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INTRODUCTION -

anakysis.of - existing pavements, The authors consider this to be one of the significant

fatigue tests,



PAVEMENT DESIGN SYSTEMS — GENERAL CONSIDERATIONS

pavement design, like other aspects of engineering design requires that engineers
have the ability to analyze pavement structures in terms of significant parameters.
Moreover it is necessary that such analyses incorporate esgential features of observed
pavement performance and appropriately measured values of the parameters to make
the necessary quantitative evaluations required for design. Itis generally recognized,
however, that the parameters involved together with their interrelationships are com-
plex.

1t is possible to formulate, in a systematic manner , pavement design systems which
bring these factors together. A schematic representation of one such formulation is
illustrated in Fig. 1 (D- gome solutions for this gystem have been generated using 2
velatively simple representation for the effects of load and environment on reduction of
gerviceability in the pavement structure (1,2) and include considerations for certain of
the decision criteria (e.8. maintenance requirements and material costs).

An alfernative approach is to develop a series of subsysiems, the goal of each is to
minimize a particular form of distress. Using thig approach a pavement structure may
be selected to minimize one distress mode and then checked to-insure.that other modes
do not occur or are in themselves minimal. X the potential for other forms of distress
do exist (to an intolerable degree), the design may be modified to preclude or reduce
these effects.

Table 1 lists the three principal distress modes which can lead to a decrease in the
serviceability of asphalt pavements with time. From an extensive evaluation of the
performance of asphalt pavements throughout the United States, Finn (3) has suggested
that the distress mechanisms which appear to be most significant in contributing to a

reduction in pavement serviceability are:

1. Fracture from repeated loading (fatigue in treated materials).
9. Distortion which is traffic associated.
3. Fracture resulting from non-traffic associated factors (e.8. » temperature

changes or moisture changes in subgrade soil).

Specific formats for design frameworks (subsystems) are shown in Figs. 2 through 4
to consider these three distress modes. I will be noted that these subsystems parallel
the conventional structural engineering approach in which a structure is selected
(designed)*, its behavior under anticipated service conditions analyzed, and its ade-
quacy with respect to the specific distress criterion determined.

—— et = -
*The State of California pavement design procedure can Serve as the starting point for
such an analysis.
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In the next section a detailed discussion is presented for the fatigue subsystem. Avail-
able information is summarized for each phase of the design process. Hopefully the
material which has been summarized will illustrate how available theory can be blended
with present experience to make reasonable engineering decisions at this stage in time,

At this poirit it should also be noted that such an approach is not only applicable for
the design of new pavements, but also can be used to evaluate existing pavements and to
design overlay pavements.

In Fig. 5 is illustrated a simplified flow diagram for the overlay design subsystem to
consider the fatigue mode of distress. @t will be noted that this system is an extension
of the overlay design procedure developed by the State of California (4.

It should be emphasized that this approach to pavement design is not intended to de-
velop a replacement for existing methods rather it is hopedthat such a technique or
others like it as they are developed will be used in conjunction with existing procedures

in order that engineers will have the capabilities to

1.- Accommodate continually changing loading requirements (including both
changes in weight and repetitions).

Better utilize available materials.

Accommodate new materials which might be developed.

Better define the role of construction.

oo W M

Improve the reliability for performance prediction (or of the design estimate).



FATIGUE SUBSYSTEM

In this section the fatigue subsystem shown in Fig. 2 will be discussed in detail. -
formation required and data available from this investigation as well as material developed
from other studies are summarized. The material contained herein is intended to provide
the engineer with a general overview of the procedure whereby the potential for fatigue in
an existing or new pavement can be ascertained utilizing recently developed information.

For convenience the information will be summarized in subsections corresponding to the

various steps shown in Fig. -2.
Traffic
Tor rhighway pavements the following traffic information is required:

Axle load distribution.

Wheel and axle configurations (dual or single tires and single or tandem axles®),

Contact pressures (or tire pressures) of the various classes of vehicles.
Distribution of truck traffic throughout day, month, and year,

Vehicular velocities, |

Lane distribution of truck traffic for multilane facilities.

Tracking of traffic in wheel paths,

N g e N e

The most desirable solution would be to have this data available for the specific highway to
be designed. Alternatively traffic data contained in statewide or local traffic surveys may
have to be utilized if data for the specific highway is not available (e.g. , loadometer studies,
contained in the W—4¢ Table).

To estimate fatigue damage attributable to specific traffic, it is necessary to establish
the correspondence between traffic repetitions and stress applications developed at some
critical point in the layer which may be damaged by fatigue. Thus the lateral placement
{(wheel path tracking) and distribution of traffic among the lanes of a multilane facility must
beddetermined.

The distribution of truck traffic in the lanes of multilane highways has been investigated
by Taragin (6) and Fig. 6 illustrates data developed by him for 2 four-lane divided highway.

The State of California utilizes such considerations for design purposes and the propor-
tion of truck traific assigned to each lane is shown in Table2 (no consideration for traffic

volume, however, as seen in Fig. 6.and proportions are therefore conservative).

*Pual axles considered as two repetitions of a single axle as is done in the State of
California Design Procedure (5).



100

90 \\\
\ \‘-E_O“HERCIA

&0 \\ (At YEHICLES IN RIGHT LARE

70 \

60 P
- N
E \plssfﬁ
O 20 .ff_f_cms R
& KBS 1 risHT L ane
o

40

30

FER
2 \"‘-Sf”"ﬁe -
ar
¢
""-,_'-.o_:“EﬂCJAL vEch .
L
° T\F—wfiﬁ’mﬂ- TRAFFIC- BOTH L ANES
o [ T4

4] 2 4 6 ] 10 k2 4 16 18 20 22 24 26 28 30 32 34 36
TOTAL VOLUME IN ONE DIRECTION -HUNDREDS OF VEHICLES PER HOUR

Flg 6 — Proportion of commercial vehicles using the right lane of
divided four-lane highways as a function of total traffic volume.
(After Taragin)

DISTRIBUTION OF TRUCK WHEEL PLACEMENTS
RELATIVE TO PAVEMENT EDGE
(Right side of contact area, 12'right lane}

Distance from adge Fraquency 10"x 20" Tire
of pavement in inches % Tire width = [1.7
o 0.03 Contact area width=7.2"
0-1 003 Truck width = 95" ,
0-2 ot ¢ Truck to cutside adge of contact areq =45,28
0-3 0.2
o-4 0.3
Q-5 —— 04
- — 06 .
* with right side of contact areo ot or
beyond the pavement edge
= 40
— 35
E
(=]
-
5 130
z
© ®
.E - 25 s
£ g
x =2
H % g
35 At distances greater thon 5 &
75" distributions of w
right § laft contact . 415
aréa overtap. g
5
‘ & o
-15
i =~
'-_" | _
MO 130 120 110100 S0 8O0 7O 60 50 40 30 20 10 0 INCHES'
12 n 10 ] 2 | O FEET

) 7 & 5 P
DISTANCE FROM PAVEMENT EDGE

Fig. 7 — Lateral distribution of trucks within a traffic lane.
(After Fordyce and Packard.)



10

__ TABLE 2 — LANE DISTRIBUTION FACTORS ON MULTILANE ROADS

Number of lanes in Factors to be applied to EWL percent
both directions Lane 1% Lane 2 Lane 3 Lane 4
2 100 - - -
1 100 100 - -
6 20 80 80 -
8 20 20 80 80

(after State of California, Planning Manual) '
*Lane 1 is next to the centerline or median on the driver's left.

The correspondence between the nurnber of vehlcle passages W1th.1n the demgn lane and
fhe number of 166d repetﬂimns af Somé crltlcail pomt’ é: g > the center of the outer wheel
path, is dependent on the tracking of the vehicles using the lane. Taragin (6§ has shown
that the center of the average truck is located within 0.2 feet of the center of a 12-foot
wide lane and that about 75 percent of the trucks maintained a lateral position within one
foot of the center of the lane. He also notes that little difference occurs in this pattern
on slight curves and that the placement in two and four lane highways is approximately the
same,

Fordyce and Packard (7) have examined the variation in the lateral location of the wheels
of a typical truck. Fig. 7 shows this lateral distribution. If the smooth curves shown in
this figure are assumed to represent a normal distribution of the center of the loaded area
about the center of the wheel path, a standard deviation of about 9 inches will yield the
frequency distribution shown for the tail of the curve.

Analyses such as that shown in Fig. 8 indicate that the stress level at the underside of
the asphalt concrete layer is relatively constant over the section from outside to outside

. of the tires. I we now assume that a typical dual tire spacing is 14 in. center to center
of the tires and thai: each of the tires has an effective load radius of 4 in., we can see that
the center of the wheel path is strained near its maximum for every passage of a dual tire
within 11 in. of the center of the wheel path. Assuming the normal distribution of lateral
locations based on Fordyce and Packard's curve, this indicates that about 80 percent of
all passages will result in this strain level at the center of the wheel path. Since the dual
dimensions assumed above might be considered as minimum spacing, it is reasonable to
assuwe-that each passage of such a load will result in near maximum strain at the critical
location. The remainder of the wheel load passages will result in some lesser strain level

at the critical location in the design lane,
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From this argument one can see that it is not unduly conservative to use a one-to-one
relationship between wheel load passages in the design lane and load repetitions at the
center of the wheel path. More sophisticated treatment of the lateral location variation
does not.geem justified when one considers the accuracy that can be expected from the
estimates of traffic that will be used.

Exvironment |

Since the response.of asphalt concrete to load is dependent on temperature, distribu-
tions of temperature within the asphalt-bound layer must be obtained. I addition, the
influence of environment as if influences the water contents (or effective stresses) of
materials comprising pavement sections must be ascertained. While there are other
environmental effects, such as aging (or curing) of treated materials and changes in
characteristics of treated or untreated materials due to the effects of water other than
those caused by changes in water content or effective stress, these will not be discussed
at this time even though such effects may be important as farcas the ultimate performance
of the pavement structure is concerned.

Temperature, The distribution of temperature in an asphali-bound layer can be deter-

mined using a form of the heat conduction equation where the temperature input is
assumed independent of the x and y coordinates, i.e.,

£0 _ e 20
az2 k ot
where:
¢ = temperature field
¢ = specific heat of the material
k = thermal conductivity
p = density of the material

Available data (8) indicate that c is of the order of 0.2 BTU per Ib per °F and k. is
of the order of 0.7 BTU per £t per hr pei- O, ft. It is possible to include not only
daily temperature variations (assumed to vary sinusoidally about the daily mean) but
also the effects of solar insolation, sky (or cloud) cover, and wind velocity (9).

The generalized quation is for a semi-infinite mass in contact with air at a temper-

ature Ty, + Ty, sin 0.2625; the 24 hr periodic temperature of the mass is @);
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-XC
T =Ty +T, - J(Hf;_z—ﬂzz sin (o.zsgt-xc - arctan—ﬂ-ga). L. ®
where; ‘
T = temperatufe of mass, °F
Ty = mean effective air temperature, oF
Ty = maximum variation in temperature from mean, oF
t = time from beginning of cycle, hours
x = depth below surface, fi
H = h/k
h = surface coefficient, BTU per sq ft per hr, ©
k = conductivity, BTU per sq ft per hr, °F per ft
C =A0.131perb
b = diffusivity, sq ft per hr =k/cp
¢ = specific heat, BTU per 1b, °F
p = density, lbs per cuft

To include the other effects noted above:
1. The effects of forced convection due to wind and average reradiation from the

surface are accounted for by stating the surface coefficient as

ho= 13+ 0 62v0 70

where:

v = wind velocity, miles per hour

2. The affect of solar radiation can be included by defining the effective air temper-

ature to include solar radiation as:

o

= effective air temperature, "F

T

T, = air temperature, o
d = absorptivity of surface to solar radiation
I

= golar radiation, BTU per sq it hr .

