pavement Re
search. HRB, Special Rept. 61E, 1962, 352 pp. 

4. J.B. Rauhut, J.C. O'Quin, and W.R. Hudson. 
Sensitivity Analysis of FHWA Structural Model 
VESYS II, Vol. 1: Preparatory and Related 
Studies. FHWA, Rept. FHWA-RD-76-23, 1976, 261 
pp. 

5. J.B. Rauhut, J.C. O'Quin, and W.R. Hudson. 
Sensitivity Analysis of FHWA Structural Model 
VESYS II, Vol. 2: Sensitivity Analysis. FHWA, 
Rept. FHWA-RD-76-24, 1976, 132 pp. 

6. P. Ullidtz. Computer Simulation of Pavement 
Performance. The Institute of Roads, Trans
port, and Town Planning, The Technical Univ. of 
Denmark, Lyngby, Rept. 18, 1978. 

7. A.I.M. Claessen, J.M. Edwards, P. Sommer, and 
P. Uge. Asphalt Pavement Design--The Shell 
Method. Proc., Fourth International Conference 
on Structural Design of Asphalt Pavements, 
Univ. of Michigan, Ann Arbor, Vol. 1, 1977, pp. 
39-74. 

8. W.L. Hufferd and J.S. Lai. Analysis of N-Lay
ered Viscoelastic Pavement Systems. FHWA, 
Rept. FHWA-RD-78-22, 1978, 220 pp. 

9. C.L. Monismith, N. Ogawa, and C.R. Freeme. 
Permanent Deformation Characteristics of Sub
grade Soils Due to Repeated Loading. TRB, 
Transportation Research Record 537, 1975, pp. 
1-17. 

10. E.V. Edris, Jr., and R.L. Lytton. Climatic Ma-



Transportation Research Record 888 

11. 

terials Characterization 
Soils. TRB, Transportation 
642, 1977, pp. 39-44. 

of Fine-Grained 
Research Record 

W.R. Barker, w.N. Brabston, and Y.T. Chou. A 
General System for the Structural Design of 
Flexible Pavements. Proc., Fourth Interna
tional Conference on Structural Design of As
phalt Pavements, Univ. of Michigan, Ann Arbor, 
Vol. 1, 1977, pp. 209-248. 

12. J.S. Lai. VESYS G--A Computer Program for 
Analysis of N-Layered Flexible Pavements. 
FHWA, Rept. FHWA-RD-77-117, 1977, 57 pp. 

13. 

63 

S .F. Brown. Material Characteristics for Ana
lytical Pavement Design. In Developments in 
Highway Engineering (P.S. Pell, ed.), Applied 
Science Publishers, Ltd., London, 1978, Chapter 
2, pp. 41-92. 

Publication of this paper sponsored by Committee on Flexible Pavement 
Design. 

Structural Analysis of AASHO Road Test Flexible 
Pavements for Performance Evaluation 

DAVID R. LUHR AND B. FRANK McCULLOUGH 

The structural analysis of American Association of State Highway Officials 
(AASHO) Road Test flexible pavements was performed for the specific pur
pose of developing a pavement performance model that would be implemented 
in a pavement management system used by the U.S. Forest Service. For this 
reason, a precise and highly sophisticated structural evaluation was not made. 
However, it was determined that the nonlinear elastic properties of unbound 
pavement materials and seasonal material conditions should be characterized. 
The use of a thin layer BISAR elastic-layer analysis helped to overcome diffi
culties in the structural analysis associated with the PSAD2A elastic-layer pro
gram. An equivalent layer procedure was found to give results similar to the 
thin layer BISAR analysis. A modified BISAR program was developed that 
incorporated the equivalent layer procedure and was used in the structural 
analysis of the AASHO Road Test pavements. Results of the analysis showed 
that predicted pavement deflections from the structural analysis compared 
very well with spring and fall deflection measurements taken at the AASHO 
Road Test. An evaluation of the modulus ratios of adjacent unbound pave
ment layers led to the conclusion that the modulus ratios are not fixed within 
a narrow range of values but can vary significantly depending on the state of 
stress in the pavement layers. 

The structural analysis of flexible pavements can 
involve a wide range of methodologies, which range 
from sophisticated finite-element modeling that 
considers nonlinear elastic and viscoelastic prop
erties of pavement materials to relatively uncompli
cated elastic-layer techniques that have various 
simplifying assumptions regarding material prop
erties, loading conditions, etc. Therefore, it is 
important to choose the appropriate level of sophis
tication for the particular situation being analyzed. 

This paper describes a structural analysis of 
American Association of State Highway Officials 
(AASH9) Road Test flexible pavement sections, which 
was conducted as part of a cooperative research 
effort by.the u.s. Forest Service and the University 
of Texas at Austin. The objective of the analysis 
was to calculate pavement response parameters that 
could be compared with AASHO Road Test pavement 
performance data. From this information, a pavement 
performance model would be developed and used to 
revise and improve an existing pavement management 
system <.!>· 

The structural analysis in this study was not a 
precise and highly sophisticated evaluation of the 
pavement structures. Because of the number of AASHO 
Road Test sections to be studied, practical restric
tions were necessary in the consideration of com-

puter execution time. In addition, since the pave
ment performance model being developed would be 
included in a pavement management system, it could 
be assumed that a similar structural analysis would 
have to be employed in that system. For these 
reasons, a relatively simple analysis was favored. 
However, because of important economic comparisons 
made among candidate pavement materials in the 
pavement management system, it was felt necessary to 
consider the stress-sensitive properties of unbound 
pavement materials. Because pavement performance 
varies considerably, depending on climatic and 
seasonal conditions, it was also determined that the 
characterization of seasonal material properties was 
important in the structural analysis. These factors 
tended to indicate that a more sophisticated evalua
tion was necessary. 

The following sections of this paper discuss the 
evaluation of different methodologies for performing 
the analysis. Results from this evaluation are 
discussed, including results from the structural 
analysis. A comparison is made between measured and 
predicted pavement deflections, and the modulus 
ratios for adjacent unbound pavement layers are 
studied. 

PROCEDURE FOR NONLINEAR ELASTIC ANALYSIS 

In the structural analysis of AASHO Road Test pave
ment sections, the asphalt layer was assumed to have 
linear elastic properties, whereas the granular base 
and subbase materials and the fine-grained subgrade 
were assumed to have nonlinear stress-dependent 
characteristics. The stress-sensitive nature of the 
unbound pavement materials was characterized by the 
following relations. For fine-grained materials, 

where 

O'd 

A, B 

resilient modulus of fine-grained 
material, 
principal stress differences (a1 -
a3) or deviator stress (psi) , and 
experimentally determined coefficients 
define the behavior of the fine-grained 
material. 

(1) 

that 
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For granular materials, 

where 

resilient modulus of granular material, 
first stress invariant (cr1 + cr2 
+ cr 3 ) or bulk stress (psi) , and 
experimentally determined coeffi
cients that define the behavior of the 
granular material. 

(2) 

Considering the relations described in Equations 
1 and 2, where the modulus of an unbound pavement 
material varies according to the state of stress in 
the material, the moduli of unbound materials should 
vary both horizontally and vertically in the pave
ment structure. This type of two-dimensional varia
tion in material moduli can be satisfactorily repre
sented by using finite-element techniques that model 
nonlinear elastic material behavior (2). However, 
as mentioned earlier, the objective of this study 
was not the precise structural analysis of a layered 
pavement but rather to calculate pavement response 
parameters that could be related to pavement perfor
mance. The finite-element methodology does not lend 
itself to this type of objective because (a) it uses 
a large amount of computer execution time, which 
would be restrictive in the analysis of all the 
AASHO Road Test pavement sections; (b) the large 
amount of variability in pavement performance data 
may lllake the structural precision of finite-element 
methods superfluous in comparison; and (c) finite
element methods are too complex and consume too much 
computer execution time to be used routinely as part 
of a pavement management system. 

Evaluation of Elastic-Layer Programs 

An alternative way to analyze pavement structures by 
using nonlinear elastic material characterization is 
through an elastic-layer procedure. In this case, 
the pavement structure is divided into layers with 
homogeneous and isotropic material properties. This 
limits the modulus variation to only the vertical 
direction, where the modulus may change from one 
layer to another. A single modulus for each layer 
is assumed, and the stresses in each layer are 
determined in an interactive procedure until the 
relations in Equations 1 and 2 are satisfied. A 
computer program developed at the University of 
California at Berkeley [PSAD2A (3)] uses this type 
of procedure and was examined as- a possible method 
to carry out the analysis of AASHO Road Test pave
ment sections. The PSAD2A program calculates 
stresses at seven horizontal locations underneath 
the loaded area at three depths in each layer. 
Figure 1 illustrates the 21 locations where stresses 
are calculated for each layer, with 7 locations for 
the subgrade. The modulus value for each location 
where stresses are calculated is computed from the 
relations in Equations 1 and 2, and the 21 modulus 
values are averaged to determine the stress-depen
dent modulus for each layer. The initial assumed 
modulus is compared with the calculated average 
modulus, and the procedure is iterated until the two 
moduli converge. 

