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section. Figures 19, 20 and 21 are examples of
these charts as they may be found for each
section in DS 4199,

Basic data relative to the performance of the
factorial sections for both weighted and un-
weighted application are given in Appendix A.
Data for a present serviceability level of 1.5
and 2.5, are also given in Tables 5, 6, 7 and 8.
Load applications for each design of pavement
are given for those sections that were removed
from the test and p values for those sections
that survived the test.

2.2.2 Performance as a Function of Design and
Load

This subsecction gives relationships between
flexible pavement performance and variables
that describe lcad and pavement design. Per-
formance data, models, and analytical proce-
dures described in Section 1.3 are used to obtain
specific performance-design-load equations for
the factorial experiments, This section also in-
cludes associations of performance with design
and load variables for the paved shoulder
studies and for the special base type studies.

2.2.2.1 Main Factorial Experiments (Design
1).—This subsection contains the results of the
major Road Test flexible pavement analysis, the
pavement performance analysis, and develops
the relationships for flexible pavement sought
in the first objective. These relationships have
been reduced to four equations containing terms
for the variables included in the test. Egs. 13,
17, 18, and 19 are for the case where load appli-
cations have been adjusted by the seasonal
weighting function; similar equations are given
for unweighted applications.

Graphs and tables were constructed from the
cquations for use in the study of performance
over the wide range of designs and loads in-
cluded in the Road Test.

A convenient presentation of the relation-
ships for the axle loadings of the Road Test is
shown in Figure 22. For example, to deter-
mine what pavement structure would have sur-
vived a million 22.4-kip single axle loads at the
Road Test before its serviceability level dropped
to 2.5, the chart is entered at 1,000,000 applica-
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Main factorial experiment, relationship between design and axle application

at p = 2.5 (from Road Test equations).
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tions on the abscissa and the thickness index
(4.5) 1is read on the ordinate scale. Asphaltic
concrete surfacing, base and subbase may be
combined in any combination for an index of
4.5, provided it meets the conditions for use of
the thickness index equation stated on the
chart. Many combinations of structural layers

will meet these conditions. One, for example,

is 4 in. of surfacing, 10 in. of base and 12 in. of
subbase.

Since these equations represent serviceability

¢ trend data observed in the test, some Road Test
" sections failed sooner and some later than indi-
¢ cated by the smooth curves. Thus, some allow-

ance should be made for the scatter of the data
as shown, for example, in Figure 25. Through
a residual analysis it was found that the scatter
corresponds to approximately ==14 percent of
the thickness index values given by the curves.
If comparisons are made with observed per-
formance of actual highways in service, addi-
tional allowance should be made to account for
differences between the Road Test and the ac-
tual highway in materials, environment, and
loading history.

These relationships are not intended to be
design equations. However, they can serve as a
basis for design procedures in which variables
not included in the Road Test, such as soil type,
are considered.

Tables and discussion are included to show
the basis for determining the significance or
nonsignificance of the various effects. Correla-
tion indexes show the degree of correlation
found in the relationships; mean residuals, the
degree of scatter of the observed performance
data from the predictions of the performance
cquations.

The thickuess index found to apply to Road
Test flexible pavements is of interest in itself.
For the weighted applications case the thick-
ness index equation (IEq. 19) indicates that an
inch of surfacing was about three times as
effective as an’inch of base and four times as
effective as an inch of subbase in improving
pavement performance w 1thm the range of de-
sign studied.

The use of the seasonal weighting function
on axle load applications was found to increasec
the correlation index from 0.48 to 0.70 and to
reduce the mean residuals by 15 percent.

The general model used to represent pave-
ment performance was Eg. 4. For flexible pave-
ment test sections in the factorial experiments
the average initial serviceability trend value
was ¢, = 4.2, and since ¢, = 1.5, ¢, — ¢, = 2.7,
and the trend curves are represented by

p=42—27 (—?—)B (12)

Both g and p are positive functions of the de-
sign variables, D, (surfacing thickness, in.),

D. (basc thickness, in.), and D, (subbase thick-
ness, in.), and of the load variables, L, (nomi-
nal axle load, kips*) and L. (1 for single axles
or 2 for tamdem axles).