Solar radiation on a horizontal surface is reported in Langleys per day, *

—
One Langley per day = one calory per sq e¢m day or 3.69 BTU per sq ft day.
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There is an average net loss by long-wave reradiation of about’1/3,s0 that R, the

average contribution to TE’ is:

_ 3.69L
R = 0.67b “S5Ah

where:

L - solar radiation, Langleys per day

The deviation of R from the average may be roughly approximated by a sine wave
with a half amplitude of 3R. The maximum temperature obtained is then

TM = T A + R
where :-
T A = average air temperature, Op
TV = 0°5TB + 3R
Ty = daily range in air temperature, op

Comparison of computed and measured data are shown in Figs. 9 and 10 using the
available weather data (Table 3) and assumed properties for the asphalt concrete
(Table 4). The reasonableness of the comparisons would indicate that temperature
profiles can be computed with a reasonable degree of confidence at least in asphalt-
bound layers to 12-in. in thickness.

TABLE 3 — WEATHER DATA, COLLEGE PARK, MARYLAND

June 30, 1964

Mean Air Temperature 83, 4°F

Diurnal Range 35. 0°F

Mean Wind Velocity* 7.2 mph

Solar Insolation* 660 Langleys per day

January 19, 1965

Mean Air Temperature 17. 3°F

Diurnal Range 28, 0°F

Mean Wind Velocity* 7.2 mph

Solar Isolation* 270 Langleys per day

*Estimated data
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Fig. 10 — Comparison of computed and measured daily temperature
variation, College Park, Maryland., (After Kasianchuk)
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TABLE 4 — ASPHALT CONCRETE MIXTURE FROPERTIES,
COLLEGE PARK, MARYLAND TEMPERATURE STUDY

Unit Weight 143. 2 lbs/cu ft

Asphalt Content (total mix) 4.9 percent

Air Voids Content 9, 1 percent
Penetration 42 dmm

Ring and Ball Softening Point 138°F

Thermal Conductivity 0.70 BTU ft/ft2, °F, hr
Specific Heat 0.22 BTU/ib, °F
Surface Coefficient 9.95

Alternatively, an extension of the finife element procedure (10) developed origin-
ally by Wilson (11) for temperature profiles can be used. This particular procedure
has the advantage that it can be applied to layered systems in which the individual
layers have different conductivities. Results of an analysis by Pretorius (10 are
shown in Fig. 11,

This latter procedure may have some advantage in thick asphalt-bound layers
{> 12 in.) where the temperature of the underlying materials may have some influence
on the temperature variation in the lower portion of the bound-layer.

Moisture Congiderations. One of the most important environmental effects is that of

water, particularly as it influences the response of materials in the pavement sec-
tion to load and as it may cause undesirable volume changes.

For structural design purposes the influence of water has generally been considered
to the extent that properties of untreated materials are measured at watei' contents
which are assumed to be representative of those which may develop at some time sub-
sequent to construction, e.g., the use of the exudation pressure in the State of Cali-
fornia design procadure (5) or the use of soaked samples in the CBR design procedure
(12). In some instances these procedures may lead to soil conditions which are not
representative of those which develop in the field (13). Accordingly if is desirable to
have alternative procedures available which would provide the pavement desigh engineer
with estimates of expected in--8itu moisture conditions together with an indication of
how these conditions might develop (e.g., some measure of the rate of increase (or
decrease) in water content of a subgrade soil with time).

For areas like California or portions of the lower half of the United States where little

bE 1o freezing of the subgrade occurs, considerations of soil moisture suction may provide
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a useful (and practicalj approach to the estimation of equilibrium moisture conditions in
fine-grained soils, particularly under treated impervious layers (e.g., asphalt concrete
or asphalt-treated material resting directly on compacted fine-grained subgrade soils).

A number of investigators (e.g. , (13} '14) have suggested procedures whereby the
equilibrium suction profile can be estimated depending on the location of the groundwater
table and the environment. Richards (13 has summarized these procedures as follows
based primarily on the results of Australian (13 and British investigations (14).

TFor shallow water tables (20 ft in clay, 10 ft in sandy clays and silts, and 3 ft in sand),

regardless of climate, the equilibrium suction profile can be estimated from

{matrix suci::ion"‘)Z = (depthto G.W.T.}) -z ........... 3

where :
z = depth, measured from bottom of impervious surface,

at which suction is desired. (Fig. 12a)

For deep water tables, the suction profile is controlled by the moisture balance be-

tween rainfall and evapotranspiration. In areas where no permanent surface desiccation

exists, the profile can be expressed approximately by the relation (Fig. 12b)

Suction at a depth
greater than depth R A 4)
of seasonal variation

Suction at
depth z

Alternatively it has heen determined that total suction (and therefore matrix suction)
beneath covered areas can be related approximately to climate by Thornthwaite's
moigtire index I**, shown in Fig. 13. It should be noted that large depattures can occur
from this relationship due to local environmental factors; however, it may prove useful

for preliminary estimates of suction.

* Total suction is equal to the sum of matrix (or soil water) suction and osmotic suction.
Tn the absence of dissolved salts, the osmotic suction is zero; for uniform salt con-
centrations the osmotic suction can be neglected. Under these circumstances, there-
fore, the total suction can be considered equal to the matrix suction.

% _ 100D - 60d
E

e

where: D = soil drainage, inches
d = soil moisture deficit, inches
Ep= potential evapotranspiration, inches
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b. Deep water table.

Fig. 12 — Suction profiles.
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In a subsequent section data will be presented illustrating a relationship between suc-
tion and the response of soils to repeated loading (as measured by resilient modulus).

It should also be noted that an assessment of distortion of the pavement structure due
to volume changes in the subgrade can be estimated from suction data. (Richards (13)
has presented a technique whereby heave or settlement of the pavement surface can be
estimated provided the suction profile at the time of construction, the equilibrium
suction profile, and the moisture content (void ratio) vs. matrix suction relation for the
subgrade are known.

Materials Characterization
The steps labeled Available Materials, Design Asphalt Concrete and Other Treated
Materials, Test Asphalt Concrete, and Test Other Pavement Materials are interrelated.

While one must consider as a part of the design process related fo these steps the
" following :

1. Survey of subgrade soils traversed by the proposed route and the performance
of identification and classification tests.

2. Selection of the most economic materials to be used in the construction of
the highway.

3. Design of the asphalt concrete mixture to be used.

amphasis: in this section will be placed on aspects of materials characterization,
aspects necessai-y to examine the fatigue mode of distress in the pavement structure.
Moreover, it should be noted that the design of the asphalt conerete mixture to be used
is related to the type of pavement in which the material is utilized; accordingly it must
be emphasized that mixture design and structural pavement design must be treated as
a part of the same process. TFig. 2 shows this in stepwise progression.

The characterization technique presently utilized as a part of the fatigue subsystem
(to determine the so-called ''elastic" properties* of paving materials) can be considered
as a process whereby significant properties are measured to permit prediction of re-
sponse under special (and/or limited) loading conditions, rather than the process whereby
fundamental properties are measured to predict response under any system of applied
loads. This latter characterization technigue has not been accomplished as yet for con-
ventional paving materials, The complexity of such a process will be illustrated briefly
later in the report, by showing the type of data required to develop a nonlinear elastic
characterization of subgrade soils (20).

*Considerable evidence has been presented in recent years that elastic theory produces,

at least to an engineering approximation, a reasonable indication of pavement response
to moving wheel loads (15 through 19).
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While a number of procedures now exist to describe the "elastic' response of materials
comprising the structural pavement section, a test procedure developed originally by Seed
and Fead (21) for subgrade soils is utilized herein for the characterization process (for
both fine-grained soils and untreated granular materials), From the test a resilient modu-
lus is determined which is defined as the quotient of the repeated axial stress and the re-
coverable axial strain after some number of stress repetitions (usually in the range 100
to 1000), that is,

Repeated axial stress

MR = TRecoverable axial strain (psi)

Fine-grained (cohesive) Soils, For cohesive subgrade soils which have been tested to
date, the resilient modulus Isstress-dependent, i.e., MR = f(od ;
applied stress, particularly in the range of stresses to which the subgrade soils of well-

where 0 = repeatedly

designed pavements are subjected (i.e., less than 3 to 5 psi). Results of tests on undis-
turbed samples of an existing subgrade soil from the Yghacio Valley Road are shown in
Fig. 14 to illustrate this point.

Data developed by Seed et al (22 to jllustrate the effects of initial compaction conditions
are presented in Fig. 15 for materials representative of the AASHO (23 and WASHO (24)
Test Road subgrades and for Vicksburg silty clay used extensively in test pavements af
the Corps of Engineers Waterways Experiment Station (25). In general it can be seen
that the resilient deformation increases with an increase in degree of saturation and de-
crease in density. (Note : the resilient modulus which is proportional to the reciprocal of
this deformation will decrease in the same fashion. )

While the datapresented in Fig. 15 indicate that the modulus of soils is dependent on
water content it may be worthwhile to examine its relationship to soil moisture suction
which, as noted earlier, can be predicted in-situ to a degree of certainty; useful from
an engineering standpoint.

Data obtained by Dehlen (20) for undisturbed specimens from the subgrade of the San
Diego Test Road are presented in Figs. 16 and 17. In both figures the distinct relation-
ship between modulus and suction is noted. Sauer (26) has developed similar data for a
glacial till and his data, also reflecting the dependence of resilient modulus on suction,
are shown in Fig.. 18.

Recent studies of the influence of water content and dry density on suction in the as-
compacted condition have been developed by Morris et al (27) and Richards (28). Re-
sults of these investigations are shown in Figs, 19 through 21, Interestingly the location
of the lines of equal suction approximately parallel the lines of constant resilient deforma-

tion, see Fig. 15. As will be noted on these figures, density as well as effective stress
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(suction) has an influence on the resilient response. At a specific density, however, it is
conceivable that if the suction could be anticipated in the field (Fig. 12) and duplicated in
the laboratory (based on compaction requirements) then the modulus of the material could
be ascertained for design purposes, Thus the concept of soil moisture suction may be an
extremely useful device whereby the influence of environment as it influences the stress vs
strain characteristics of fine-grained soils (through changes in suction rather than changes
in water content) can be utilized for the design of pavements. Iniplementation'of field and
laboratory studies are required to insure that such concepts ave valid (e, g. of the type
described in Ref. (28)).

While not a part of the materials characterization process for the fatigue subsystem, it
should be noted again that the suction concept provides a means whereby an assessment of
distortion of the pavement structure due to volume change in the subgrade can be estimated.
Richards (13) has developed a method whereby this heave or settlement can be determined
provided the suction profile at the time of construction, the equilibrium suation profile,
and the water content (void ratio) vs, matrix suction relation for the material are known.

In effect this procedure can be considered as a portion of the distortion subsystem of Fig. 3.
An example of the estimation procedure is included in Appendix A to illustrate the applica-
bility of this useful concept.

As noted earlier, the technique used to characterize fine-grained soils for use in an-
alyses associated with the fatigue subsystem assumes the material to be linear elastic at
a particular level of stress or strain. To consider non-~linear response characteristics,
additional testing will be required.

Dehlen (20) has developed a procedure for characterizing fine-grained soils as non-linear
elastic and has examined the response of the subgrade soil from the San Diego Test Road
(29) within this framework. In this process the stress state has an important influence on
material response. Thus in order to minimize testing it is most desirable to cover only
the range which occurs in a pavement under the anticipated traffic.

Fig. 22a illustrates a range in stress paths which might be selected for laboratory
testing and Fig. 22b illustrates typical data obtained from a pattern of stressing corre-
sponding to (c¢) of Fig. 22a, It should also be noted that the triaxial test may define the con-
stitutive relationships for materials at points beneath the center of an axisymmetrically
loaded area, these results may be inadequate for conditions elsewhere in the structure since
the triaxial test permits only two normal stresses to be varied independently, and the re-
sulting two strains to be measured, while for complete characterization for use with this
type of loading, three normal and one shear stress would have to be varied independently,

and the resulting four strains measured.
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As will be seen subsequently there appears to be little advantage in characterizing a
material within such a framework at this stage in time. However, such considerations.

must be recoghized as an additional iteration in the materials characterization process.