Two difficulties were apparent when the PSAD2A 
program was examined. The first involved the devel
opment of tensile stresses in the bottom of pavement 
layers. This is common in elastic-layer analysis, 
since the layer is treated as a homogeneous iso
tropic material. Under load, compression develops 
in the top of the layer and tension at the bottom. 
However, unbound pavement materials, particularly 
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granular materials, have little 
tensile strength. Realizing this 

or no 
fact, 

mobilized 
the PSAD2A 

program assumes a modulus of zero when the first 
stress invariant (B) becomes negative for a cer
tain location. Often the bottom of a layer will be 
calculated to be in tension, which results in the 
seven points in the lower portion of the layer that 
have a modulus of zero. When the average modulus of 
the 21 points is calculated, the effect of the 7 
moduli with a value of zero is to greatly reduce the 
average modulus value. This result helps to illus
trate the second difficulty: The procedure for 
averaging the 21 modulus values has the effect of 
converging the solution for a condition that may not 
represent the behavior of the layer. The stresses 
are calculated from one assumed modulus for each 
layer, yet different modulus values are calculated 
for 21 points, indicating the intention to consider 
the two-dimensional variation in moduli for each 
layer, which cannot be accomplished by using elas
tic-layer analysis. 

In an effort to alleviate the two difficulties 
stated above, a somewhat different approach than 
that used in PSAD2A was taken by using the elastic
layer methodology. An examination was made of a 
typical pavement structure with 7.6-cm (3-in) as
phalt, 7.6-cm base, and 10-cm (4-in) subbase. First, 
no attempt was made to calculate the moduli at 
different horizontal locations in the unbound 
layers. Instead, only positions directly beneath 
the wheel loads were used to calculate stresses for 
the relations in Equations 1 and 2. This restric
tion is simply one of the limitations of using 
elastic-layer theory. Second, the base and subbase 
layers were divided into thin sublayers of 2. 5-cm 
(1-in) thickness (Figure 2). With this small thick
ness! the modulus calculated from the stress condi
tion at midlayer is probably an accurate representa
tion of the entire sublayer. This allows the mod-

Figure 1. Locations for stress-dependent modulus calculations in program 
PSAD2A. 
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Figure 2. Locations for stress-dependent modulus calculations in thin layer 
BISAR analysis. 

. -- -
____ ..;;E"'e""a""'se._-_,1 __ 

Eease- 2 - - - --==-=--
Eease - 3 

_____________ ...:E=-s><uwb"'b"'a""s"'e..:;- "'-1-
Esubbase-2 
Esubbase-3 
Esubbase-4 

EsubQrade 



Transportation Research Record BBB 

ulus to vary with depth, since it can change from 
sublayer to sublayer. Because the layers are thin, 
the problem of calculating tensile stresses in the 
bottom of the layers is reduced. 

The structural evaluation of the pavement struc
ture in Figure 2 was accomplished with the elastic
layer program BISAR, which was developed by Shell 
Research (4). The BISAR program was used because it 
has the capability to analyze more than five layers, 
and the level of friction at layer interfaces in the 
pavement structure can be varied. With the small 
thickness of the base sublayers, it was necessary to 
assume no friction at the asphalt-base interface. If 
full friction has been used at the asphalt-base 
interface, the thin sublayer at the top of the base 
would be calculated to be in tension because of the 
influence of the tension at the bottom of the as
phalt layer. In reality, the friction at the as
phalt-base interface lies somewhere between full 
friction and no friction. However, the assumption 
of no friction for analytical purposes is reason
able. Full friction was assumed for all other 
interfaces. 

By using a fixed modulus for the asphalt and the 
relations in Equations 1 and 2 for the base, sub
base, and subgrade, the assumed moduli for the seven 
locations in Figure 2 were iterated until each 
converged with the calculated stress-dependent 
modulus. If tensile stresses in any layer were 
greater than an arbitrary limit of 35 kPa (5 psi), 
the results were considered unacceptable and new 
moduli were assumed. Figure 3 contains the plot of 
moduli versus depth for the pavement structure in 
Figure 2 and assumes material properties for the 
fall season (seasonal material characterization is 
discussed later) and a 100-kN ( 22. 4-kip) single-axle 
load. The moduli computed from the PSAD2A program 
are compared in Figure 3 with those from the thin 
layer BISAR analysis. The significantly smaller 
moduli calculated from PSAD2A for the base and 
subbase layers are mainly due to the effect of 
averaging in the zero modulus values from the lower 
positions in each layer. 

It was concluded that the thin layer BISAR analy
sis was an appropriate method of using elastic-layer 
theory to model the stress sensi ti vi ty of materials 
in a pavement structure. Because the moduli were 
calculated only along the axis of load symmetry and 
restrictions were placed on tensile stresses, the 
difficulties associated with the PSAD2A program had 
been alleviated. However, practical limitations of 
computer execution time would make a thin layer 

Figure 3. Moduli versus depth below asphalt for example pavement structure 
with 100-kN (22.4-kip) single-axle load. 
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BISAR analysis for all the AASHO Road Test pavement 
sections unfeasible. In addition, it would not be 
practical to incorporate this detailed a structural 
analysis in a pavement management system. 

Development of an Equivalent Procedure 

To develop a simpler structural analysis that still 
contained the advantages of the thin layer BISAR 
procedure, an approach that used an equivalent ~ayer 
modulus was examined. This approach uses a single 
stress-dependent modulus for each layer instead of 
dividing the base and subbase into sublayers. This 
single modulus is equivalent to the sublayer moduli, 
in that the calculated stress-strain response in the 
asphalt and subgrade layers is the same as the 
response calculated with the thin sublayer analysis. 
For the equivalent layer analysis, it was found that 
if the single stress-dependent modulus for each 
layer is converged by using the stress condition at 
middepth in the layer, the calculated stress-strain 
response in the asphalt and subgrade will be nearly 
the same as for the thin layer analysis. This 
concept is shown in Figure 4, where the same pave
ment structure as in Figure 3 is examined. The 
moduli calculated from the small layer BISAR analy
sis and the equivalent layer analysis are shown, as 
are results from the structural analysis that in
clude (a) surface vertical deflection, (b) asphalt 
tensile strain, (c) subgrade compressive strain, and 
(d) subgrade shear stress. 

The four parameters above were selected because 
combined they represent most of the structural 
response variables used in current pavement design 
procedures and they cover a wide range of pavement 
response. If the equivalent layer analysis could 
produce similar results for all of these parameters, 
it could replace the thin layer analysis. This 
comparison between the thin layer analysis and the 
equivalent layer analysis was made for a variety of 
pavement structures and axle loads. The results are 
given in Table l and indicate very good agreement in 
nearly all cases. Based on this detailed examina
tion, it was concluded that the equivalent layer 
procedure should be used to analyze the AASHO Road 
Test pavement sections and that it would also be 
appropriate for a pavement management system. A 
modified version of the BISAR program was developed 
that converges the single stress-dependent modulus 
for each layer in an iterative procedure by using 
the stress condition at middepth in the layer. 

Figure 4. Example of equivalent layer analysis for pavement structure and 
load in Figure 3. 
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Table 1. Comparison of thin layer and equiv-
Ratio3 for alent layer analysis. Pavement Thickness (cm) 

Subgrade 
Asphalt Single-Axle Surface Asphalt Subgrade Shear 
Concrete Base Sub base Load (kN) Deflection Strain Strain Stress 

5 8 0 9 0.92 0.97 1.02 0.91 
5 8 0 53 0.97 0.97 0.91 0.91 
8 8 10 9 0.99 1.00 1.00 0.95 
8 8 10 53 0.99 1.00 0.98 0.98 
8 8 10 80 0.97 0.99 0.99 0.95 
8 8 10 100 0.98 1.00 0.99 0.96 

13 15 20 80 0.99 1.0 I 1.00 0.97 
13 15 20 100 0.98 1.01 1.00 0.97 
13 15 20 133 0.97 1.00 1.00 0.96 

Note: 1 cm= 0.394 in, 1 kN = 0.225 kJp. 
3 Ratio =value of equivalent analysis+ value of thin layer analysis. 

Table 2. Elastic moduli of AASHO Road Test materials. 

Material 

Asphalt Concrete Base 

Seasonal Moduli kPa psi kPa psi 

March-April 4.9x106 0.71x106 690011°·6 3 20011°·6 
(spring) 

1.6x106 0.23x106 May-August 780011°·6 3 60011°·6 

(summer) 
3.lxl06 September-November 0.45x106 8 700 o0

·
6 4ooo11°· 6 

(fall) 
December-February 11.7x106 1.7xl06 345 ooo• 50 ooo• 

(winter) 

a Assigned values assuming frozen conditions. 

ANALYSIS OF AASHO ROAD TEST SECTIONS 

Seasonal Material Characterization 

Because pavement performance varies according to 
climatic and seasonal conditions, it was appropriate 
to structurally analyze the AASHO Road Test pavement 
sections on a seasonal basis. With these results, 
an attempt could be made to e valuate seasonal pave
ment performance. To accomplish this, the material 
properties for the asphalt surfacing, base, subbase, 
and subgrade were characterized for four different 
seasonal periods of the year. This consisted of 
modulus values for the asphalt, values of A and B 
for the fine-grained subgrade (Equation 1), and 
values of ki and k? for the granular base and 
subbase (Equation 2) • - The seasonal values used in 
this study were developed for AASHO Road -'!'est mate
rials by Finn and others (5) and are listed in Table 
2 (~). These seasonal material values were pri
marily developed from laboratory testing and are 
related to triaxial-type loading conditions. 