The function g determines the general shape
of the serviceability trend with increasing axle
load applications, W. If 8 = 1, the trend is

- a straight line; if > 1, the serviceability

loss rate increases with apphcqtlons, and if
B < 1, the loss rate decreases with axle load
1'epetitions. Graphs of the performance data
for flexible pavements in Appendix A indicated
that designs failing early in the Road Test
tended to have an increasing rate of service-
ability loss {f > 1), while more adequate de-
signs as a rule had a decreasing loss rate
(B <1). Estimates of g were obtained from
the . performance data of a number of scctions
that experienced relatively little serviceability
loss in the Road Test. The average of these
values was approximately 0.4, and this value
was assigned to g3, the assumed minimum value
for g in Eq. 6.

The function p is equal to the number of load
applications at which p = 1.5, and is assumed
to increase as design increases and to decrease
as load increases. The over-all aim of the per-
formance analysis is to arrive at formulas for
B and p in terms of D,, D., D,, L, and L, so that
Eq. 12 may be used to predict the value of p
after a specified number of applications, W. Or
if Eq. 12 is solved for log W,

42—
1 e
0g< 2.7 )
B

then Eq. 13 may'be used to predict the number
of applications 1equued to reduce p to a speci-
fied value.

For the flexible pavements, 8 and p are given

by particular cases of Eqs. 6 and 7 of Section
1.3.5, as follows:

log W = log p + (13)

BO(LI + LZ)B’

=04 4 2 - =
B + DLl (14)

_ AD + 1)M LA

(L, + L)% (15)
in which D is a thickness index given by
D =aD, + a.D; + a.,D, ) (16)

If the coefficients a,, a. and a, in Eq. 16 are
each assigned a value of one, D is the total
structure thickness. In the Road Test analyses,

* For example, for single axle loads of 18 or 22.4
kips, L: = 18 or 22.4; for tandem axle loads of 382 or
40 kips, L, = 32 or 40.
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Figure 23. Main factorial experiment, relationship between design and axle load
. applieations at' p = 1.5 (from Road Test equations).

significant effects. Thus this and similar s
analyses of variance all pointed to the use of l l
a thickness index as given by Eq. 16. e et
The third part of Tables 9 and 10 shows 3
within loop estimates for a,, @., and a, that
were obtained from the wvariance analyses.
Weighted averages of these estimates gave the
values shown in IEgs. 19 and 22, The last part
shows the results of within lane regression
analyses that were used to determine values
for A, in Eq. 15. In the logarithmic form, A,
is the coefficient of log (a0, + @.D. + a;D;
+ 1), and estimates for this coefficient are
shown for each lane at the bottom of the table.
Weighted average values for A, are 9.36 and t
8.94 for the two cases vepresented by Eqs. 18
and 21. The remaining constants in Eqs. 14
and 15 were determined by applying procedures . lz ‘6 20 24 28 .
described in Appendix G to the performance SINGLE AXLE LOAD, KIPS

. 8 (6 24 32 40 ag 36 ¢
data of Appendlx A. TANDEM AXLE LOAD, KIPS

_If W represents weighted app}icatiqns ,Ob’ Figure 24. Main factorial experiment, relationship
tained through the use of seasonal weighting between design and load at p = 2.5.
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- function described in Section 2.2.2.1.1, then the 1096 (D + 1)804 L4017

1 e . : = (21)
analysis gives the following equations: p= (L. + Layis .
. 1 2
_ 0.081 (L, +L.)*= 17

E"‘ B =04+ TERED A (17) D = 0.37D, + 0.14D, + 0.10D,  (22)
' 46 T A Thus for a particular pavement design and
- o = 1070(D + 1) L4 (18) axle load, either Egs. 17, 18 and 19 or IKqgs. 20,
_ (L, + L,)+™ 21 and 22 give values for 3 and p that may be

THICKNESS INDEX

THICKNESS INDEX

THICKNESS INDEX

D = 044D, + 0.14D. + 0.11D,  (19) substituted in Eq. 12 if p is to be estimated

= o= —= EXTRAPOLATED CURVE

from W, or in Eq. 13 if W is to be estimated

If the applications are unweighted, then the when p is g@ven. E‘igures 22 and 23 _ShOW how
- performance equations are as follows: W varies with D in Eq. 13 when p is fixed at

0.083 (L, + L)% 2.5 and 1.5, respectively. Each figure has ten
. 1 2

= 04 + (20) curves, one curve for each test load used in
(D 4 1) [ o7 the Road Test.
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Figure 24 shows design requirements when
the final serviceability value is p = 2.5 for 2
range of single and tandem axle loads at three
levels of load applications. In this and the re-
maining graphs for flexible pavement perform-
ance (Figs. 24, 25 and 26), the final service-
ability level is p = 2.5. The choice of 2.5 for
final serviceability was arbitrary. The level of
serviceability at which states actually perform
major maintenance will be established by a
survey of pavements scheduled for overlay or
reconstruction.