Untreated Granular (€ohesionless) Materials. The response of unireated gramular

materials has also been shown to be dependent on stress. The resilient modulus for such
materials can be expressed either in terms of the confining pressure (in triaxial compres-
gion) or the sum of the principal stresses according to the following relationships :

' n n'
Mp =k. ¢4 or Mp = K@Y ... ..., (5)

+2¢

g = 3

0y for the type of test utilized in this study.

Hicks (30) has studied the response of granular materials within such a framework and
determined the influence of a number of aggregate characterisfics on resilient modulus.
His study included an investigation of the effects of aggregate density, aggregate gradation
(percent passing No. 200 sieve), and degree of saturation on the resilient response of two
aggregates representative of those used in the construction of asphalt pavefments in
California. Results of this study indicate that at a given stress level the resilient modulus
increased with increasing density, increasing particle angularity or surface roughness,
decreasing fines content, and decreasing degree of saturation.

This investigation also included a study of the effect of 2 number of load and mix vari-
ables on the resilient Poisson's ratio*., The influence of stress on Poisson's ratio can be

approximated as follows s
P 2
o (o) a
v = Ay % A](mlj + Az[—l) + A3(~—l) .......... (6)
% \73 %3

AO’ Al’ A2 and A3 are coefficients determined by means of

where:

a regression analysis.

*Resilient Poisson's ration () is defined as the quotient of the recoverable radial
strain () divided by the recoverable axial strain (¢, ), i.e., » = € /e,.
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This variation is illustrated in Fig. 23 for specimens in both a dry and partially saturated
" condition, Poisson’s ratio also was slightly influenced by density, generally decreased as
the fines content increased, and generaliy decreased as the degree of saturation increased.

. These studies indicated that as the degree of saturation of the aggregate increased, the
regilient modulus decreased in essentially a linear fashion with no large reductions occur-
ring under repetitive loading when the specimens were completely saturated. Some earlier
evidence (31) had suggested the potential for the development of large pore water pressures
under repetitive loading. Such was not the case in Hick's study as seen in Fig. 24. Also
shown in this figure are the results of studies by Kallas and Riley (32) and Shifley (33)
substantiating this observation.

Hick's data also suggest that to define the response of a granular material to load using
equation (5) it may be necessary to test only one specimen since his data provide some
basis for adjustments to k or k' of equation (5). While not illustrated in this section,

Appendix B contains a suggestion as to how the adjustments might be accomplished.

Asphalt-Bound Materials. For asphalt-bound materials utilizing asphalt cements,

stiffness as defined by the relation

S(t,T) = g .................. (7
where :
S(t,T) = mixture stiffness at a particular time of loading
and temperature
o, € = axial stress and strain respectively.

can be used at this stage in time (1970) and either measured directly or estimated using
the procedure developed by the Shell investigators (34, 35).

Table 5 contains a summary of the various methods by means of which the stiffness
(or modulus) of asphalt concrete can be measured and the methods are illustrated
schematically in Fig. 25.

Generally for the short times of loading associated with moving traffic, non-linear
effects such as those due to stress or to differences in tensile and compressive response
may be considered unimportant from an engineering standpoint. Thus it is suggested
that the stiffness be selected at a time of loading which is representative for conditions
associated with moving traffic applied to the pavement. It will be necessary, however,
to détermine stiffnesses over a range in temperatures, such as the relationship illus-
trated in Fig. 26, since (as seen in the figure) the effect of temperature at a particular
time of loading is sigmificant. This, in turn, may considerably influence the response
of the pavement structure to load.
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TABLE 5 — SUMMARY OF METHODS TCO MEASURE RHEOLOGIC BEHAVIOR OF ASPHALTIC CONCRETE

A. DIRECT MEASUREMENT

Method Measured Measure of
of Test Input Response Rheologic Behavior Remarks

Creep: Tension and Strain as a (a) Creep compliance, {a) Necessary fo use superposition
Compression: function of DYy = e(t) principle? to relaxation modulus,

time, e(t) 0 = Eq{t}, from compliance, Dit).

(a) Axial Constant (b} Creep modulus, (b) Ec(t) = E{t) only at short and

loading stress, o, % long loading times,
Ec(t) = 7o)

(b) Bending Flexure: (c} Creep modulus in (¢) Ex(t) = Er(t) only at short load-
Constant flexure, Ep(t) = ing times for asphaltic concrete
moment le, + €1t

1yt e 7
h
Relaxations Tension and Stresa as a Relaxation modulus, {a) Analogous to van der Poel's
compression: function of Enh = FB stiffness.
: time, oft) ™=
(ay Axial Constant (b) Difficult to perform true stress
loading sirain, 5 relaxation test on asphaltic con-
crete.
Constant Tension and Stress and Relaxation modulus,

rate~of-strain:

compression:

strain, ¢ ande

Eq{t) =do/de at
different values

(1) Axial Constant rate- for de/dt
loading of-strain, de/dt
Dynamic Tension and For stress Complex modulus, (a) |E*| = Er(t) only at short and
loading compression; input: [E*| = cro/e0 long loading times. Mecessaryto
() Axial Sinusoidally varying Sinusoidally and phase shift @ ui?na:;;lﬂ;eé f;::: rg;ngrp: s;;;cm
loading stress, o=0o, sinut; varying strain, for a range in B L . )
0 = : L intermediate times.
or sinusoidally = gy 8in (ut -0) frequencies
v irai (b) By plotting | E* | as a function
irying strain at particular of 1/w,2 curve similar in sha
€ = cpSin . frequency where s * be
o o = e shift to Exit) is obtained; will be dis-
Range in = ﬁ‘% wene Maced somewhat from E{t)
frequencies 1 ¥ curve for intermediate times as
noted in (a) above.
Rep(.::llt.‘d Compression: Compression: Compression: (2) Should produce comparable
loading : moduli to those measured by
(ay Axinl ‘Axial Recoverable Resilient modulus: OFh er means noted aho.v , par-
loading stress, oy strain after a MR = o./ tioularly at short loading times.
specific num- %4/ ¢R
ber of load
applications, ‘R
th) Flexure Flexure: Flexure: Flexural stiffness:
Applied Recoverable s =K P
load, P deflection after IAp
Eesrpigll%:dnum_ ;h: x.cc:')n.'-:f.ant depend-
applications, AR ing on loading
conditions

B. INDIRECT DETERMINATION

Stiffness
(Shell-
investigators)

Penetration and
ring-and-hall
softening pointof
recovered asphalt
volume concentra-

tion of aggregate, CV

percent air veoids,

Stiffness,
8(t, Ty = o/

(a) Analogous to relaxation modulus.

4 One statement of superposition prineiple:

t

fD(t - TIE{) dr
0

t
fe(t -7Ditr=t
0
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To estimate stiffness using the method developed by the Shell investigators requires
that the properties of asphalt cement contained in the mix (penetration and ring and ball
softening point) together with the volume concentration of the aggregate and the percent
air voids in the compacted mixture be known.

For mixtures with air void contents of about 3 percent the mixture stiffness can be
estimated from the following relationship:

n
Smlx _ 2.5 Cv
5 =\1+ TG ) "crrrere e {8)
asp N v
where :
5
n = 0.83 log 4———10—)
S
asp
Sasp = stiffness of asphalt, kg per cm2 (obtained from Fig. 27)
Smix = stiffness of compacted mix, kg per c:m2
Cv = volume concentration of the aggregate = vol. aggregate

vol. aggregate +vol, asphalt

The expression is also limited to volume concentrations of aggregate in the range
0,7 to 0, 9.

For air void contents larger than 8 percent, van Draat and Sommer (36y-have
suggested the use of a corrected volume concentration of aggregate, C'v,,defined as:

c! = S
v

- Aza.ir void content

where:’

= actual air void content - 0,03

Aair void content
(expressed in decimal form)

This expression is applicable so long as

where ;.
Cc. = vol. asphalt
B vol. aggregate + vol. asphalt

Van Draat and Sommer note that when CB = % (1 - C'v) the stiffness may only be one-

half the value as estimated from equation (8).
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As noted earlier, it may be desirable to eventually consider the non-linear response
of asphalt concrete to load. Dehlen (2_0) has performed some testing of this type. Re-
sults from a complete pattern of stressing are shown in Fig. 28. This figure illustrates
the variation of axial strain corresponding to various stress states in triaxial compres-
sion. A similar set of results would be required to define the variation of radial strain
with siress state. '

The procedure described above may not be applicable to define the response of asphalt
treated materials containing liquid asphalts or asphalt emulsions during the curing
process in situ. Additional testing may be required, testing of the type described for
untreated aggregates since these materials in the partially cured state are dependent on
the applied stress. conditions as seen in F1g 29,

Other Treated Materials, Stiffness characteristics of lime-treated materials have
been investigated by Thompson (37) and Mitchell et al (38). Thompson has presented
data indicating a relationship between unconfined compressive strength and modulus

of the form:
E = A + B (unconfined compressive strength)

and modular ratios for lime treated to untreated soil in the range 3 to 25.

The investigation of Mitchell et al (38) has been limited to a study of Vicksburg Buck-
shot clay stabilized with lime and "MgSO 4 Results of this study as well as those of
Thompson indicate that after a reasonable curing period the lime treated material may,
for all practical purposes, be considered elastic in response,

Research on stiffness characteristics of cement-treated soils is well summarized in
Ref. (10). As with limé treated materials, the response of cement stabilized soils after
a reasonable curing period can be considered to be elastic from an engineering stand-
point and values up to 3 x 106 psi may be expected. For these materials, Poisson's
ratio will vary considerably. However, for cement-treated granular materials, Poisson's
ratios will be in the range 0. 1 to 0.2 (10).

Methods of Analysis for Stresses and Deformations in Pavement Systems

To estimate the stresses and deformations resulting from moving wheeél loads so that
the potential for development of fatigue distress can be ascertained, a realistic repre-
sentation of the pavement structure is required.

At present there are a number of methods of analyses which might be used to reason-
ably ascertain the response of the pavement structure to moving wheel loads, all of which

make use of elastic theory.
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The most readily usable method at present treats the pavement as a layered elastic
solid with the: lowest layer semi-infinite in extent (Fig. 30). Two computer solutions*
are available to estimate stresses and deformations in such a system; the one developed
by the Chevron Research Company (39) (CHEV 5L) and the other by the Shell Qil Company
(40) (BISTRO). The BISTRO program is somewhat more versatile than the CHEV 5L,
program in that up to 10 layers (versus' 5 in the CHEV 51) can be analyzed, the response
to multiple loads is accomplished on the computer, and principle stresses and strains
together with their directions at a point are ascertained.

The other approach makes use of the finite element method of analysis. For analysis

by this procedure, the body to be analyzed is divided into a set of elements connected at t
their joints or nodal points, e.g., cylinder shown in Fig. 31. The continuous variation of
stresses and strains in the real system is replaced by an assumed linear variation of dis-
placements, and hence constant stresses and strains within each element, This assump-~
tion meets the requirements of compatibility of displacements between elements. For
given element geometry and constitutive: equation, the stiffness matrix relating displace~
ments and loads at the corners of each of the basic triangular elements is established.
The four triangular elements forming one rectangular element are generally combined !
eliminating the common nodal point. Combination of the element stiffness matrices
yields the symmetric banded matrix for the entire structural assembly, which is modi-
fied using known displacements at bound axies. Solution of this system of linear equa-
tions yield all nodal point displacements, from which the element strains and stresses
are computed, the average of the stresses in the four triangular elements giving the bhest
estimate of the stresses at the centroid of the rectangular element.

The element configuration, e. g., Fig. 32, must be carefully selected to optimize the
results. Generally the accuracy is improved by the use of a finer mesh, particularly in
areas of rapidly varying stresses, but the greater number of elements increases the com-
putational time and therefore the costs. Dehlen (20) has suggested that an optimum rec-
tangular mesh has finer vertical subdivisions near the surface and in both materials near
layer interfaces; and finer radial subdivisions both near the axis and near the edge of the
loaded area, e.g. , Fig. 32.