Poisson's ratio was assumed constant for each 
material and was assigned the following values: 
asphalt, 0,301 granular base, 0.40i granular sub
base, 0.40i and fine-grained subgrade, 0.45. 

S t .ructur al Ana lys is 

The structural analysis of the flexible pavement 
sections was completed by analyzing for four seasons 
all of the 284 combinations of flexible pavement 
structures and axle loads in the main AASHO Road 
Test experiment <i>· The modified BISAR program was 
used to conduct the analysis by using the material 
properties listed in Table 2. Four stress-strain 
parameters were calculated for each analysis. These 
included tensile strain at the bottom of the asphalt 
layer, subgrade shear 
otrain, and subgrade 

strain, subgrade 
strain energy. 

compressive 
An earlier 

Sub base Subgrade 

kPa psi kPa psi 

10 ooo o0 ·6 4 600 o0 ·6 427 000 ad-I.06 8 000 ad-J. 06 

1080011°·6 5 00011°· 6 960 000 ad -I.06 18 000ad-l.o 6 

11 700 11°·6 5 400 o0 ·6 1 440 OOOad-1.06 27 000 Ud-l.0 6 

345 ooo• 50 ooo• 345 ooo• 50 ooo• 

evaluation of AASHO Road Test pavement sections 
indicated that a simple linear elastic computation 
of subgrade compressive strain correlated fairly 
well with pavement performance ( 7). For this rea
son, three of the four parameters calculated are 
related to subgrade response. The asphalt strain 
was included because it is frequently used as a 
predictor of asphalt cracking. Pavement deflection 
was specifically not included because of difficul
ties in predicting pavement deflection when the 
depth to rigid foundation (depth of roadbed) is not 
known (_!!). 

All of the four parameters were calculated for 
positions directly beneath the wheel load in their 
respective layers. It is realized that sometimes 
maximum stresses or strains do not occur at these 
locations but, rather, at points between the two 
loads of a dual tire configuration. There were 
three primary reasons for calculating stresses and 
strains for only the locations directly beneath the 
load: 

1. The stress-dependent modulus calculation for 
each layer is for the stress condition under the 
load. In reality, the layer moduli are different 
for locations between the loads, and any calcula
tions of stresses or strains between the loads may 
not be accurate. 

2. The purpose of the structural analysis was not 
the precise evaluation of stresses and strains 
within the pavement structure but, rather, the 
comparison of mechanistic parameters with pavement 
performance. Because conditions between the loads 
are probably highly correlated with conditions at 
the same depth under the load, the additional con
sideration of parameters between the loads may not 
make any improvement in the performance prediction. 

3. The calculation of stresses and strains at 
other locations in the pavement structure would have 
greatly increased the computer time necessary for 
the structural analysis. 
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Figure 5. Measured versus predicted deflections for fall and 
spring seasons. 
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The mechanistic parameters calculated from the 
structural analysis of AASHO Road Test pavement 
sections, along with other data related to axle 
loads and pavement performance, were used to develop 
a performance prediction model that was implemented 
in a pavement management system. The development of 
this performance model and associated improvements 
to the pavement management system is described in a 
separate paper (1). The results of the structural 
analysis with regard to deflection measurements and 
ratios of layer moduli are discussed in this section. 

Comparison of Results with Deflection Measurements 

To determine with what accuracy the material charac
terizations in Table 2 and the modified BISAR pro
gram represent actual pavement response, surface 
deflections were calculated for a large number of 
pavement structures and axle loads that were part of 
the AASHO Road Test main experiment. These pre
dicted deflections were then compared with Benkelman 
beam deflection measurements taken during the AASHO 
Road Test. Because the depth of the roadbed for the 
AASHO Road Test was known (6), the problem described 
earlier of predicting defl;ction measurements with
out accurate knowledge of the depth of roadbed was 
removed. A total of 183 pavement sections from 
loops 2 through 6 were analyzedi they included 
single-axle loads from 9 to 133 kN (2-30 kips) (6). 
Deflection measurements were made during fall and 
spring seasons for each section, thereby represent
ing the times of the year when the pavement was in 
its best and worst condition, respectively. 

The predicted deflections are compared with the 
deflection measurements in Figure 5. This figure 
shows the accuracy of the predictions for 366 points 
for one spring and one fall deflection for each 
pavement section. Figure 5 indicates that the 
measured deflections are generally slightly higher 
than the predicted deflections. However, this trend 
is not serious, and the figure indicates very good 
correl<.tion, considering the wide range of pavement 
struct·1res, loads, and seasonal conditions being 
examir ~d •· The root mean square error of the pre
dicted deflection measurements is 0.028 cm (0.011 
in), which is quite reasonable when compared with 
the root mean square error of 0.015 cm (0.006 in) 
for 30 replicate deflection measurements. These 
replicate data give an indication of the repeat-

• 
• 

II Line of Equality 

II 

366 Observations 

o. 10 0. IS 0. 20 0. 25 O.llO 0.35 0.40 
PREDICTED DEFLECTION ICH. I 

ability of the deflection measurements made at the 
AASHO Road Test. 

Evaluation of Modulus Ratios 

The ratio of elastic moduli for two adjacent layers 
in the pavement structure has long been considered 
an important factor in pavement response. Therefore, 
it was important to examine the layer modulus ratios 
that were calculated by using the modified BISAR 
program. The current Shell pavement design proce
dure determines the moduli for granular base mate
rials by using a ratio of base to subgrade modulus 
between 2 and 4 (.2_) • This procedure was developed 
from estimates of the dynamic moduli of pavement 
materials by using wave velocity measurements gen
erated from the road vibration machine. Calculated 
moduli from wave velocity measurements of approxi
mately 50 pavement structures were found to have a 
modulus ratio that ranged from 1 to 5 for adjacent 
unbound pavement layers (10). Recommendations were 
made to use a modulus rati-;;- of roughly 2 for struc
tural evaluation of unbound granular layers. 

The modulus ratio is generally limited by the 
development of tensile strains in the bottom of 
unbound layers. If the ratio becomes too large, the 
tensile strains will have the effect of decompacting 
the upper layer, thereby reducing the modulus of the 
upper layer and the modulus ratio. In this study, 
calculations of modulus ratios for unbound layers 
were made from the results of the AASHO Road Test 
structural analysis. The results for the three
layer pavement structures showed general agreement 
with the range of modulus ratios, from 1 to 5, 
contained in the Shell data mentioned above. The 
modulus ratios of base to subbase were generally 
lower than that of subbase to subgrade, as is shown 
in Figures 6 and 7. However, some very high modulus 
ratios were found for the two-layer pavement struc
tures, as illustrated in Figure 8. Further examina
tion showed that the high ratios occurred when high 
stresses in the pavement structure caused the base 
modulus to be high and the subgrade modulus to be 
low. This condition, therefore, occurred with the 
heavier loads and thinner pavement structures. 

An example of this condition is shown in Figure 
9, where the moduli from the thin layer BISAR analy
sis are plotted for a 5-cm (2-in) asphalt and 7.6-cm 
(3-in) base pavement structure for single-axle loads 
of 9 and 53 kN (2 and 12 kips). Because of the 
higher stresses caused by the heavier load, the 
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Figure 6. Modulus ratios for base and subbase layers in 
three-layer pavement structure. 
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Figure 8. Modulus ratios for base and subgrade layers 
in two-layer pavement structure. 
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Figure 9. Moduli versus depth for 9- and 53-kN single-axle loads. 
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modulus of the base was higher and the modulus of 
the subgrade was lower than for the lighter load. 
This caused a higher modulus ratio for the heavy 
load. 

It was concluded that the modulus ratios are not 
fixed within a certain range of values but can vary 
significantly, depending on the state of stress in 
the pavement layers. This conclusion was reinforced 
by the fact that the structural analysis, which was 
used to calculate the modulus ratios, had close 
agreement with actual deflection measurements. 

CONCLUSIONS 

This paper has presented the findings from a non
linear elastic analysis of AASHO Road Test flexible 
pavement sections. The results of this analysis 
were not intended as a precise evaluation of pave
ment structures and were used in the development of 
a performance prediction model. Based on the find
ings from this study, the following conclusions are 
made: 

1. The problems encountered when using the PSAD2A 
program to analyze pavement structures were solved 
by using a thin layer BISAR analysisi 

2. An equivalent layer procedure that uses a 
modified BISAR program produced results very similar 
to the thin layer BISAR analysisi 

3. The modified BISAR program and the seasonal 
material characterizations produced predicted sur
face deflections that were in good agreement with 
deflection measurements taken at the AASHO Road 
Testi and 

4. Modulus ratios between adjacent unbound pave
ment layers are not fixed within a certain range of 
values but can vary significantly, depending on the 
state of stress in the pavement layers. 

69 

ACKNOWLEDGMENT 

The research and development work discussed in this 
paper was conducted under a cooperative agreement 
between the University of Texas at Austin and the 
Forest Service, U.S. Department of Agriculture. The 
purpose of the project is to review and improve the 
Flexible Pavement Design chapter of the Forest 
Service Transportation Engineering Handbook. 

REFERENCES 

1. B.F. McCullough, D.R. Luhr, and A. Pelzner. An 
Improved Pavement Management System for Low
Volume Roads. TRB, Transportation Research 
Record 875, 1982, pp. 14-21. 

2. L. Raad and J.L. Figueroa. Load Response of 
Transportation Support Systems. Transportation 
Engineering Journal, ASCE, Vol. 106, No. TEl, 
Proc. Paper 15146, Jan. 1980, pp. 111-128. 