Figures 25 and 26 show the correspondence
between the individual curves of Figure 22 and
performance data from Appendix A for each
of the ten traffic lanes. Each point represents
the observed number of weighted applications
at which the serviceability of a test section was
2.5. Horizontal deviations of the points from
the curves represent prediction errors or resid-
uals when Eqs. 13, 14, 15, and 16 are used to
predict the life of a section (to p = 2.5) whose
design and load values are specified.

Points shown (Figs. 25 and 26) represent
only those sections whose serviceability fell to
2.5 by the end of the test. All remaining sec-
tions would be represented by points whose
abscissas are to the right of 1,114,000 applica-
tions. The number of such sections for any
lane can be found by subtracting the number
of points shown from 22 in Loop 2 and from
30 in all remaining loops. Although these sec-

tions do not appear in the graphs, their per-
formance data were used in the development
of the performance equations.

The performance data in Appendix A, De-
sign 1, give a minimum of 5 and a maximum
of 10 (p, log W) pairs for each test section.
When p is fixed at 3.5, 3.0, 2.5, 2.0 and 1.5
there can be as many as 5 log W observations,
and when log W is fixed at £ = 11, 22, 33, 44 and
55 index days there can be as many as 5 ob-
served values for p. Corresponding to each
obsexvatxon log W or p, is a calculated value,
log”™W or 7, obtained from the pexfo;mance

equations. Differences between calculated and

observed values are the residuals a log W =
log™W —log W and A p = H—p. Absolute
values of these residuals are summarized in
the first part of Table 11 which shows for each
lane the number of residuals of each type as
well as mean absolute residuals. Mean absolute
values for a log W in Loop 2, lane 1 were found
to be extreme relative to the other lanes and
were omitted from the grand means., Table 11
thus shows that mean values for A p and 2 log
W were 0.53 and 0.27 for unweighted applica-
tions, and 0.46 and 0.23 for weighted applica-
tions.

Log W residuals are horizontal deviations
from the performance equation curves and are
thus of special interest in the use of these
curves, The second part of Table 11 shows a
further summary of log W residuals. The cor-
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Tasble D.5. Axlse losd squivslency factors for floxible pwamonu,_ Table D.6.  Axteload equivalency {actofs for flexible pavements, trig

tendem sxios and p,ot 2.5, axles and p of 2.6.
R Axle Pavement Structural Number (SN) Axle - . Pavarmant Structursi Number [SN)
Table D.4. Axis load aquivalency laclors for flexible pavements, Losd i Load _
single axlus and p 2.6, : - kipa) ! 2 3 a 5 6 {kips) 1 2 3 4 4 s
. N
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Figure 6. AASHTO Load Equivalency Factors for Flexible Pavement (2).



Huang (1968b) compared the ESWL based on equal contact radius with that
based on equal contact pressure for a variety of cases. He found that unless the
pavement is extremely thin and the modulus ratio close to unity, the differences
between the two methods are not very significant.

Two-layer interface deflections baséd on equal contact pressure were alsg
used by the Asphalt Institute to compute the ESWL for full-depth asphalt pave-
ments. This procedure is applicable to aircraft having less than 60,000 1b (267 kN)
gross weight. By the use of Figure 2.19, simplified charts were developed for
determining the ESWL for dual wheels based on the CBR of the subgrade (A],
1973).

6.3 EQUIVALENT AXLE LOAD FACTOR

An equivalent axle load factor (EALF) defines the damage per pass to a pavement
by the axle in question relative to the damage per pass of a standard axle load,
usually the 18-kip (80-kN) single-axle load. The design is based on the total
number of passes of the standard axle load during the design period, defined as the
equivalent single-axle load (ESAL) and computed by

ESAL = 2 Fin - (6.19)

in which m is the number of axle load groups, F;is the EALF for the ith-axle load
group, and #; is the number of passes of the ith-axle load group during the design
period.