This procedure can be used directly for analyzing systems with non-linear elastic
materials by using either an iterative or an incremental technique.

*Referred to as integral transform solutions.
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One form ot the iterative procedure starts with the computation of gravity stresses
for all elements together with a first approximation for the traffic stresses assuming
an elementary stress distribution. Equivalent linear stress-strain coefficients (corre-
sponding fo secant moduli) are evaluated for the state of stress in each element from the
relevant non-linear constitutive relations. The full load is then applied and a linear
elastic finite element solution is obtained providing a revised estimate of stresses.
These stresses are then used to revise the stress-strain coefficients for each element,
and a new stiffness matrix is formed. Iterations are continued until the coefficients
used in the solution are compatible with the resulting stresses.

In the incremental method the gravity stresses and corresponding equivalent linear
stress-strain coefficients (equivalent to tangent moduli) are evaluated for each element.
An increment of load, representing a frac'tiOn of the traffic load, is then applied and
resulting displacements and stresses computed using a linear finite element procedure.
The resulting stresses are added to the gravity stresses; the new stress-strain coeffi-
cients evaluated and a new stiffness matrix formed; a further increment applied, and
the process repeated until the full load has been applied, and all the incremental dis-
placements and stresses have been summed.

Hicks (30) has modified the above procedure somewhat to include variations in
Poisson’s ratio with stress (e.g. , Fig. 23).

The finite element procedure is not limited to the axisymmetric case. However, the
greatly increased computer storage and the time required has limited developments in
this area. Pretorius (10) has utilized the program for a three dimensional prismatic
solid developed by Wilson (41) to examine the development of load associated cracking
in an asphalt concrete layer over a cement-treated base in the vicinity of a shrinkage
crack in the cement-treated layer.

This latter approach is still essentially two-dimensional with the third dimension
introduced into the idealization by expressing the load as Fourier series in this
direction (sometimes referred to as 2D extended). A finite element discretization is
shown in Fig. 33. The structure is solved for every Fourier term necessary to ade-
quately represent the load. The x- and y-displacements vary cosinusoidally and
stresses sinusoidally in the z-direction which enables a complete stress solution at
any desired z position.

Appendix C contains listings of the various programs which are available.

Fatigue Response

Some measure of the fatigue response of asphalt mixtures and other treated mate-

rials (if utilized) in the pavement section is required.
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For asphalt conerete mixtures when used in thick sections this response should be

measured by means of the controlled-stress node of loading (42). For comparatively
thin asphalt bound layers (=2 in.) the controlled-strain mode of loading is more appro-
briate. Differentiation between the two modes of loading can be placed on a more
quantitative basis by introducing a parameter termed the mode factor (42) and defined

as:
MF = ﬁ = g .................. (11
where :
MF = mode factor
A = percentage change in stress due to a stiffness decrease of C percent
B = percentage change in strain due to a stiffiness decrease of C percent
C = an arbitrary but fixed percentage reduction in stiffness

In the controlled-stress mode of loading, the mode factor would have a value of -1,
whereas for the controlled-strain mode of loading the mode factor would assume a value
of +1, '

From analyses of a series of pavément sections using layered system elastic theory,
a typical example of which is shown in Fig. 34, it would appear that the controlled-
strain mode of loading will be approached in pavements containing thin (2 in, or less),
flexible sections of asphalt conerete as noted above. On the other hand, the controlled-
stress mode of loading will only be approached in pavements containing comparatively
thick (greater than 6 in. ), stiff sections of asphalt concrete.

For the remaining ranges in thickness, some form of loading intermediate between
these two modes is appropriate. From an engineering standpoint, however, it should
be noted that fatigue response developed in the controlled-stress mode of loading will
probably provide the most conservative estimate of fatigue response,

Results of fatigue tests may be plotted either in the form of stress or strain vs,
fatigue life, average results of which are shown in Figs. 35 (stress) and 36 (strain).

Available evidence suggests that the fatigue behavior of asphalt concrete such as that
illustrated in Fig. 36 can be represented by an equation of the form:

n

<1
Ne =K (—\.................. .. (12)

Nf = stress applications to failure

where:: .

' Cmix tensile strain repeatedly applied to the mix
K, n = constants depending on mixture characteristics
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The coefficient n in the above equation appears to be dependent on mixture stiffness.
For the range of stiffnesses encountered in practice, n varies in the range 2 to 6. Data
illustrating this point are presented in Fig. 35. Since stiffness of the asphalt bound
layer will vary in the road due to temperature variations, one fatigue curve with a
particular slope probably will not suffice to estimate damage development. From a de-
sign standpoint this should present no difficulty since only a small increase in input to
the subsystem of Fig. 2 is required.

In practice, pavements are subjected to a range of loadings; accordingly, a cumula-
tive damage hypothesis is required since fatigue data (defined by equation 12) are usually
determined from the results of simple loading tests. One of the simplest of such
hypothesis is the linear sutnmation of cycle ratios. This cumulative damage hypothesis
states that fatigue failure occurs when

;3 n—-l- T (13)
i=1 Nl
where :
'Ifi = number of applications at strain level i
N. = .number of applications to cause failure in simple

loading at strain level i

Equation 13 indicates that fatigue life prediction under compound loading becomes a deter-
mination of the time at which this sum reaches unity.

Some measure of the scatter in fatigue test data can also be considered at this time,
Pell and Taylor (43) and Kasianchuk (44) have indicated that the distribution function for

fatigue lives at a particular stress level can be represented as logarithmic normal :

' 1 i2 i 2
f(y) = ——= <( exp G(y—m) /z(o']) ........ e (14
- . o'lf\IfZ'.rr { '
where:
i
f(y} = the normal density of Y

= log of the service of fracture life, Nt
= mean of Y

ql—'- EH K{..

= yariance of Yl

*The sp_persci‘ipt, i, refers to a particular strain level.
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Results of an reanalysis of data developed by Deacon (45), using this approach are shown
in Fig, 37. Comparison between the experimentally determined relationship and that
estimated on the basis of a logarithmic normal distribution function indicate the reason-
ableness of this approach.

Data developed by Pell and Taylor (43) and shown in Figs 38 and 39 also substantiate
such an assumption.

Use of this distribution function permits prediction not only of a mean fracture or
service life but also the life corresponding to any desired confidence level.

To substantiate the point that mixture design and pavement design are interrelated,

a brief summary of the influence of a number of variables on fatigue response is in-
cluded in Table 6. Resulis summarized in this table have been obtained from research
reported in a number of references (e.g., 31, 42, 43, 45, 46, 47, 48, 49, 50, and 51).

It would appear that regardless of the type of test (i.e., controlled-stress or controlled-
strain) and therefore regardless of the thickness of the asphalt bound layer, as much
agphalt as possible should be incorporated in the mixture. As will be seen subsequently,
there will be an upper limit to the amount because of stability requirements; this upper
limit should be approached, howéver, in order to increase fatigue resistance.

In addition, adequate compaction of the mixture is required in order to promote im-
proved fatigue resistance. This means that the mixture should be compacted to the
design density at the time of cdnstruction (e.g., the void content in the compacted mix-
ture should be of the order of 4 percent).

For heavy-duty pavements for highway loading conditions incorporating approximately
6 or more inches of asphalt concrete, it appears that any measures taken to increase
the stiffness of the mixture will promote increased fatigue resistance, as long as a
reasonably balanced and nonbrittle mixture is maintained. With respect to asphalt
selection, therefore, improved performance may be anticipated by specifying a more
viscous asphalt. It should be emphasized, however, that proper compaction must be
obtained with the harder asphalts. The data also indicate that dense gradations of
aggregale are desirable and that rough textured aggregates are more suitable than
smooth textured materials,

For light-duty pavements incorporating approximately 2 in. or less of asphalt-
bound materials, it appears that the asphalt mixture should be made as flexible as
possible, As a means of accomplishing this, the asphalt cement should be relatively
soft, such ag a 120-150 penetration grade. While little information is available regard-
ing the aggregate gradation to be used in these pavements, it would appear that the fines
content should be reduced so that the grading is not as dense as that desired in the
thicker sections and the stiffness will be less.
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For pavements incorporating from approximately 2 in to 6 in, of asphalt-bound
materials, the general guidelines recommended above should be followed: i. e. , the
asphalt content should be as large as practical, the mixture should be adequately
compacted, and an aggregate should be selected that enables the incorporation of rela-
tively large amounts of asphalt, More specific guidelines must await the extension of
current research endeavors.

TABLE 6 — FACTORS AFFECTING THE STIFFNESS AND FATIGUE
BEHAVIOR OF ASPHALT CONCRETE MIXTURES

Effect of Change in Factor
. On Fatigue Life ] On Fatigue Life
Factor Change in Factor On in Controlled- in Conftrolled-
Stiffiiess .| Stress Mode of § Strain Mode of
Test _ Test’
Asphalt . . .
Penetration decrease increase inerease decrease
Asphalt . . 1 . 1 . 2
Content increase increase increase increase
Aggregate increase roughness increase increase decrease
Type and angularity
Aggreg_ate open to t_iense increase increase decrease4
Gradation gradation
Air Void . . . 4
Content decrease increase increase increase
. 3 .
Temperature decrease increase increase decrease

lReaches optimmum at level above that required by stability considerations.

2No significant amount of data; conflicting conditions of increase in stiffness
and reduction of strain in asphalt make this speculative.

3Approaches upper limit at temperature below freezing.
4No significant amount of data.

While available data for other treated materials are not as extensive as for asphalt con-
crete mixtures, these data provide some useful design criteria as noted in the succeeding

paragraphs,
For cement-ireated materials, strain repeatedly applied appears to be an excellent

damage determinant as shown in Fig. 40. For soil-cement, the PCA (52) has defined
generalized fatigue relationships in terms of a critical radius of curvature (Fig. 41). Com-
parison of the data in Fig. 40 with that which would be estimated using the PCA method
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is shown in Fig. 42 with reasonable agreement being indicated, | Accordingly it is rec-
ommended that for soil cement, at least, the PCA procedure to define a fatigue criterion
be utilized at this time. For cement-treated materials not meeting the criteria for soil-
cement, no generalized guides are available as yet although considerable research ef-
fort is underway (e.g. ., 53).

~ Swanson and Thompson (54) have developed fatigue for a series of lime treated soils.

Fig. 43 illustrates a typical fatigue diagram for treated specimens tested after curing
for 30 days at 7T0°F. Fig. 44 coniains a summary of a series of tests on a range of
treated materials, the results of which are plotted in terms of the ratio of the applied
stress to the static flexural strength,
Summary

Using the information presented in this section the steps in the process of design or

evaluation using the subsystem of Fig. 2 thus consist of the following:

1. Definition of the seasonal variation in the stiffness of the asphalt concrete
together with variations in water content (and/or suction) of the underlying

untreated materials.

2. Determination of the expected response of the asphalt concrete layer in the
trial design section for the range of wheel loads and particular temperature

regime.

3. Prediction of the fatigue life of the trial design under the action of the ex-
pected traffic volumes.

4. Evaluation of the trial design with respect to the adequacy of the section in
providing the requisite life for fatigue.

If the trial section which has been selected is inadequate or conservative, another trial
section is selected and the procedure repeated,

These steps have been programmed for use with a digital computer and the programs
are included as an appendix to the report. A design example is presented subsequently
to illustrate the application of this procedure to a city-county highway in Contra Costa
County, California.

It should be emphasized that the format of Fig. 2 provides the framework for the
analyses of existing pavements as well as a procedure for design. Subsequently two
in-service pavements will be analyzed following this same format, (1) a state highway
near Morro Bay, Califocrnia and (2) a state highway near Folsom, California.
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LABORATORY DETERMINED FATIGUE RESPONSE

While the effects of mixture variables on fatigue response have been summarized in the
previous section (Table 6) some of the recommendations included therein are based on
studies conducted as part of this investigation. Accordingly this section of the report in-
cludes the results of a laboratory investigation to study the effects of mixture variables.
Also included are the results of laboratory tests on materials used in the three projects

whose performance or design will be discussed subsequently.