3. Asphalt Behavior in Repeated Flexure. Univ. of 
California, Berkeley, Rept. TE 70-5, Dec. 1970. 

4. D.L. DeJonk, M.G.F. Pentz, and A.R. Korswagen. 
Computer Program BISAR, Layered Systems Under 
Normal and Tangential Surface Loads. Koninklijke 
/Shell-Laboratorium, Amsterdam, External Rept. 
ASMR-0006.73, 1973. 

5. F. Finn, c. Saraf, R. Kulkarni, K. Nair, 
w. Smith, and A. Abdullah. The Use of Distress 
Prediction Subsystems for the Design of Pavement 
Structures. Proc., Fourth International Confer
ence on Structural Design of Asphalt Pavements, 
Univ. of Michigan, Ann Arbor, Aug. 1977. 

6. The AASHO Road Test: Report 5, Pavement Re
search. HRB, Special Rept. 61E, 1962. 

7. D.R. Luhr and B.F. McCullough. Development of a 
Rationally Based AASHO Road Test Algorithm. TRB, 
Transportation Research Record 766, 1980, pp. 
10-17. 

B. B.F. McCullough and 
Linear-Elastic-Layered 
CRCP Overlays. HRB, 
291, 1969, pp. 1-13. 

K. J. Boedecker. Use of 
Theory for the Design of 
Highway Research Record 

9. A.I.M. Claessen, J.M. Edwards, P. Sommer, and 
P. Uge. Asphalt Pavement Design--The Shell 
Method. Proc., Fourth International Conference 
on Structural Design of Asphalt Pavements, Univ. 
of Michigan, Ann Arbor, Aug. 1977. 

10. w. Heukelom and A.J.G. Klomp. Dynamic Testing 
as a Means of Controlling Pavements During and 
After Construction. Proc., First International 
Conference on Structural Design of Asphalt 
Pavements, Univ. of Michigan, Ann Arbor, 1962. 

Publication of this paper sponsored by Committee on Flexible Pavement Design. 



70 Transportation Research Record 888 

Performance Analysis for Flexible Pavements with 

Stabilized Base 

M.C. WANG 

The performance of experimental pavements at the Pennsylvania Transporta
tion Research Facility was evaluated. These pavements contained five dif
ferent types of base course: bituminous concrete, aggregate bituminous, 
aggregate cement, aggregate-lime-pozzolan, and crushed stone. Most of the 
pavements had been subjected to about 2.4 million 18-kip equivalent axle 
loads (EA Ls), which is equivalent to approximately 40-years service life. Data 
analyzed were pavement serviceability index and three distress manifestations
roughness, rutting, and cracking. Some existing pavement performance 
models were also evaluated by using the performance data. The performance 
data indicate that the trend of serviceability index loss with increasing EAL 
follows the power function developed at the American Association of State 
Highway Officials (AASHO) Road Test. Of the performance models evalu· 
ated-AASHO, modified Highway Research Board (HRB), and Painter's, 
models-the AASHO model appears to predict best, although it overpredicts 
pavement service life. By using a curve-fitting process and regression analysis, 
equations that relate pavement performance indicators and structural number 
are formulated. These equations permit prediction of the rate of service
ability loss and pavement life required to reach a certain present service-
ability index drop. Also developed are equations that relate distress with 
structural number and critical pavement response with pavement service 
life. These equations may be used to predict various distress intensities from 
structural numbers and also used to predict pavement life from critical re
sponse. According to the results of the analysis, the maximum compressive 
strain at the top of the subgrade appears to be a better factor than the 
maximum surface deflection for predicting pavement service life. 

The American Association of State Highway Officials 
(AASHO) pavement performance model is widely used 
for design and evaluation of flexible pavements in 
the United States <ll. This model is a result of 
statistical analyses of performance data obtained 
from the carefully designed exper !mental pavements 
at the AASHO test road. Because the data base used 
for the model development is related specifically 
only to soil and pavement materials, construction 
procedures, loading conditions, and environmental 
cond itions t hat existed at the AASHO Road Test, the 
AASHO Committee on Design called for satellite stud
ies to extend AASHO Road Test results to various en
vironments, traffic, and construction practices (2). 

The Pennsylvania Transportation Research Facil
ity, which was constructed by using Pennsylvania's 
construction practices, is located near the geo
graphical center of the Commonwealth so that the 
environmental conditions can be considered as repre
sentat i ve of the enti r e statP. Therefore, the study 
at the Research Facility serves the purpose to ex
tend AASHO test results to the conditions present in 
Pennsylvania, although it is not the sole objective 
of the research. This paper presents the results of 
performance analyses for the experimental pavements 
at t he Research Facility. Meanwhile, some existing 
pavement performance models are compared, and vari
ous equations that permit prediction of pavement 
performance from response variables are presented. 

PENNSYLVANIA TRANSPORTATION RESEARCH FACILITY 

The Pennsylvania Transportation Research Facility is 
a one-mile, one-lane test road. The original facil
ity was constructed in summer 1972 and was composed 
of 17 test pavements of various lengths. Each pave
ment contained either different base-course materi
als with the same layer thickness or one type of 
base-ccurse material with different layer thick
nesses, as shown in Figure 1. Of these pavement 
sections, section 8 was overlaid and sections 10 
through 12 were replaced by eight shorter sections 

in fall 1975. All pavements were 12 ft wide. 
The subgrade soil was a silty clay that had clas

sifications that ranged from A-4 to A-7 according to 
the AASHO classification and CL according to the 
Unified Soil Classification. The subbase material 
was a crushed limestone. The base-course materials 
were bituminous concrete, aggregate cement, aggre
gate-lime-pozzolan, aggregate bituminous, and 
crushed stone. In the aggregate-cement base course, 
three types of aggregate were used--limestone, slag, 
and gravel. Of the aggregate-lime-pozzolan pave
ments, sections F and G were excluded from the 
analysis because they were unable to cure properly 
due to cold weather during construction. The wear
ing surface was an ID-2A bituminous concrete. 

The traffic on the Research Facility was provided 
by a conventional truck tractor pulling a semi
trailer and one or two full trailers. Scrap steel 
was used as the lading on the test vehicle. A total 
of about 2.4 million and 1.3 million applications of 
18-kip equivalent axle load (EAL19) had been ap
plied to the pavements constructed in 1972 and 1975, 
respectively. Complete information on de.sign, con
struction, and traffic operation is documented else
where (l ,_! ) • 

MATERIAL PROPERTIES 

The composition, gradation, and index properties of 
the constituent material of each pavement are docu
mented in a research report (2_) • The modulus of 
elasticity of each layer was determined by using 
laboratory repeated-load tests on laboratory
compacted test specimens . The specimens had a di
a meter of 6 in and a height of 10 in. The repeated 
load had a frequency of 20 cycles/min and a duration 
of 0.1 s. The modulus values obtained for the 
spring weather conditions are summarized in Table 
1. In the spring season, the average pavement tem
perature was approximately 60°F, and the average 
subgrade moisture content was about 23 percent. 
Also given in Table l is Poisson's ratio for each 
pavement constituent material. These data a re ob
tnined from other studies (5-7). Other material 
properties such as fatigue and -;, iscoelastic proper
ties are available elsewhere <!> . They are not used 
in this paper and therefore are not included in 
Table 1. 

The structural coefficients of the pavement mate
rials are also included in Table 1. Of these val
ues, the structural coefficients of the surface and 
subbase materials are obtained from the AASHO In
terim Guide (1,2). The structural coefficients of 
the base-course - materials are determined by using 
two different methods o f anal ysis--the AASHO perfor
mance analysis and the limiting criteria approach. 
The first analysis was based on the use of perfor
mance data with analysis techniques similar to those 
used at the AASHO Road Test. The second approach 
was based on the limiting criteria so that the pave
ment deflection, maximum tensile strain at the bot
tom of the stabilized base, and maximum compressive 
strain at the top of the subgrade can be limited 
within permissible values. Detailed analyses are 
available elsewhere (.2_) • 



Transportation Research Record 888 

FIELD EVALUATION AND TESTING RF = 63.267 + 0.686 R 

where 

RF Mays meter roughness factor, 
C area of cracking (ft 2/1000 ft 2), 

P area of patching (ft 2/1000 ft 2), 

RD average rut depth (in), and 
R profilograph readings (in/mile). 
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(2) 

Field evaluation of pavement performance was con
ducted periodically. Rut depth was measured bi
weekly every 40 ft in both wheel paths by using an 
A-frame that was attached to a 7-ft-long base chan
nel. Surface cracking was surveyed and mapped bi
weekly. Surface roughness was measured in both 
wheel paths by using a MacBeth profilograph. The 
roughness factors obtained from the profilograph 
data were converted into present serviceability in
dex (PSI) of the pavement by using the following 
equations: 

These two equations were developed by Hopkins (10) 
of the Pennsylvania Department of Transportation 
(PennOOT). 

PSI= 11.33 - 4.06 (log RF) - O.Oly'C + P - 0.21 RD2 (1) 
In addition, surface deflections were measured in 

the wheel paths by using the Benkelman beam and the 

Figure 1. Plan view and longitudinal profile of test track. 

Table 1. Elastic constants and structural coef
ficients of pavement constituent materials for 
spring weather conditions. 