The EALF depends on the type of pavements, thickness or structural
capacity, and the terminal conditions at which the pavement is considered failed.
Most of the EALFs in use today are based on experience. One of the most widely
used methods is based on the empirical equations developed from the AASHO
Road Test (AASHTO, 1972). The EALF can also be determined theoretically
based on the critical stresses and strains in the pavement and the failure criteria.
In this section, the equivalent factors for flexible and rigid pavements are dis-
cussed separately. :

6.3.1 _Flexible Pavements

The AASHTO équations for computing EALF are deécribed first, followed by a_
discussion of equnvalent factor based on the results obtained from KENLAYER.

AASHTO Equivalent Factors

The following regression equations based on the results of road tests can be
used for determining EALF

fog<wf’)'— 4, 7910g(18 + 1) — 479 log(L. + L>)

G G

+ 433 log L, + B, " B
X 18

G, = log (&%——%) (6.20b)

0.081(L, + L)**
(SN + 1)5.]79L%.Z3

B. = 0.40 + (6.20¢)
in which W, is the number of x-axle load applications at the end of time £; W, is
the number of 18-kip (80-kN) single-axle load applications to time ¢; L, is the load
in kip on one single axle, one set of tandem axles, or one set of tridem axles; L, is
the axle code, 1 for single axle, 2 for tandem axles, and 3 for tridem axles; SN is
the structural number, which is a function of the thickness and modulus of each
layer and the drainage conditions of base and subbase; p, is the terminal ser-
viceability, which indicates the pavement conditions to be considered as failures;
G, is a function of P,; and B, is the value of B. when L, is equal to 18 and L, is
equal to one. The method for determining SN is presented in Section 11.3.4. Note
that
er8 )

EALF = W. (6.21)
Equation 6.20 can be used to solve EALF. The effect of p, and SN on EALF is
erratic and is not completely consistent with theory. However, under heavy axle
loads with an equivalent factor much greater than unity, the EALF increases as p,
or SN decreases. This is as expected because heavy axle loads are more destruc-
tive. to poor and weaker pavements than to good and stronger ones. A disadvan-
tage of using the above equations is that the EALF varies with the structural
number, which is a function of layer thicknesses. Theoretically, a method of
successive approximations should be used because the EALF depends on the
structural number and the structual number depends on the EALF. Practically,
EALF is not very sensitive to pavement thickness and a SN of 5 may be used for
most cases. Unless the design thickness is significantly different, no iterations will
be needed. The AASHTO equivalent factors with p, = 2.5 and SN = 5 are used
by the Asphalt Institute, as shown in Table 6.4. The original table has single and
tandem axles only but the tridem axles are added based on the AASHTO design
guide (AASHTO, 1986). Tables of equivalent factors for SN values of 1, 2, 3, 4, 5,
and 6 and p, values of 2, 2.5, and 3 can be found in the AASHTO design guide.

Example 6.7:

Given p, = 2.5 and SN = 5, determine the EALF for a 32-kip (151-kN) tandem-axle
load and a 48-kip (214-kN) tridem- axle load.

Solution: For the tandem axles, L, = 32 and L, = 2, from Eq. 6.20, G, = log
(1.712.7) = —0.201, B, = 0.4 + 0.081 (32 + 2*Z/{(5 + 1’°(2)**] = 0.470, By =
0.4 + 0.081 (18 + 1>Z/5 + 1)*® = 0.5, and log(W../Wns) = 4.79 log 19 — 4.79 log
(32 + 2) + 4.33log 2 — 0.201/0.47 + 0.201/0.5 = 0.067, or W,./W, ;s = 1.167. From
‘Eq. 6.21, EALF = 0.857, which-is exactly_the same as that shown in Table 6.4.

For the tridem axles, L. = 48, L, = 3, from Eq. 6.20, [3_,_ = 0.4+ 0.081(48 +
3B + 1)>°(3)**] = 0.470, and log (W,/W..s) = 4.79 log 19 — 4.79 log (48 + 3)
+ 4.33 log 3 — 0.201/0.47 + 0.201/0.5 = —-0.0139, or W,./W,;s = 0.968. From Eq.
6.21, EALF = 1.033, as shown in Table 6.4.
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