Influence of Mixture Variables

Data are presentéd to illustrate the influence of mixture stiffness, air void content,
aggregate gradation, aggregate type, asphalt content, and asphalt type. Table 7 contains
a summary of a number of variables influencing fatigue response. Those considered in
this study are shown by asterisk (¥ to provide a convenient indication of the relationship
of this study to the overall problem.

A summary of the mixture variables is included in Table 8. As seen in this table,
four aggregate types*, foun aggregate gradations, three grades of asphalt and a range in
asphalt ;:ontents were examined,

Asphalts, Asphalts used for the laboratory study were supplied by the Chevron
Asphalt Company. Properties of the asphalts as received are shown in Table 9.
Properties of the asphalts recovered from the various mixtures were also determined;
thege results are shown in Table 10. In this table, it is interesting to observe that the
amount of hardening (for a given grade) is dependent on the aggregate grading, with the
largest change occurring in the mix with the largest number of fines.

Aggregates. As noted in Table 8, four different aggregate gradations were utilized.
Three of the gradings correspond to State of California specifications for 1/2 in. max-
imum size aggregate and represent the extreme fine, the extreme course, and the middle
of the grading band, A grading corresponding to the British Standard 594 requirement
was also utilized to permit comparisons to be made with the results of other investigations
(e.g. , Pell (46)). The four gradations are shown in Fig, 45. Other characteristics of
these materials are shown in Table 11.

Mixtures. More than 300 individual specimens were tested in this phase of the investi-
gation, Table 12 presents a summary of the air void content data for mixtures in each of
the test series.

*THe mhterial termed bashli cotresponds to the Hgpregaté used in the Ygiadio Valley
“Road, the design example to be presented subsequently.

Y



TABLE 7 — LABORATORY TEST VARIABLES AFFECTING
FATIGUE BEHAVIORZ ..

. . Mixtufe and.. Environmenfal
Load Variables Specimen Variables Variables =
1. Pattern of stressing 1, Asphalt 1. Temperature
2. Stress level (¥) a. Type (% 2. Moisture
3. Testing Method - b. Hardness (%) 3. Alteration of material

properties during

a. Load history 2. Aggregate service life (e.g.
(1) Simple loading (*) a. Type (%) aging)
(2) Compound loading b. Gradation (%
b. Mode of Loading 3. Specimen
(1) Controlled-stress (¥) a. Stiffness (¥)
(2) Controlled-strain b. Air void content (*)
(3) Intermediate c. Asphalt content (¥%)

a. Adapted from Reference 42,
(*) Variables counsidered in this investigation,

TABLE 8 — MIXTURE VARIABLES

Asphalt Content (by dry wt. of aggregate)

Aggregate Asphalt State of Calif, , 1/2 in. Max. Gragding | British Standard
Coarse [ Medium |  Fine 594

Crushed ' :

Basalt 60-70 - 5.3 10 8.7 - -

Crushed g5 140 - 4,7 - -

Limestone

Granite 60-70 - 6.0 - -
85-100 6.0 5.2'and 6. 0 6.0 -

Crushed

Gravel 85-100 - 4.6 - -
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_ TABLE 9 — PROPERTIES OF ORIGINAL ASPHALTS

A ‘Property - 40-50Asptht Cen;eolﬂzz Oclassi:ficfatima.gsn100
TS e ror 2 o *
_?fgg;ity’ P 4. 06 x 10° 2.22 x 10° -
\;i;;;g;iﬁy, cs 375 369 ‘. 238

~ Flash Point, PMCT, OF - - 460

TABLE 10 — RECOVERED PROPERTIES FOR ASPHALTS
USED IN LABORATORY STUDY

‘Mi% "Designation Criginal |t Properties of Recovered Asphalts
Asphalt Penetration, dmm Ring and Ball
Aggregate Type | Gradation | Cement 100 gr., 5sec, T7°F | Softening Point, °F
Granite: : Coarse 85-100 36 125
Granite Medium 85-100 37 127
Granite Fine 85-100 30 129
Granite Medium 60-70 35 129
Basalt Medium 60-70 32 136.5
Granite Medium 40-50 26 132
Gramite British | 40-50 21 140

594




_TABLE 11'— AGGREGATE CHARACTERISTICS
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_ Crushed Crushed Crushed Crushed
Test Property Granite Basalt Limestone Gravel

LA Abrasion Loss - percent '

After 100 rev. 6 - B -

After 500 rev. 24 18 27 -
Cleanness Value - percent 89 - - 94
Sand Equivalent - percent -— 41 89 89
Oil Equivalent - percent 3.7 - 2.3 2.7
Centrifuge Kerosene

Edquivalent - percent
(at surface area of approx. 4.0 L 3.3 3.9

34 sq. ft. per 1b.)

TABLE 12 — AIR VOID CONTENTS FOR LABORATORY
PREPARED SPECIMENS

. Asphalt Percent Air Voids
pesigmatin | Coment | oM [yomn | ndese | Copficant o
%ﬁ?&g‘g%% 40-50 7.9 5. 38 . 69 12. 8
Granite, Coarae 85-100 6.0 5.71 .59 10.3
Granite, Fine 85-100 6.0 5.71 .46 8.1
Granite, Medium 85-100 6.0 4.49 .55 12.3
Granite, Medium 60-70 6.0 4.80 .43 9,17
Granite,, Meditm: 40-50 6.0 4,73 .50 10. 6
Basalt 60-70 5.7 7.65 .46 6.0
Basalt 60-70 6.2 6.72 .62 9.3
Basalt 60-70 6.7 5.20 .34 6.6
Basalt 60~70 7.7 4,05 .26 6.5
Basalt 60-70 8.7 1,60 .14 8.8
Granite 85-100 5.2 7. 06 .73 10. 4
Limestone 85-100 4.7 6. 40 .bb 8.6
85-100 4.6 8. 18 .52 6.3

Crushed Gravel




TABLE 13 — COMPARISON OF ASPHALT CONTENTS USED IN"
TEST SPECIMENS WITH THOSE ESTIMATED ACCORDING TO STATE OF
CALIFORNIA METHOD OF MIX DESIGN

Mix = Asphalt Content — Percent (By Dry Wi. Aggregate)
s 85-100 50-70 40-50
Deésigration T e oD —— -
Actual  Ratiinated” | Aciual - Esfimated.] Actual Estimated
Granite '
British 594 - - - - 7.9 6.3
Granite
Coarse 6.0 8/5 . - - - -
Granite 6.0 5.9 - - - -
Fine _
Grapite { 6.0 5.8 6.0 6.1 6.0 6.6
Medium 5.2
Limestone 4,7 4,3 - - - -
Crushed _ _ _ ~
Gravel 4.6 4.5
5.7
Bagkit ‘ - - to 5.9 - -
8.7

Laboratory test specimens were prepared by kneading compaction, Details of the prep-
aration procedure are cpntained elsewhere (31).

| Table 13 illustrates a comparison of the asphalt contents used in the mixiures with those

which would be selected for design based on the State of California requirements for a

Type B aggregate, -

Migture Variables. A summary of the mixture characteristics which have been investi-
gated are shown in Table 8. Atthe outset it should be emphasized that the results presented

were obtained at 68°F (20°C), thus the effect of temperature on fatigue life is not apparent
from this study.

Since variations in air void: content and mixture stiffness occurred in every test series,
the influence of these variables will be presented first.

Air Voids. The influence of air void content on fatigue response has been reported by
Saal and Pell (47), Monismith (21) as well as other investigators (53); results of these in-
vestigations indicate, in general, that mixes containing high air void confents exhibit com-
paratively short fatigue lives.
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Tig. 46 illustrates the influence of air void content on fatigue life at 68°F at a stress
level of 150 psi for mixes with the granite aggregate and gradings conforming to the
B. S. 594, California fine, and California coarse requirements. As with earlier test
data, these results emphasize the importance of proper compaction in order to obtain
good performance characteristics.

Results of linear regression analyses (fatigue life as the dependent variable) are
superimposed on the data in Fig. 46, The regression lines, indicate that a smaller
change in void content is required to change the fatigue life by a specific amount for
the California graded mizes (4 to 6 percent increase in air voids to reduce the fatigue
life by one order of magnitude) than is required for the British Standard mix (10 per-
cent increase to reduce fatigue life by one order of magnitude).

These data suggest that the structure of the voids (i.e. , size, shape, degree of
interconnection) as well as their absolute volume is of importance. For example, for
mixes with the same absolute volume of voids, the size of the void may be important
in that the presence of a very large void will produce a greater reduction in the load
carrying solid cross section than several smaller voids which are likely to be scattered
throughout the specimen, In addition, stress concentration effects associated with the
voids can lead to differences in fatigue lives depending on the shape (and size) of the
voids (55). '

The difference in fatigue life noted between the British and California graded mixes
may thus in part be due to the size and shape of the voids in the two types of mixes
since visual examination indicated that the British mix contained smaller size voids

than the State of California fine and coarse mixes.

Stiffness. Stiffness as used herein is the relationship between stress and strain
measured during the conduct of the flexural fatigue test and is dependent both on time
of loading and temperature. In addition, stiffness is dependent upon air void content,
aggregate grading, aggregate type, asphalt type and amount, and the stress level at
which it is measured.

As has been indicated earlier, stiffness affects the fatigue response of mixtures in
the controlled-stress mode of loading; accordingly it is desirable to assess the éffects
of stiffness on fatigue life and, in furn, the influence of the above-noted mixture char-
acteristics on stiffness and fatigue life.

This section will attempt to define only the influence of stiffness on fatigue response.
Later sections will indicate the influence of mixture variables both on stiffness and on
fatigue behavior.
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Data presented by Deacon (45 and Bazin and. Saunier (48) indicate that stiffness is re-
duced with an increase in air void content. TFig. 47 illustrates such trends for the mixes
whose fatigue life vs. void content data were presented in Fig. 46. Regression lines °' -~
through the data show an increase in stiffness with reduction in air void content. Con-
sidering the change in void content required to change the fatigue life by one order of
magnitude results in changes in stiffness as follows for the three mixes.

Change in Void Content Change
to Change Fatigue Life by in
Mix One Order of Magnitude Stiffness
British Standard 10% 375,000 psi
California Fine ~~40h 130,000
California Coarse 6% 130, 000

Thus part of the increase in fatigue life in the controlled-stress mode of loading due to
decrease in air void content is due to the increase in stiffness resulting from this reduc-
tion.

To investigate the influence of stiffness on fatigue life, data from five mixes confain-
ing granite aggregate and with the same asphalt content (6 percent) were andlyzed. Air
void contents ranged from 4 to 6 percent (Table 10) with an average value of about 5.5
percent. The data for all mixes were grouped together at each of the stress levels
utilized in the test program and linear regression lines were obtained for stiffness vs.
fatigue life (fatigue life as the dependent variable). Fig. 48 illustrates the resulting re-
lationships each of which had the following statistics:

Stress Level, TEorrelation Standard Error
psi C CoBfficient of Estimate
150 . 952 . 167
100 . 916 . . 227
75 . 746 . 290

By interpolation from Fig. 48, stress vs. fatigue life relationships were obtained for
4 Fitige in stiffness of 150,000 psi to 700,000 psi and have already been shown in Fig. 35.
In this figure it will be noted that as the stiffness increases, the fatigue life at a particu-
lar stress level increases, and the slope of the line changes (in this case from2.2{o 3. 8%
for the range of stiffnesses examined). ‘

*The slope is represented by the coefficient n in the following expression:

1 n
= -
- Ny K o’)
where:
Nf = number of stress applications to failure
¢~ = bending stress, repeatedly applied, psi
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Strain vs. fatigue life relationships can also be obtained from the data presented in -
Fig. 48 utilizing the transformation:

“mix = Zmix’Smix
where
€mix mixture strain —in, per in.
Omix = applied stress — psi
Sm:ix = mixture stiffness — psi

Results of such an analysis are presented in Fig. 49 for stiffnesses ranging from
200,000 to 500,000 psi. TFor this range in stiffness the data appear to be represented by
a single relationship. If a wider range in stiffness isconsidered, however, a single line
may no longer represent the relation between strain and load applications as seen in
Fig. 50. It should be noted that the difference in fatigue life due to stiffness differences
is not as large as is indicated on the stress vs. fatigue life plot (Fig. 35).