Ea Awr•o••• COlllon1 
~ Bltumlnou• Sorloc.. 
c=::;, Bituminous Concnite 

~ AQQreoote Bituminous 

Layer 

Surface 
Base 

Sub base 
Subgrade 

NOTE: Se.crion B - L1me~?on1: A9ti1r99ote 
Section C - Sl09 A9<1toljO!e 
Section n- Grovel Aooreoote 

Material 

Bituminous concrete 
Bituminous concrete 
Limestone aggregate cement 
Slag aggregate cement 
Gravel aggregate cement 
Aggregate-lime-pozzolan 
Aggregate bituminous 
Crushed limestone 
Silty clay 

aH 1 ==thickness of surface layer. 

Second Cycle Pavements 

Elastic Modulus 
(psi OOOs) 

140 
320 

3600 
3200 
2500 
2400 

100 
48 
8 

l!DSubboae 
c:J Subgl'Odo 
~Transition Zone 
~Avvrovoto Lime Pozzolon 
lllllB C•ushod Stone 

Structural Coefficient• 
Poisson's 
Ratio H1 = 1.5 in H1 = 2.5 in 

0.40 0.44 0.44 
0.35 0.35 0.32 
0.20 0.35 0.28 
0.20 0.23 0.19 
0.20 0.21 0.17 
0.15 0.24 0.21 
0.35 0.26 0.24 
0.40 0.11 0.11 
0.45 
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Table 2. PSI data. 
Base- Layer Thickness (in) Structural Initial EAL (I 06 ) at LIPS! = 

Section Course No. PSI 
No. Material" Surface Base Sub base (SN) (PSl 0 ) ~ 0.5 1.0 1.5 2.0 

lb BC l.5 6 14 4.30 3.35 l.36 2.04 
le BC 1.5 6 8 3.64 3.45 1.95 1.74 2.70 
Id BC 1.5 6 6 3.42 3.50 l.54 l.07 2.02 2.37 2.54 
2 BC 2.5 6 8 3.90 3.50 2.01 2.40 
3 ALP 2.5 8 8 3.66 3.90 l.85 l.38 l.76 l.99 2.18 
4 AC 2.5 8 8 5.98 3.85 0.95 
5 AB 2.5 8 8 3.90 3.75 1.51 I.SS 2.11 2.35 2.46 
6 BC 2.5 8 8 4.38 3.30 l.30 2.29 
7 BC l.S 8 8 4.34 3.55 l.25 1.52 2.62 
8 BC l.5 4 8 2.94 3.30 2.10 0.52 0.79 l.02 l.18 
9 BC 2.5 4 8 3.26 3.80 1.68 0.73 1.08 l.35 1.50 
A AC 2.5 4 8 3.18 3.75 2.13 0.63 0.92 l.10 l.21 
B AC 2.5 6 8 3.66 3.75 1.97 0.97 1.33 
c AC 2.5 6 8 3.12 3.85 2.57 0.84 l.07 1.22 1.32 
D AC 2.5 6 8 3.00 3.70 2.66 0.61 0.80 1.02 l.13 
E cs 2.5 8 8 2.86 3.70 2.25 0.28 0.49 0.64 0.77 
H BC 1.5 5 0 2.41 3.25 3.20 0.26 0.32 0.36 0.38 
14 BC 1.5 8 0 3.46 3.20 1.80 0.83 1.26 1.55 

3Base-course materials: BC = bituminous concrete, AC =aggregate cement, A LP= aggregate-lime-pozzolan, AD = aggregate bituminous, and CS= 
crushed stone. 

Figure 2. Serviceability data and comparison of various models. 
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road rater. Pavement temperature profile and sub
grade inoisture distribution were measured by using 
thermocoupl es and mo i s t u r e cells. Also, two frost
depth indicators were installed at the Research Fa
cility to measure the depth of frost penetration. 
Weather data such as wind velocity, precipitation, 
and temperature were collected by using various 
meteorological gages. 

PRESENT SERVICEABILITY INDEX 

The complete rec ord of PSI da t a for the test pave
ments is documented in a research report (11). 
Table 2 summarizes the initial PSI values and the 
number of 18-kip EA.Ls required for various levels of 
PSI drop for all pavements except sections lA, F, 
and G, These three sections are excluded because 
section lA was overloaded by the equipment used for 
bridge construction and both sections F and G were• 

not properly cured, as mentioned earlier. The vari
ation of PSI with EAL for two thick pavements (sec
tions 4 and 6), two thin pavements (sections 8 and 
A), one pavement with a crushed-stone base (section 
E), and one thin full-depth bituminous pavement 
(section H) is shown in Figure 2. Both Figure 2 and 
Table 2 demonstrate that the initial PSI values are 
generally low (compared with those at the AASHO test 
road) and vary considerably between each pavement. 

Figure 2 also indicates that the serviceability 
loss can be described by the same power function of 
axle-load applications as that used at the AASHO 
Road Test (,!l) : 

(3) 

where 

c 0 initial PSI, 
c 1 terminal serviceability index, 

P PSI at time t, 
W number of EA.Ls at time t, 
p pavement life expressed in terms of EAL, and 
B rate of change of serviceability loss. 

By fitting the power function (Equation 3) to the 
observed PSI versus EAL data, the two indicators of 
pavement performance (6 and p) are obtained and 
tabulated in Table 2. Note that because of the con
siderable variation in the initial PSI values, the 
p values are estimated for various levels of PSI 
drop rather than for fixed values of terminal ser
viceability index. Also included in Table 2 are the 
type of base-course material, layer thickness, and 
structural number (SN) of each pavement section. SN 
is computed as follows: 

(4) 

where H1 , H2 , and H3 are the layer thickness 
(in inches) of the surface, base, and subbase, re
spectively; and a1, az, and a3 are the struc
tural coefficients of the surface, base, and sub
base, respectively. The structural coefficient 
values are obtained from Table 1. 

The effect of SN on the PSI versus EAL relation 
can be described by available mathematical models 
such as the AASHO performance model (~), modified 
Highway Research Board (HRB) model (ll,) , and 
Painter's model (14). The AASHO model is given by 
the following equation: 
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G/(3 =log (EAL) - 9.36 log (SN+ I)+ log R - 0.372 (S- 3.0) + 0.20 

where 

G =log [(PSI 0 - PSI)/(PSl0 - 1.S)], 

PSl 0 =initial PSI value, 

(3 = 0.40 + 1094(SN + 1)-5 · 19 , 

S =soil support value, and 

R = regional factor. 

(S) 

(Sa) 

(Sb) 

Table l indicates that the subgrade soil at the Re
search Facility has a resilient modulus "of 8000 
psi. The soil support value that corresponds to 
this resilient modulus value is about S.S according 
to Van Til and others (1). The temperature and pre
cipitation data at the -Research Facility suggest a 
regional factor of l.S. Incorporating these two 
values into Equation S yields the following equation: 

G/(3 =log (EAL) - 9.36 log (SN+ I) - O.SS4 (6) 

The PSI values predicted by using Equations Sa, Sb, 
and 6 are compared with the observed data in Figure 
2. The comparison indicates that the prediction is 
quite good in the early stage of the pavement life. 
As the pavement becomes older, however, the AASHO 
model overpredicts pavement performance. This is in 
agreement with the recent findings of Darter (lS) . 

The modified HRB performance model for flexible 
pavement is as follows: 

log (PSI0 /PSI) = EAL/[408 (RS)4
] 

where 

D = 0.54H1 + 0.16r2 H2 + 0.14H3 + 1.00, 

r 2 = constant whose value depends on the type of base

course material, and 

RS =relative strength that is used to consider the effect of 

regional factor; a factor of l.S is used in this analysis. 

(7) 

(7a) 

Painter's model relates PSI with EAL through the 
following equation: 

log (PSl0 /PSJ) = F (EALxl o-6 )/log-1 D (8) 

where 

(8a) 

and F is environmental factor; a value of 6 is used 
in this analysis. The predicted pavement perfor
mance by using the modified HRB and Painter's models 
is also shown in Figure 2. It is seen that 
Painter's model overpredicts performance more than 
the modified HRB model. Of the three performance 
models analyzed, the AASHO model appears to predict 
best, al though it also overpredicts performance at 
the later stage of pavement life. 

To improve the AASHO performance model, the pave
ment performance indicator (S value), which is 
tabulated in Table 2, is correlated with SN for all 
of the pavements analyzed. As shown in Figure 3, 
the correlation is well defined. From this correla
ti,on, the following .equation is obtained: 

(3 = 0.12 + 31.62 (SN+ 1)-1. 92 (9) 

The number of EALs (in millions) required for 
various levels of PSI drop (APSI) tabulated in 
Table 2 is also correlated in Figure 4. The values 
of r 2 range from 0.88 to 0.9S. These correlations 
give the following equations. For APSI = O.S, 
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EAL= 2.94x10-4 (SN+ 1)5 ·42 (10) 

For APSI = 1.0, 

EAL= 3.78x10-4 (SN+ 1)5 · 45 (11) 

For APSI = 1. S, 

EAL= 2.23xl0-4 (SN+ !)6 ·02 (12) 

And for APSI = 2.0, 

EAL= l.06x10-4 (SN+ 1)6 ·67 (13) 

By using Equations 10 through 13, it will be pos
sible to predict the number of EALs (in millions) 
required to produce a certain level of PSI drop for 
a given SN value. Conversely, the value of SN re
quired to withstand a predetermined EAL can also be 
determined. For example, to limit PSI drop at 2 
million EALs within o.s, 1.0, 1.5, and 2.0, the 
pavement must have SN values of at least 4.1, 3.8, 
3.S, and 3.4, respectively. 