These results appear in line with the suggestion of Pell (46) that mixes for which
large numbers of load applications are associated with crack propagation will exhibit
steeper fatigue curves than those for which few applications are associated with crack -
propagation. In the controlled-stress mode of loading, tests performed on mixtures with
low stiffness necessitate loading at lower stress levels — which in turn contributes to a
slower rate of crack propagation and hence a steeper relationship between stress or strain
and applications to failure.

Fig. 48 can also be used to ascertain the variation in fatigue life due to changes in mix-
ture stiffness independent of large variations in air void content,

As shown previously, the fatigue life of the California fine graded mix is increased an
order of magnitude at a stress level of 150 psi by decreasing the air voids by approximate-
ly 4 percent, (Fig. 46). Assuming that the air void content is reduced from 8 percent to
4 percent, one would expect an increase in stiffness from 180,000 psi to 310, 000 psi for
the tests performed at 150 psi, (Fig. 47). This change in stiffness increases the fatigue
life from 840 to 5, 300 applications which is less than one order of magnitude, Corre-
spondingly, the fatigue life of the State of California coarse graded mix will increase by
less than an order of magnitude for variation in air void content from 8.5 to 3. 0 percent.
Thus the change in fatigue life due to variations in air void content cannot wholly be ex-
Plained by the change in stiffness produced by the same air void variation, Ihereased air
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void content tends to reduce the load carrying cross section of the specimen and to create
additional locations for the formwation of siress concentrations as noted earlier, thus con-
tributing to a reduction in stiffness and fatigue life,

Aggregate Grading, From an examination of data obtained by Pell (46), Kirk (49), and
Bazin and Saunier (48), it would appear that aggregate grading has little effect on fatigue
behavior that cannot be explained by differences in asphalt content and air void content of
the mixes, at least for tests conducted at temperatures less than approximately 10°C
(50°F).

With the results of these investigations as a basis, three State of California 1/2. in.
maximum size aggregate gradings were selected representing the extreme fine, the
middle, and the extreme coarse portions of the grading band. All mixes were prepared
with an asphalt content of 6 percent and the compactive effort was controlled so that air

- vaid contents averaged about 5. 7 percent for the extreme graded mixtures and 4. 5 per-
cent for the medium graded mix. Controlled-stress fatigue tests were conducted at 200C
(68°F).

Individual test results, a linear regression line, and scatter bands representative of two
standard deviations or 95 percent of the data for the mixture strain vs. fatigue life rela-
tionship are shown on Fig. 51 for the fine mix. . Similarly, results for the &tress vs.
fatigue life relationship are shown in Fig. 52. It should be noted that the fine graded mix
was tested over a range in stress from 450 to 75 psi whereas the other two mixes were
tested at only three stress levels (150, 100 and 75 psi). Results from the other test series
are presented in Tables 14 and 15. Comparisons of the mixture strain vs. fatigue life and
stress vs, fatigue life relationships for the three mixes may be found in Figs. 53 and 54.

Differences in fatigue life exist on both the strain vs. fatigue life and stress vs. fatigue
life plots for these mixes, Factors which contribute to these differences may be attributed
to one or a combination of the following;

1. stiffness

2. air void content

3. inherent scatter in test and data

4. aggregate grading ,
Since the asphalt content remained constant at 6 percent, it is not considered to be an im-
portant factor in explaining these variations.

By examining Figs. 53 and 54, it can be seen that the medium graded mix exhibited a
longer fatigue life on boththe strain vs. fatigue life and the stress vs. fatigue life plots

than the extreme fine and coarse graded mixes,
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TABLE 15 — LEAST SQUARES REGRESSION EQUATION AND STATISTICAL
QUAN

NTITIES FOR LABORAT ORY' PREPARED FATIGUESTUDIES"

Basalt Aggregate

. N¢ = dependent variable
s [ ] | %[ [ G [
_ for Ny Kl(l/emix)nl ,
 British Standard 35 40-50 6.11x107% 3, 283 . 789 . 230
594 |
gig&infggcfj";;ee 28 85-100  3.20x10™° 3. 4gs 932 . 184
g?lagftzn fggﬁggate 53 85-100  8,91x107 2, 952 . 950 . 326
giliﬁ?éniagg“ii‘éﬁf 19 85-100 2.87x10°% 3 g3 . 899 . 260
g?ﬁ?t?fggl‘geegi? 27 60-70 1.12x2077 3,256 . 952 . 187
g?iﬁ?é“?ﬁiﬁiﬁ’ 23 40-50 1.03x1071% 4, 019 . 962 . 150
g:},siafftrﬁ;gﬂziitim 24 60-70 L 84x 1077 3,222 - 896 . 213
for Nf K2(1/Umjx)n2
Ks "

Britissg ftandard 35 40-50 L 3ex10tl 2, g1 . 448 . 335
g?iffénfggfj;;; 28 85-100  1,64x100 3 g5 .917 . 202
gilai;?énfggggate 53 85-100  1,55x10'1 3, 514 . 948 . 333
g?ﬂ%’;“fg;iiﬁ;ﬁ? 19 85-100  2.11x10% 4. 036 . 895 . 265
g?ﬁf@“ﬁﬁi‘;ﬂi‘;’ 27 60-70 7.20x1012 4 906 . 888 . 279
giﬁénfgﬁ‘éﬁ? 23 40-50 L97x10™ 4 928 . 886 . 255
California Medium 24 60-70 6. 011010 3,238 872 235
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As previously shown, the greater the stiffness, the flatter the slope of the regression
line and the longer the life. The medium mix exhibited the highest stiffness, and there-
fore would be expected to be in the relative position shown at fatigue lives greater than 10%,
Increasing stiffness would normally be expected with increasing fine content; however, the
medium mix has been compacted at a slightly lower air void content than the fine and
coarse mixes, and thus it has approximately the same stiffness as the fine graded mix,

By referring to Fig. A7 it will be noted that a reduction of approximately 30,000 to
40,000 psi in the stiffness would be justified if the medium mix contained an average air
content of 5.7 percent (as do the coarse and fine mixes) rather than 4.5 percent. with
this reduction in stiffness due to ajr void content, the average stiffness would be as

follows:

Coarse graded mix 228,000 psi
Medium graded mix 250,000 psi
Fine graded mix 273,000 psi

No clear-cut trend is noted in the slopes of the lines other than that the coarse graded
mix with the lowest stiifness exhibits the steepest slope on bhoth plots.

To compare the slopes of the regression lines on strain-fatigue life plots, the F test
‘was first used to test the null hypothesis that the standard errors of the estimate for the
two relations are equal. Appendix D contains tapulated values upon which the decision
to reject or accept the appropriate hypothesis was made.,

The null hypothesis could not be rejected for an equal-tail test at a level of significance
equal to 95 percent and thus we can assume that the standard errors of the estimate for
the three possible comparisons are equal (Appendix D).

Since the standard errors of the‘ estimate can be shown to be equal, it is now possible
to use the ttest. This test was used to test the null hypothesis that the difference between
the slopes of the lines equals zero. Inall possible cases this hypothesis could not be
rejected for a two-tail test at a level of significance equal to 95 percent. Particular em-
phasis was placed on the analysis of the fine graded vs. the coarse graded mix since the
two mixes represent extreme gradings and in this investigation contained equal average
air void contents and asphalt contents. It was felt that if these mixtures could be repreé-
sented as a single line, then the effect of grading on fatigue life could be considered
negligible., From the analyses presented above it seems possible that the ihree regres-
sion lines may be considered to be one at a significance level of 95 percent. With this
in mind the data for the three fest series were regressed together and the foliowing
equation was obtained;

2,92

- -6 1/
N; = L 15 x 10 (1/Emix)
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with a correlation coefficient of . 948 anda standard error of the estimate equal to .282,
Thus it seems possible that the effect of aggregate grading does not siﬁniﬁcantly influ-
ence the results of fatigue tests when the fests are represented on a plot of mixture strain
vs. fatigue life. It should be pointed out that this judgment is based on a mix with three
different aggregate gradings, identical asphalt contents and containing air voids that
varied over a narrow range. '

Slopes of the regression lines.on the stres s-fatigue life plots were also analyzed. The
slope of the lines for the coarse and fine graded mix were first considered. The F test
on these two mixes suggested thit at a 95 percent significance level the standard error of
the estimate for the two relations are not equal. Therefore, the t test could not be used,
The comparisons made for the fine mix vs. the medium mix and the coarse mix vs. the
medium mix suggest that the slopes of the lines are equal to a level of significance equal
to 95 percent.

Since the slopes of the fine mix and coarse mix could not be shown to be equal using '
the above techniques, a test of the equality of the means of the fatigue lives of the mixes
at different stress levels was performed. This test may be applied using independent
samples from two populations and assuming that the populations variances are equal, At
a stress level of 150 psi the null hypothesis which assumes that the means are equal, must
be wejectedvdtr a level of significance of 95 percent for a two-tailed fest. At stress levels
of 100 and 75 psi the above nuil hypothesis must be accepted or judgment can be reserved
gsince the variance of the fatigue lives becomes rlarge at the lower stress level (Appendix D).
Because the variance af these lower stress levels is quite high, there is some doubtwhether
the mean fatigue lives of the two mixes may be the same. Thus it seems possiblé that
grading may have an effect on the results of fatigue tests when represented on the stress-
fatigue life plot.

It can be concluded from the comparison made with the coarse and fine mixes, which .
represented the extreme fine and coarse California gradations, that the effect of grading
on the strain vs. fatigue life relationship is negligible. The differences noted on Fig. 53
can be explained by the scatter noted in the data ata level of significance of 95 percent.’
The differences noted in the stress-fatigue life relationship cannot be wholly accounted
for by the scatter in the data at a significance level of 95 percent. Stiffness differences
noted.in the mixes probably account for some of the differences in the 1oéatibn of the re-
gression lines for the coarse and fine mixes which have the same mean air void content.
The medium mix has a lower air void content and thus its location is somewhat displaced
from its ideal location between the coarse and fine mixes. '
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Aggregate Type. Aggregate type will be used to describe the surface texture, shape and
petrographic classification of the aggregate. . The effect of aggregate type on fatigue proper-
ties of asphalt concrete has not been extensively studied.

Pell (46) has concluded that it has a negligible effect, based on an analysis of fatigue test
results on mixes made with two aggregates, gravel and crushed rock, and containing equal
amounts of a 40-50 penetration asphalt and identical gradings. Kirk (49) has also described
its negligible effect on the fatigue response of asphalt mixes.

Jimenez (50), however, has presented data which suggest that aggregate type is impor-
tant in that it determines the amount of asphalt that can be incorporated in the mix. His
data indicate that rough textured aggregate allows more asphalt to be incorporated into the
mix, thus resulting in longer fatigue lives than mixes containing lesser quantities of
asphalt necessitated by the smooth textured material.

In this study two test series were used to investigate the influence of aggregate type on
the fatigue properties of asphalt concrete. From the first series, fatigue relationships
were developed for mixes of the same grading at equal asphalt contents by volume. These
mixes contained the 1/2 inch maximum medium graded aggregate and a 60-70 penetration
asphalt. Test results at 68°F are summarized in Tables 14, 15, and 16 for these two
mixes.‘ Mean regression lines for these test series are presented in Figs. 55 and 56 for
the strain vs. fatigue life and stress vs. fatigue life relationships respectively.

As noted in Fig, 55 the strain vs. fatigue life relationships are almost identical although
the average air voids of the mixes differ by approximately 2 percent. However, stiffness
values of the mixes are almost the same (Tables 14 and 14). It can be shown statistically
that the slopes of the ‘two lines are the same at a confidence level of 95 percent (Appen- ‘
dix D). Similarly the slopes of the lines on the stress vs. fatigue life plot can also be
shown to have the same value (Appendix D). The difference in air void content in part
confributes to the observed differences in the mean lines on the stress vs. fatigue life
plot since as noted earlier, high air void contents are associated with short fatigue lives
at any particular stress level,

’i‘hé second series of tests to investigate the influence of aggregate type on fatigue be-
havior .utilized three aggregate types namely granite, limestone and crushed gravel.

Mixes prepared with these aggregates contained the same grading, 85-100 penetration
asphalt, and asphalt contents based on California stability requirements. Stability-
asphalt curves were determined and an asphalt content 0. 3 percent less than that pre-
dicted for 35 stabilily was chosen for each of these mixes. The 0.3 percent decrease
allows for variation in asphalt content that may occur during construction. Mixes with
crushed gravel and limestone had almost identical asphalt contents by weight and
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volume — 4. 6 to 4,7 percent respectiveiy — while the granite contained 2 slightly higher
value — 5.2 per cent. Average air voids of the mixes varied from 6.4 to 8.2 percent
(Table 17) with the limestone mix having the lowest and the gravel the highest air void
content. A minimum of eight bars of each aggregate type was tested at a stress level of
75 psi. Restilting fatigue lives and stiffnesses are shown in Table 17.

The same statistical procedure utilized to test the equality of two means was used to
test the means of the fatigue lives of these mixes. the three comparisons possible,
the means at a 1evel of significance equal to 95 pefcent must be considered equal (Ap-
pendix D). This result is in part due f0 the large scatter in the data. The same pro-
cedure was used to test mean values of stiffness. When comparing the granite and
limestone with the crushed gravel mixes, the mean could not be considered to be the
game. Thus it was possible that the crushed gravel which produced mixes with higher
stiffnesses would also produce mixes with somewhat higher fatigue lives as is evident
from the data (Table 17).

Comparisons between the limestone and crushed gravel mixes can ignore the effect
of asphalt content, gince both have approximately the same amount by volume. Further-
more, the influence of air voids tends to contradict the observed behavior both for -
stiffness and fatigue life. ‘The higher air voids in the crushed gravel mix suggest that
the stiffness and fatigue life should both be jower ; however, the reverse is evident. On
the basis of this study it seems possible that different aggregates, as manifested by 7t ¥ .
various surface tektures and shapes may influence the stress-fatigue life relationship
to a certain degree. These results agree with that presented by Jimenez and discussed
earlier. The limestone, which has a smoother surface texture as measured by the
¢.K.E. and Oil Equivalent Tests (Table 11), has a lower fatigue life than the rougher
textured crushed gravel when comparigsons are made at equal asphalt contents.

The apparent short fatigue life associated with the granite mix cannot be justifiedon
the basis of air voids or asphalt content. The granite mix has a higher asphalt content
and lower air voids, both of which should contribute to a longer fatigue 1ife. Moreover,
the granite mixes have a higher stiffness than the crushed gravel mix. Since both mixes
were made with the same asphalt and were mixed and compacted using the same proce-
dure, the differences noted were therefore probably due to the structure of the air voids.

Results for these test series indicate that aggregate type probably has little effect on
the strain vs, fatigue 1ife relationship. while the stress Vs. fatigue life pehavior may
be influenced by the aggregate type. The degree of this influence, however, hag not

peen well defined.
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Asphalt Type. Pell (46) has presented results of controlled-stress fatigue tests on

mixes containing identical aggregate gradings and asphalt contents but differing it the:
type of asphalt. One mix contained a 40-50 pen. asphalt cement, whereas the other con-
tained a 90-100 pen, asphalt cement. The tests were performed at 0°C (32°F) and the
stress vs. fatigue life relationships varied .in both relative position and slope of the lines.
The softer material exhibited a slightly steeper slope than the harder material and also

a lower fatigue life at the same stress level. When the results are plotied on a strain vs.
fatigue life plot, only a small difference was observed in the relative position of the fatigue
lives and the mixes made with 40-50 penetration exhibited a slightly flatter slope than
those mixes made with 90-100 penetration material,. From these data Pell concluded
that "the grade of bitumen appears to effect the fatigue life mainly though its influence on
the slope of the fatigue line."

Jimenez (50 has shown:that as the penetration of the asphalt decreases or as the
viscosity increases, a greater number of applications of load is required to produce
failure. This finding is in line with the fact that increased viscosity or lower penetration
should increase the stiffness of the mixture which in turn should increase the fatigue life
ata .pa,rticular stress level, (Fig.35). Heukelom and Klomp {35) have also suggested

that at a particular stress level the number of load applications to failure will increase

" as the stiffness increases.,

Bazin and Saunier (48) have shown that stiffness is dependent upon the penetration and
temperature susceptibility characteristics of the asphalt. They have also shown that the
relative position and slope of the strain vs. applications to failure curve is dependent
upon the bitumen used.

Vallerga, et al, (561) from an investigation of the effect of asphalt aging on fatigue
properties, have shown that harder asphalts produce mixes which exhibit longer fatigue
lives at a particular stress level thus producing a series of curves on the stress vs.
Tatigue life plot. However, toa:firstapproximation; the same relaticnghipbétweentstrain
and fatigue life is obtained regardless of penetration.

With the above mentioned trend in mind, a granite aggregate graded to meet the
State of California half-inch medium requirements was mixed with three different pene- |
tration grade asphalts namely 85-100, 60-70, and 40-50, in order that the influence of
asphalt type could be studied. Asphalt content was held constant at 6 percent by dry
weight of aggregate so that the influence of asphalt content could be eliminated. Mern
air void contents varied from 4.5 to 4. 8 percent and thus can be considered to have
negligible influence on the fatigue relationships. The medium graded mix containing the
86-100 penetration grade asphalt cement was also used to study the influence of aggregate
gradation on fatigue behavior.
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Mean fatigue relationships for the three mixes are presented in Figs. 57 and 58. De-
tailed data are included in Tables 14 and 15,
Since the air void content and asphalt content are approximately equal for these three

"' mizxes, the difference in stiffness and fatigue life can be attributed to the differences in the

type of asphalt cements. Table 14 indicates that the stiffness increases with decreasing
penetration, with the 40-50 penetration mix exhibiting an average stiffness of 656,000 psi.
The mixes containing the 85-100 and 60-70 penetrations material have stiffnesses which
average 288,000 psi and 318,000 psi respectively, which can be shown to statistically have
equal mean values at a level of significance of 95 percent.

Stiffness differences can be used to explain the location and slopes of the mean regres-
sion lines for the stress vs. fatigue life relationships shown on Fig. 58 The mix contain-
ing the hardest asphalt, and thus having the highest stiffness, has the longest fatigue life
and the flattest slope. The mixtures containing the 86-100 and 60-70 penetration asphalts
also show the effect of stiffness; but since the stiffness values of both mixes are approxi-
mately equal, the differences relative to both slope and location are small,

Although the mean regression lines for the strain vs. fatigue life relationship are some-
what confusing, the stiffness values can be used to explain the trends noted. At fatigue
lives in excess of approximately 106 repetitions, the relative positions of the lines are as
expected. The mix with the highest stiffness exhibits the longest fatigue life and the flattest
slope, while the mix with the lowest stiffness has the shortest fatigue life and steepest
slope. The slopes of the mixes made with 85-100 and 60-70 penetration asphalts can be
shown to be statistically equal at a level of significance of 95 percent, while comparisons
between the 85-100 and 40-50, and 60-70 and 40-50 penetration mixes cannot be shown to
be equal at this level of significance. This would suggest that the harder asphalts tend to
have flatter slopes which cannot be explained by variations in air voids and scatter in the
data, but rather by the rheclogical properties of the asphalt as reflected in the stiffness of
the mix,

Since the slope of the regression line of the mixture made with 85-100 and 60-70 pene-
tration asphalt can be considered equal, a regression line was fit to the combined data of
. these two mixes., The equation of the line is:

_ -7 3.09
Np = 4.07x 107" (1/e . )

with a correlation coefficient of . 929 and standard error of the estimate equal to . 220,

It has been suggested that the resulis of the fatigue testsfor mixes with equal asphalt
contents made with the same aggregate and asphalt type may be represented as a single
line on a log-log plot of strain vs. fatigue life regardless of the aggregate grading.
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Similarly, the results of fatigue tests for mixes with equal asphalt contents made with the
same aggregate and aggregate grading but with different types of asphalt can also be repre-
sented as a single line,. providing the mixture stiffnesses do not vary to a large degree.

Since the above conclusions were based on two test series, both of which contained the same
aggregates and asphalt content, it seems reasonable that, regardless of the aggregate grading
and the type of asphalt and provided large variation in stiffness does not occur, the results
‘may be represantéd as a single regression line on a log-log plot of strain vs. fatigue life.
Although the slopes of the lines, developed for the California coarse graded mix and the
California medium graded mix with a 60-70 penetration asphalt, cannot be shown to be sta-
tistically equal (Appendix D), a regressionline was, nevertheless, fit to the results of the
tests used to investigate the effect of grading (coarse, fine, and mediun inixes) and the

mixes used to study the effect of asphalt type (with the exception of the 40-50 penetration . »o'
agphalt mikes).::The resmtiaigﬁféquation :

_ 10=7 3.01
N, = 6.28x 107 (L/e )

with a correlation coefficient of 0. 952 and a standard error of the estimate efjual to .270
suggests that the data may be represented by a single regression line to a first approxima-
tion, It should be reemphasgized that this equation was developed from data for mixes with
the same asphalt content (6 percent by dry weight of aggregate) and the same aggregate with
average mixture stiffnesses ranging from 228,000 to 318,000 psi.

A regression equation was also fit to the results of the above test series and the mix con-

taining the 40-50¢ penetration asphalt cement, This line can be described by the equation;

N )2. 98

_ -7
s = T.9Lx 107 (e .

IX

The correlation coefficient had a value of 0. 956 while the standard error of the estimate
aqualed 0,263, This equation, however, is largely influenced by the abundance of tests
conducted on relatively low stiffness mixes.

Asphalt Content. Pell (46) and Jimenez (50) have studied the effect of asphalt content on
fatigue life. Both investigators présent convincing data which show that a specific asphalt

content exists for optimum fatigue behavior. However, Jimenez indicdtesfhatthe optimum
asphalt content is a function of the type of aggregate used.

To investigate the effect of asphalt content on fatigue behavior, a basalt aggregate from
two different manufacturers but the same geological formation was graded to meet the
California 1/2 inch maximum medium specification and mixed with a 60-70 penetratioh

asphalt cement. Asphalt contents varied from 5. 3 to 8.7 percent by dry weight of aggrégate.
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Tests were performed at a stress level of 150 psi. Average values of stiffness, strain,
air voids, and fatigue life for the various asphalt contents are shown in Table 16,

- Results of these fests suggest that a maximum fatigue life at a stress level of 150 psi
will.occur at-an asphalt content of 6.7 percent (Fig. 59). Fig. 60 indicates that maximum
fatigue life occurs at the asphalt content resulting in the highest stiffness. Thus as pre-
viously suggested by Pell and Jimenez, a peak asphalt content exists for optimum fatigue
life; and as shown in Fig. 60, this peak asphalt content also produces the mixture with the
highest stiffness. It is interesting to note that the location in terms of asphalt content
cannot be predicted from use of the nomograph developed by Heukelom and Klomp (35),
since the nomograph will give values of decreasing stiffness with increasing asphalt con-
tent (Fig. 61).

As noted above, the optimum asphalt content based on fatigue behavior would be selected
at 6.7 percent; however, as seen in Table 13, this is about 0. 8 percent above the asphalt
content that would be selected on the basis of stability requirements.