ROUGHNESS, RUTTING, AND CRACKING 

Three major modes of distress manifestation are 
longitudinal roughness, transverse rutting, and sur
face cracking.. Cracking can be caused by loading, 
thermal stress, settlement, heaving, etc. However, 
only load-associated cracking is treated here. 
Table 3 summarizes roughness, rutting, and cracking 
data. From these data, relations between SN and 
each distress manifestation are established. These 
relations permit prediction of either the maximum 
EAL to produce certain levels of distress in a given 
pavement or the minimum SN value so that at certain 
EAL the distress will not exceed a predetermined 
level. 

Figure S shows the relations between SN and EAL 
to cause two levels of roughness, namely, 10 and 30 

Figure 3. Pavement 
performance indicator 
((JI versus (SN + 1 ). 
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Figure 4. (SN + 1) versus EAL for four levels of PSI drop. 
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Table 3. Roughness, rut depth, and cracking data. 
EAL (106 ) at EAL (106 ) at EAL (106) nt 
R (in/mile)= RD (in)= c (ft2 /1000 ft 2 ) = 

Section 
No. 

lb 
le 
Id 
2 
3 
4 
5 
6 
7 
8 
9 
A 
B 
c 
D 
E 
H 
14 

Figure 5. (SN+ 11 versus EAL for two levels of roughness. 

.l 

0 

o R•lO IN1"1LE; EAL•l.51 x 10-5 (SN + ll 6.79 

• R0 30 IN/MIL[; EAL•3.78 x 10-5 <SN + 1) 6,88 

.2 .3 .5 .7 1.0 

EALCl06l 

Figure 6. (SN+ 1) versus EAL for three levels of rutting. 

0 

o RD• 0.25 IN.; EAL• 5.62 x 10-q<SN + llq,89 

• RD · 0.50 IN.; EAL• 2.09 x 10-qCSN + ll5,eq 

• RD• 0.75 IN.; EAL· 1.89 x 10-qCSN + ll6.19 

0.1 0.2 0.3 0.5 0.7 1.0 l 
EAL(l06) 

SN 10 

4.30 0.92 
3.64 0.60 
3.42 0.51 
3.90 1.10 
3.66 0.70 
5.98 1.53 
3.90 0.40 
4.38 1.54 
4.34 0.52 
2.94 0.13 
3.26 0.23 
3.18 0.40 
3.66 0.69 
3.12 0.65 
3.00 0.47 
2.86 0.15 
2.41 0.13 
3.46 0.16 

in/mile. Data points are somewhat scattered, but 
the trend is very clear. The values of r 2 are 
0.83 and 0.90 for 10 and 30 in/mile, respectively. 
Equations for the two relations are given in the 
figure. The data indicate that, for a pavement with 
an SN equal to 3. 5, roughness will reach 10 and 30 
in/mile at an EAL of about 0. 86 and 2. 5 millions, 
respectively. Also, for a pavement to withstand 2.0 
million EALs without roughness exceeding 10 and 30 
in/mile, the minimum values of SN required will be 
about 4.6 and 3.9, respectively. 

The relations between SN and EAL to cause three 
levels of rutting are shown in Figure 6. Equations 
that relate SN and EAL are given in the figure. 
According to this figure, for a pavement that has an 
SN equal to 3. 5, the amount of rutting will reach 
0.25, 0.50, and 0.75 in at EALs of about 0.9, 1.4, 
and 2.1 millions, respectively. Further, the mini
mum values of SN for pavements to withstand 2.0 
million EALs with maximum rutting of 0.25, 0.50, and 
0.75 in are about 4.4, 3.9, and 3.5, respectively. 

20 30 0.25 0.50 0.75 10 60 100 

1.80 1.69 
1.45 1.45 
1.03 1.56 1.14 1.82 2.39 1.80 

1.68 
1.29 1.58 1.41 1.93 2.27 1.26 1.80 2.15 

2.33 
0.64 0.78 1.12 1.89 2.34 2.40 

1.60 2.53 
1.11 1.92 1.49 2.47 
0.27 0.40 0.63 0.95 1.17 0.39 0.98 
0.49 0.82 0.56 1.02 1.40 1.04 1.31 1.46 
0.64 0.78 0.76 1.12 1.31 1.13 1.22 
0.95 1.14 1.72 
0.88 1.02 0.88 1.21 1.39 1.21 1.27 1.30 
0.65 0.76 0.80 1.14 1.26 0.75 1.20 1.23 
0.35 0.52 0.18 0.49 0.74 0.61 0.65 0.66 
0.21 0.27 0.29 0.32 0.35 0.36 
0.33 0.50 1.20 1.61 I.OD 1.35 1.50 

Figure 7. (SN + 1) versus EAL for two levels of surface cracking. 
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Figure 7 relates the SN and EAL required to cause 
two levels of cracking intensity--10 and 100 
ft 2/1000 ft 2 • From this relation, to limit 
cracking intensity within 100 ft 2 /1000 ft 2 at 
the end of 2.0 million EALs, the SN of the pavement 
must be at least 2. 5. For this SN value, surface 
cracking of 10 ft 2 /1000 ft 2 will develop at EAL 
of about 1.5 million. 

PAVEMENT RESPONSE 

Critical response data, including maximum surface 
deflection, maximum compressive strain at the top of 
the subgrade, and maximum tensile strain at the bot
tom of the stabilized layer, are tabulated in Table 
4. These er i tical response data were obtained from 
an analysis that was made by using an elastic-layer 
computer program together with the elastic proper
ties tabulated in Table l. The computer program 
used was the Bitumen Structures Analysis in Roads 
(BISAR) that was developed at Koninklijke/Shell 
Laboratorium in Amsterdam, The Netherlands. The 
traffic loading used in the analysis was an 18-kip 
EAL on dual wheels that had a tire pressure of 80 
lbf/in 2 • 

The initial maximum surface deflections analyzed 
are in good agreement with the measured maximum 
Benkelman beam deflections. These deflection data 
are correlated with SN values in Figure 8. Two dis
tinct relations result: one for pavements that con
tain bituminous concrete, crushed stone, and aggre
gate bituminous base, and the other for pavements 
with aggregate cement and aggregate-lime-pozzolan 
base. The r 2 -value of the correlation for the 
aggregate cement and aggregate-lime-pozzolan pave
ments is 0. 80 and that for the other pavements is 
0. 92. For a given value of SN, the deflection is 
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Table 4. Maximum deflection, compressive subgrade strain, and tensile strain 
data. 

Initial Maximum Maximum 
Maximum Compressive Tensile 

Section Deflection Strain Strain 
No. SN (I o-3 in) o o-6) oo-6) 

lb 4.30 15.8 294.2 85.1 
le 3.64 23.0 426.6 100.2 
Id 3.42 28.0 483.0 109.5 
2 3.90 21.5 383.6 89.6 
3 3.66 9.0 142.8 41.1 
4 5.98 6.5 107.5 28.5 
5 3.90 21.0 403.0 165.0 
6 4.38 15.0 291.6 70.9 
7 4.34 19.0 322.4 84.6 
8 2.94 39.0 594.0 139.0 
9 3.26 29 .0 525.8 122.7 
A 3.18 14.0 288.0 65 .0 
B 3.66 7.5 171.5 42.2 
c 3.12 15.0 185 .5 46.1 
D 3.00 15.0 216.0 54.4 
E 2.86 31.0 575.4 279.4. 
H 2.41 40.0 844.8 209.I 
14 3.46 35.0 390.9 118.1 

a For section E, which has a crushed-stone base , maximum tensile strain at bottom 
of the surface layer is used. 

Figure 8. Maximum surface deflection versus (SN + 1 ). 
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smaller for aggregate cement and aggregate-lime
pozzolan pavements than the other pavements. This 
is as would be expected, since aggregate cement and 
aggregate-lime-pozzolan have higher moduli than the 
other base-course materials, as shown in Table 1. 
Under the same intensity of loading, surface deflec
tion decreases with increasing layer modulus value. 

According to the relations in Figure 8, maximum 
surface deflection can be related with SN by the 
following equations. For pavements that contain 
bituminous concrete, crushed stone, and aggregate
bituminous base, 

o = o.85 + 1287.30(SN + 1r2 •58 (14) 

And for pavements with aggregate cement and aggre
gate-lime-pozzolan base, 

o = 0 .24 + 544.80 (SN+ 1)-2 · 5 8 (15) 

75 

where is the maximum surface deflection (0.001 
i n). Equations 14 and 15 may be combined with Equa
tions 10 through 13 to form relations between maxi
mum surface deflections and EAL (in millions) re
quired to cause predetermined PSI drops. These 
equations are as follows. For APSI = 0.5, 

Bituminous concrete pavements: EAL= 996.95 (o + 0.85t2 · 10 (16) 

Aggregate cement pavements: EAL= 163 .85 (o -0.24t2 · 10 (16a) 

For tiPSI = 1.0, 

Bituminous concrete pavements: EAL= 1377 .05 (o + 0.85t2 ·1 1 (17) 

Aggregate cement pavements: EAL= 224.36 (Ii - 0.24t2 · 1 1 (17a) 

For tiPSI = 1.5, 

Bituminous concrete pavements: EAL= 3925.18 (Ii+ 0.85t2
·
33 (18) 

Aggregate cement pavements: EAL= 529.34 (Ii - 0.24t2 · 33 (18a) 

And for !iPSI = 2.0, 

Bituminous concrete pavements: EAL= 12 005 .39 (o + 0.85)- 2
·
59 (19) 

Aggregate cement pavements: EAL= 1294.67 (Ii - 0.24t2 ·59 (19a) 

By using Equations 16 through 19a, it would be pos
sible to estimate the EAL required to cause various 
levels of PSI drop for flexible pavements with dif
ferent base-course materials. 

The maximum strain data in Table 4 are correlated 
with SN in Figures 9 (compressive strain) and 10 
(tensile strain). It is seen that the correlation 
for maximum compressive strain is much better than 
that for maximum tensile strain. The r 2 -values 
for compressive strain correlations are 0.96 and 
0.82 for bituminous concrete pavements and aggregate 
cement pavements, respectively. The equations of 
the correlations are as follows. For pavements with 
bituminous concrete, crushed stone, and aggregate
bituminous base, 

Ev= 14.81+14 805.05 (SN+ 1r2 .Jo 5 (20) 

And for pavements with aggregate cement and aggre
gate-lime-pozzolan base, 

Ev = 5.50 + 3318.0 (SN+ l)-J .s 75 (20a) 

In Equations 20 and 20a, £" is the maximum com
pressive strain (in millionths). 

A comparison of Figure 8 with Figure 9 indicates 
that the correlation between the maximum compressive 
strain and SN is slightly better than the surface 
deflection versus SN correlation. By combining 
Equations 20 and 20a with Equations 10 through 13, 
relations between compressive strain and EAL will 
result. These relations permit prediction of EAL 
for various levels of tiPSI from known compressive 
strains. It is interesting to note that Luhr and 
McCullough (.!.£_) also found that compressive strain 
gives a slightly better prediction of pavement per
formance. Although the maximum compressive strain 
is a better performance predictor than the maximum 
deflection, the use of the predicting equations 
usually requires an elastic-layer analysis to obtain 
compressive strain as input data. When only surface 
deflection data are available, it is more convenient 
to use Equations 16 through 19 to estimate pavement 
performance. 
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Figure 9. Maximum compressive 
strain at top of subgrade versus 
(SN+ 1). 

Figure 10. Maximum tensile strain 
at bottom of stabilized base versus 
(SN+ 1). 
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The performance of experimental pavements at the 
Pennsylvania Transportation Research Facility was 
evaluated. Data analyzed were pavement serviceabil
ity index and three distress manifestations--rough
ness, rutting, and cracking, Some existing pavement 
performance models were evaluated by using the per
formance datai those evaluated were AASHO, modified 
HRB, and Painter's models . 

The performance data indicate that the trend of 
serviceability index loss with increasing EAL fol
lows the powe• function developed at the AASIIO Road 
Test. Of the three performance models evaluated, 
the AASHO model appears to predict best, although it 
overpredicts pavement service life. By using a 
curve-fitting process and regression analysis, equa
tions that relate pavement performance with SN, dis
tress with SN, and performance with critical re
sponse are developed. These equations may be used 
to predict pavement performance from SN or critical 
pavement response. 
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Measurement and Prediction of Forward Movement and 

Rutting in Pavements Under Repetitive Wheel Loads 

W.O. YANDELL 

A three-dimensional mechano·lattice stress-strain analysis has been used to pre· 
diet rutting and permanent forward displacement behavior of pavements sub
jected to 14 630 one-directional passes of a 226-kg (500-lb) loaded pneumatic 
tire under very well-controlled conditions. The two pavement sections tested 
consisted of crushed prospect dolerite with 10 percent clay, each placed in an 
indoor test track with different compactive efforts and moisture contents and 
a thin coating of bituminous materials. The favorable comparisons between 
these predictions and the measured values seem to support the mechano·lattice 
analysis as a pavement analysis tool. 

I have been encouraged, particularly by c. L. Moni
smith, to compare predictions made with his mechano
lattice stress-strain analysis on pavement behavior 
with well-controlled practical tests. The accuracy 
of the mechano-lattice analysis as applied to the 
more complex problems of hysteretic friction has 
been amply verified (l-3). In this paper, the 
findings of the very precise repeated-rolling tests 
on the Sydney Test Track carried out by Sparks (!l 
are compared with mechano-lattice predictions. Such 
one-directional rolling tests of high precision are 
expensive and rare. 

The theory of linearized elasticity has been used 
successfully to develop relatively rational flexible 
pavement design techniques. The Shell method is a 
good example. However, it has become apparent that 
a stress-strain analysis that more closely simulates 
pavement material behavior would allow more rigorous 
and reliable failure predictions. It is for this 
reason that I have introduced a version of the 
mechano-lattice analysis that simulates repeated 
rollinq of elastoplastic materials (2-2l . 

SYDNEY TEST TRACK EXPERIMENTS 

The Sydney Test Track was designed by Taylor in 1966 
(~) with subsequent development from Sparks and Lee 
(_~) to investigate the phenomenological aspects of 
flexible pavement behavior. It consists of a 25-cm 
(10-in) diameter loaded pneumatic tire repeatedly 
rolling in one direction along a test bed 4.B7 m (24 
ft) long by 0.91 m (3 ft) wide. Pavement structures 
of any thickness can be simulated by adjusting the 
level of the rigid base supports in each of the four 
1.22-m (4-ft) long bays. The drawn rolling tire can 
be caused to execute lateral departures from the 
centerline according to any desired standard devia
tion. 

The test sections were 15.24-cm (6-in) thick 
pavements compacted on a rigid foundation. The 
behavior of the pavements in bays 3 and 4 was simu
lated by the mechano-lattice analysis. These test 
sections consisted of crushed dolerite with 10 
percent clay compacted with vibrating hammers to the 
dry densities, California bearing ratio (CBR) 
values, and moisture contents indicated in the table 
below (note, 1 kg/m• = 0.062 lb/ft'): 

Optimum 
Dry Moisture Dry 

CBR Density Content Density 

~ ill (k<,;u'.m') (%) (kg/m') .ill.. 
3 80 6.9 6.5-6 7.0 7 
4 35 6.1 5.5-5 6.7 B.5 

The 227-kg ( 500-lb) loaded tire with a contact 

pressure of 690 kPa (100 psi) and a contact area of 
32 cm 2 (5 in2 ) was caused to perform the normal 
distribution of lateral departures as repeated 
rolling progressed, as shown in Figure 1 by the 
smooth curve. 

The surfaces of the test pavements were thinly 
coated with bituminous material, and targets were 
fixed to various places on the surface to enable a 
vernier-driven microscope to measure the lateral, 
longitudinal, and vertical movements of the surface 
at various stages throughout the test. 

After the pavements were placed, two repeated
load bearing tests, each for five load repetitions, 
were carried out on each of the bays. These were 
used in this paper to determine the material proper
ties. The results are shown in Figures 2 and 3. The 
rutting and permanent horizontal movement behavior 
was recorded throughout 14 630 one-directional 
passes of the loaded tire. All the information 
regarding these experiments was obtained from Sparks 
(~). Some of the same information is available 
elsewhere (l!_) • 

MECHANO-LATTICE ANALYSIS PREDICTION 

The mechano-lattice stress-strain analysis, which 

Figure 1. Lateral departures of wheel passes from centerline and approxima
tion for mathematical prediction. 
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has been described elsewhere (1,5-7), is a type of 
mechanized finite-element ana1%iS -that was devised 
to simulate nonlinear and energy-absorbing mate
rials, including elastoplastic materials. 

Figure 4 shows how one of the bays in the Sydney 
Test Track experiment is simulated by an assembly of 
mechano-lattice units. One of the units is shown in 
the inset. The lattice unit simulates a cube of the 
elastoplastic road material. !'. unit consists of 24 

Figure 2. Load deflection results for 
repeated-load bearing test on compacted 
but untrafficked material in bay 3. 
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Figure 3. Load deflection results for 
repeated-load bearing tests on compacted 
but untrafficked material in bay 4. 
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elements, each of which has a larger loading to 
unloading compliance. This gives the simulated 
material the property of elastoplasticity, such that 
when one unit is loaded and unloaded, a residual 
deformation will result. When the units are con
nected (as shown in Figure 4) by frictionless joints 
at their corners, the stress-strain history of each 
element of each unit is taken into account as it, in 
simulation, moves toward, under, and away from the 
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LOAD Figure 4. Simulation of material behavior by 
elastoplastic version of mechano-lattice analysis. 221 kg (4P,7 lb) 

TOWED 
PNEUMATIC 
TYRE 

wheel load. The requirements of continuity and 
equilibrium are maintained in this rigorous method. 
The load in each diagonal and rectalinear element is 
determined by its length, stiffness, previous load
ing history, and whether its load is increasing or 
decreasing. The joints are moved in the direction 
of their unbalanced forces until equilibrium is 
achieved. 

ROLLING RESISTANCE 

To make the simulation realistic, it is necessary to 
take into account the fact that the test wheel is 
being drawn and not torque driven. Therefore, the 
rolling resistance will lead to a horizontal force 
that acts on the surface of the pavement in the 
direction of the wheel motion. It was assumed that 
such a force, which amounts to 10 percent of the 
normal load, should account for the rolling resis
tance emanating from both the road material and from 
the pneumatic tire. In order to show its differing 
effects on permanent forward movement, one case for 
a torque-driven wheel was also computed. 

SIMULATING WHEEL LOADS 

As mentioned earlier, the 5-cm (2-in) wide rolling 
wheel tracks sequentially about the centerline with 
a normal distribution. One hundred wheel passes 
gives one normally distributed coverage of 227-kg 
loads. This is possible to simulate on the com
puter, but it would be quite expensive. The compro
mise used was to simulate one-hundredth of the 
effect of one, 100 pass coverage by one pass of a 
symmetric 30-cm ( 12-in) wide, 111-kg ( 245-lb) load, 
called load A, plus one pass of a symmetric 50-cm 
(20-in) wide, 110-kg (242-lb) load, called load B, 
as shown in Figure 1. The contact pressures exerted 
by these two loads are 69 and 41 kPa (10 and 6 psi), 
respectively. The stress-strain behavior of the 
road material is elastoplastic, as shown in the 
inset of Figure 5, so this reduction in contact 
pressure by a factor of 10 will not alter the perma
nent deformational behavior. However, this would 
not be the case with an elastic perfectly plastic 
material or if the curved relations of the bearing 
tests (Figures 2 and 3) were used instead of the 
straight-lined assumption that appears in the inset 
of Figure 5 (as explained later). The above simpli-

·~ 

A MECHANO - LATTICE UNIT 

(ELASTO - PLASTIC) 

fication would reduce resistance to rutting by a 
small amount due to the greater lateral shearing 
caused by the concentrated load of the narrow pneu
matic tire compared with the wide contact region of 
the computer-simulated traveling load. The rela
tively high Poisson's rati0 (0.40) would reduce this 
effecti however, in addition, the simulated load, 
being 3 percent lower than the test load, should 
cause, for example, a rutting underestimation of 3 
percent. 

REPEATED-BEARING TESTS 

It is more usual to obtain the properties of a road 
material for life-prediction purposes by mechano
lattice analysis from repeated-load triaxial tests. 
However, the only information available is that of 
the bearing tests, the results of which are shown in 
Figures 2 and 3. These give surface deflection 
versus load for five load repetitions. 

It is unfortunate that the repeated-bearing tests 
were not continued to a greater number of repeti
tions but, as can be seen in Figure 5, the sets of 
five points plot very nearly to parallel straight 
lines on the log-log plot of permanent strain versus 
load repetitions. There is no indication of the 
curvature that often, but not always, occurs as 
convex upward in repeated-load triaxial tests. It 
was therefore considered reasonable to extrapolate 
the straight lines to the 15 000 load repetitions 
necessary, as shown in Figure 5. For permanent 
deformation prediction purposes, the pairs of test 
results were averaged on the plot for 300, 800, 
1800, 3800, 7300, and 14 630 wheel passes. It is 
necessary to the operation of the mechano-lattice 
analysis to transform this information to that that 
would emanate from a triaxial test on the same 
material. From the knowledge that the 227-kg loaded 
tire was applied to the 15.24-cm (6-in) thick pave
ment surface, the Young's modulus of the material in 
bay 3 (by using linear-elastic theory) was 70 MPa 
(9941 psi) and that in bay 4 was 60 MPa (8450 psi), 
as was the average material permanent strain equal 
to 0. 21 of the surface deflection in centimeters 
(0.54 of the surface deflection in inches). The 
average vertical stress was calculated to be 280 kPa 
( 40 psi) • It was convenient to set the calculating 
unloading modulus at 105 MPa (15 000 psi). Thus, 
one load-unload of a simulated triaxial test would 
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leave a residual strain of 0.002 (see inset in 
Figure 5) . 

hypothetical repeated-load triaxial test as trans
formed from the bearing tests depicted in Figure 5. 
A similar expression was used for predicting forward 
movement. 

Thus to obtain a prediction of the rutting after 
n passes, one uses the following expression: 

(£n/0.0020) x rut depth from one calculation pass 
of mechano-lattice analysis 

DISCUSSION OF RESULTS 

Rutting 

where £n is the cumulative axial strain from the Figures 6 and 7 show a comparison of rutting predic-

Figure 5. Extrapolation of bearing tests up to 
15 000 load repetitions and load-unload hysteresis 
loop from a simulated triaxial test of material in 
bay4. 
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tion with measurement after 14 630 passes of a 
227-kg load in the central sections of bays 3 and 4, 
respectively. The individual effects of the 30-cm
wide, 111-kg load pass (curve A, Figure 6) and the 
50-cm-wide, 110-kg load pass (curve B, Figure 6) are 
added to give the predicted rut shape shown. The 
prediction for bay 4 is very close. The compari
son of rut prediction and measurement from 100 
passes to 14 630 passes is shown in Figure 8. The 
trends are close--a fact that shows the close rela
tion between the bearing tests and the rather 
lengthy repeated-rolling tests. It should be real
ized that the extrapolated bearing tests account for 
the natural decrease in plasticity with repeated 
loading. If the extrapolations of Figure 5 are 
correct, the plastic strain reduces from about 

Figure 7. Measured and predicted rutting in bay 4 after 14630 wheel 
passes. 
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The forward-movement prediction is not as successful 
as that of rutting, as shown in Figures 9 and 10. In 
bay 4, the material away from the centerline is 
moving in the opposite direction to the travel. The 
10 percent imposed rolling resistance in the predic
tion is entirely responsible for the central forward 
movement. This can be observed in Figure 10 by 
comparing curve A1 with A2• Curve A2 is the 
predicted horizontal movement of the surface at 
14 630 passes without net rolling resistance (i.e., 
the wheel is torque driven) for the 30-cm-wide, 
111-kg load. 
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Figure 9. Measured and predicted forward surface movement of 
material in bay 3. 
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Figure 11. Measured and predicted forward surface move
ment over range of 100 to 14 630 wheel passes for bays 
3 and 4, 

Figure 12. Predicted horizontal movement patterns 
for drawn and torque-driven wheels after 14 630 
passes of 113-kg loaded wheel on a 30-cm-wide 
wheel path. 

crou Mction 
distorted by 
torque driven 
wheel shown by 
broken lines 

I-
z 
lal 
:IE 
lal 
> 
i 
c 
II: 

l 
II: 
0 ... 

mm. 

0·7!1 

0-!I 
0-02 

0·2!1 

0 0 

-0·2!1 

The horizontal movement of the surface trend for 
100 to 14 630 passes is shown in Figure 11. Although 
the trends of the predictions are reasonably close 
to the measurement, the magnitude falls short of the 
measurement. A possible explanation for this can be 
given with reference to Figure 12. This figure 
shows the calculated horizontal movements of half an 
initially vertical cross-sectional plane after 
14 630 passes of the symmetric 30-cm-wide, 111-kg 
load on bay 4. The full lines, curve 1>.1 , indicate 
the movements associated with the tire that has a 10 
percent rolling resistance (drawn). The broken 
lines, curve A2, indicate the movements associated 
with a tire that has no net rolling resistance 
(torque driven). It is immediately apparent that the 
bulk of the material movement is opposed to the 
direction of wheel travel in both cases. It is only 
the surface material in contact with the wheel that 
is pushed forward in the case of the drawn wheel. 
The thinness of this predicted movement is limited 
by the coarseness of the mechano-lattice gr id. If 
six layers of units were used instead of three in 
the prediction, it is obvious that a thinner layer 
would extend twice as far in the direction of wheel 
travel and thereby come closer to the actual perfor
mance. 
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Curves Ai and A2 show the difference between the 
effects of drawn (from the axle) and torque-driven 
wheels. Although deeper material will flow in the 
opposite direction to wheel travel, in both cases 
the drawn wheel will cause the material on the 
surface to move in the direction of travel. This 
was predicted and demonstrated on a miniature test 
in 1971 <2> in plane strain situations. This phenom
enon also supports the practice of pavement engi
neers to have the forward wheel, on the first passes 
of a roller, torque driven. The trailing drawn 
wheel then moves the surface material forward while 
the torque-driven front wheel moves it backward, 
thereby preventing cracks from forming between the 
rollers and also preventing bow waves. 

CONCLUSION 

The prediction of rutting on a single layered pave
ment resting on a rigid foundation has been surpris
ingly accurate in view of the fact that only five 
load repetitions were used in the four material 
tests. However, if the straight-line extrapolation 
should instead have curved downward to some extent, 
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the calculated prediction would have fallen farther 
short of the measured values. These findings not 
only seem to support the validity of the elastoplas
tic material-simulating version of the mechano-lat
tice analysis, but also support the practical and 
theoretical work reported in 1971 ( 5) • The depen
dence of horizontal flow on material properties 
indicates that nonhomogeniety in pavement materials 
can lead to lateral cracks and build up humps due to 
variable horizontal flow rate per wheel pass. It is 
believed that closer agreement of forward-movement 
prediction with practice would have been achieved 
had a finer mechano-lattice grid been used. I have 
analyzed many multilayered pavements by using the 
i!lbove method at a cost of $40/calculation pass ($1 
Australian = $1.14 U.S.). This makes life predic
tions for as little as $160 possible. 

The Sydney Test Track is being prepared for 
precise verification of mechano-lattice analysis of 
multilayered flexible pavements. However, some 
verification has already been achieved on real roads 
in less well-controlled conditions than the Sydney 
Test Track (2,10,.!ll. 
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