Asg shown previously, fatigue tests at two different asphalt contents have been performed
on the medium graded granite aggregate. Tests at an asphalt content of 5. 2 percent (repre-
sentative of an asphalt content based on stability requirements) result in an average fatigue
life of 19,925 repetitions at a stress level of 75 psi; while the results in the mix with 6. 0
percent asphalt show an average fatigue life of 73,310 at the same stress level, These two
sets ofhresults emphasize that the optimum asphalt content based on stability requirements
:for this rough textured aggregate is lower than that required for best fatigue results,

Increased use of thick sections of asphalt concrete in pavements will allow for the selec-
tion of the asphalt content to be based on two ériteria. The upper portion of the asphalt
section may be based on stability requirements whereas the remaining portion of the section
may be designed for asphalt contents which result in optimum fatigue behavior (44). Thus
it will become important to perform fatigue tests which identify the peak asphalt content
necessary for optimum fatigue response for a certain mix. It will then be necessary to
describe a mixture strain vs. fatigue life relationship for a mix of the chosen asphalt content
so that damage due to fatigue may be precluded.

The above test series used to study the effect of asphalt content on fatigue life also illus-
trates the steps required to select an asphalt content to optimize fatigue response. These
test results together with relationships developed bjr Pell (46) may be used to develop the
necessary mixture strain vs. fatigue life relationship which is a necessary part of this design
procedure.

Pell has suggested that the influence of a variation in asphalt content may be taken into
account by using the following expressions



Fatigue L.ife — x 10°
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Mixture Stiffness-pst x 10
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, n, . : o
N = K3(1_/ebit) ............... .. (15)
where:
Ky = constant
€pit = tensile strain in the bitumen, in. per in.
The strain in the bitumen may be obtained by using the following equation;
€ .
€pit = aanm ................... (16)
v
where:. :
' a = factor depending on amount of filler or voids
present in the mix, or both
Bb = 1- Cv; volume concentration of bitumen
Cv = volume concentration of aggregate

Thus assuming o¢=1 and using appropriate values of ]3V for the various asphalt
contents; the bitumen strain may be calculated from the measured mixture strain.
Computed values of bitumen strain have been plotted versus fatigue life and the results
are shown on Fig. 62 together with the mean regression line (determined with the fatigue

life as the dependent variable). The resulting regression equation

- -4 3.08
Ny = L.6x10 e e e eees (1D

ig of the same form as equation 15 and may be converted into a mixture strain vs.

fatigue life equation
n
1
N, = Kl(l/emix) e s s e (18)

by the following technique for any selected asphalt content.

Substituting equation 16 into equation 15 resulis in the following relationship;
n

(osz >1
R (i A L R (19)
£ 3 \Emix

n n
_ 1/ 1 1
Nf—Kg(&BV) (m. _lr_.l‘..d.l-.n-onolioo-(zo)

and thus 111/1
_ : N, =K -—'—“—) J t e (18)

with'. K, =Ky eB) - e @

Rearranging equation 19 gives
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As an example, an asphalt content of 6. 2 percent has been selected for the mix con-
taining the basalt aggregate; this asphalt content results in g value of Bv equal to 0. 147,
Using the above techniques with o again equal to one, the following equation results

N

_ -7 3.08
s = 6.32x 107 (1fe )

Development of the apove: rél’ationship has been dependent upon the assumption that
bitumen .strain may be calculated frqr_n Nf =7.91x 10'7(1/emix)2' o1 with ¢ equal to
one, together with the assumption that fatigue behavior may be represented as a straight
line on a log-log plot both in terms of mixture strain and bitumen strain vs, fatigue life,
It seems reasonable to assume that both the fatigue life vs, bitumen and fatigue life vs.
mixture strain relationships are linear on a log-log plot; therefore, to check the valid-
ity of the assumptions necessary to calculate bitumen strain from mixture strain, an
additional series made with the same aggregate, aggregate grading, and asphalt type
with a 6.2 percent asphalt content was tested, As seen in Fig. 63 the resulting relation-
ship from tests performed on samples with 6.2 percent asphalt.

= 4 -7 3.22
Ne = 1.34x 10 (l/emix)

agrees well with the above equation which in turn was based on tests performed with
asphalt contents ranging from 5. 3 to 8. 7 percent.

Thus the ahove procedure appears to allow the designer to perform tests over a
range of asphalt content so that an optimmum asphalt content may be selected to mini-
mize fatigue distress. Asg shown, the longest fatigue life occurs at an asphalt content
where maximum stiffness oceurs. Furthermore, these same tests may in turn be
used to predict the mixture strain vs. fatigue life relationship for any selected asphalt
content. It should also be noted that the maximum stiffness while producing optimum
fatigue behavior also reduces somewhat the strain in the pavement-due to wheel
load (44).

Comparison of British and American Mixes

A mix conforming to the British specifications was prepared and tested. The mixture
gradation and asphalt content conformed insofar asg possible to that used by Pell (46)
for a test series for which extensive data were available. In this investigation a
crushed granite aggregate and a 33 pen. asphalt were used for the mixes whereas
Pell’s data were obtained for a mixture containing a crushed gravel and limestone filler
with a 43 pen. asphalt.
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"*A comparison of the data are shown in Fig. 64. Individual data points appear to he
‘scattered among each other; however, regression lines (with fatigue life as the depen-
dent variable) result in two distinct lines with slopes of 6. 05 and 3. 38 for the crushed
gravel (Pell) and crushed granite (University of Cahfornla) mixes respectively. h

In general, results of tests performed by Pell have shown slopes of the order of 5 or
6, while tests conducted for this study have resulted in slopes of approximately 3. 0,
Several possible reasons for this discrepancy exist and will be discussed at this time.

Pell's tests were performed utilizing rotating cantilever loading system while tests
at the University of California made use of a four-point bending machine. Thus Pell'd
specimens were subjected to reversal of extreme fiber stress and strain while speci-
mens tested with the flexural apparatus did not undergo this reversal.

Pell determined the slopes of the fatigue diagrams from the average of two linear
regressions, one regression considering fatigue life as the dependent variable while
the second regression considering fatigue life as the independent variable. Regres-
sion lines for this study have been determined only by assuming fatigue life to be the
dependent variable. Linear regression lines with fatigue life equal to the mdependent
variable resulted in flatter slopes than lines with fatigue life equal to the dependent
variable for the results of all mixes included in this report. Accordingly Pell's
averaging technique would result in a slightly flatter slope.

Pell's strain vs. fatigue life results were obtained by using the nomograph stiffness
* {(35) which, as he has noted, may be in error by factor of two. Thus the slope of the
stress vs. fatigue life and strain vs. fatigue life plot will be identical for the resuits
of a particular mix at a single temperature. Table 15 shows in general that regres-
sion lines obtained from stress vs, fatigue life data result in flatter slopes; hence if
the nomograph stiffnesses were used for these mixes to obtain the sirain vs, fatigue
life relationships, the slopes for these lines would also be flatter.

The nomograph stiffness makes no provision for stiffness to be stress dependent;
however, measured stiffness used in test series reported incorporates the dependence
of mixture stiffness on stress. Pell (46) has suggested that if stiffness is considered
to be a function of the applied stress magnitude, the resulting strain vs. fatigue life
~'line will be slightly steeper for controlled-stress tests than if the ag sumption was made
that stiffness has no dependency upon applied stress magnitude. Furthermore, Deacon
(45) has shown that the stress vs, fatigue life plot and the strain vs. fatigue life plot
cannot be simultaneously linear if the stiffness is dependent upon the applied stress
magnitude. However, it has been assumed that both stress vs. fatigue life and strain
vs. fatigue life plots are linear on the log-log representation.
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The role of stiffness and slope is not clear. Pell suggests that a mix tested at differ-
ent temperatures will result in a single line on the strain vs. fatigue life plot; however,
he suggests that a steeper slope may result for mixes made with soft asphalts with low
stiffness values and thus longer crack propagation times. Tests performed at different
temperatures result in specimens of varying stiffnesses being tested. - As suggested pre-
viously, tests at higher temperatures because of lower mixture stiffness may reshlt in
fatigue lines with steeper slopes. Since the majority of Pell's tests were performed at
10°C (50°F) and since the tests performed in this investigation were at a higher tempera-
ture it does not seem unreasonable that a steeper slope of the fatigue diagram would be
obtained for the granite aggregate mix.

It is interesting to note that the results of Bazin and Saunier, which were apparently
regfessed with fatigue life as the dependent variable, also exhibit slopes near 3.0 for
dense graded mixes made with the softer asphalts.

Using a statistical test (Appendix D), the null hypothesis that the slope of the regres-
gion lines for the studies reported herein are equal to 5 must be rejected at the signifi«
cance level of 95. Thus the slopes of the lines resulting from tests performed in this
study are not of the order of 5. 0 to 6.0 as has been suggested by Pell. These differences
moreover do not appear unreasonable in the light of the discussion presented herein.

Figs. 65 and 66 show comparisons of the fatigue relationships for the California me-
dium graded granite mix made with a 40-50 penetration asphalt and the granite mix
graded according to the British requirements and tested in this laboratory. The British
mix has a mean stiffness of 570,000 psi and an average air void content of 5. 4 percent
while the California mix has a stiffness of 656,000 psi and an air void content of 4.7
percent. However, the British mix, even with its lower stiffness and higher air void
content, provides a longey fatigue life at strain levels expected in pavements, Part of
the observed difference may be due to the lower asphalt content for the California mix.
As suggested before, however, the structure of the air voids may also be an important
factor leading to part of the difference in fatigue life observed between these two mixes.

Tt would appear that the British designed mix utilizing a harder asphdlt and a larger
asphalt content tends to give better fatigue response than a comparable American mix.
While the effect of grading is not clearly defined; the British grading appears to produce
an air void structure which does not influence the fatigue behavior of these mixes to the

same degree as for the American dense graded mixes.
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Tests on Materials from I-Service Projects

- Three projects, as noted earlier, will be discussed in the section concerned with
the use of the subsystem in practice. Fatigue characteristics of the asphalt concrete -
for the city-county highway (Ygnacio Valley Road) has already been presented in the '
previous section — i.e., tests on the mixture containing the basalt aggregate. Accord-

1y only the data from the Morro Bay and Folsom projects will be included therein,

Mozrro Bay Project (V-SLO-56C,D). Appendix E contains a brief description of the -

pavement cross-section as well as providing an indication of the sampling locations

for testing.
Both controlled-stress and controlled-sirain fatigue tests were performed on speci-
mensg obtained from pavement samples and on laboratory prepared specimens composed

of essentially the same materials as used in the original construction.

Controlled-Stress Tests. Details of the controlled-stress tesfs have been discussed

in Report TE 66-6 (31); hence only a summary of the test results will be presented in
this section,

Fig. 67 illustrates the siress vs. applications to failure relationship for tests per-
formed at 68°F on specimens obtained from the December 1965 sampling. While it had
been indicated in Report TE 66-6 that there may be some differences between locations
1 and 3 and 2 and 4, only the mean line through all of the data points has been drawn in
this figure. '

Similarly, in Fig. 68 the results for tests at 400F are shown. Again, the curve shown
in the figure is that through the mean values at each stress level.

During these fatigue tests, flexural stiffnesses were measured; mean values from
these tests are summarized in Table 18. From the measured stiffness values, an initial
strain was computed for each of the specimens. The resulting relationship between com-
puted initial strain and applications to failure is shown in Fig. 69.

In Fig. 69, only the least squares line through the 68°F data has been shown, since
as has been indicated earlier, there was considerably more scatter in the data at 40°F
" as compared to that at 68°%. '

Controlled-stress fatizue tests were also performed on laboratory prepare'd speci-
mens of the materials used in the pavement construction. Tests were conducted on
specimens prepared from aggregates obtained from three sources, namely Arroyo
De La Cruz, San Simeon Creek and Toro Creek. In Fig. 70 are presented the results of
computed strainvs. applications to failure for all the laboratory prepared specimens,

From additional study of the job records it would appear that only the specimens con-
taining the San Simeon Creek aggregate shouldbe considered. Accordinglytheleast squares
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line of best fit shown in Fig. 70 has been developed only from the data for the San
Simeon Creek aggregate. Moreover, as with the data for the field specimens, only the
68°F data have been utilized. Comparison of this line with that for field specimens
shown in Fig. 69 would indicate that it has a steeper slope and is displaced to the right
(larger number of applications to failure at a particular strain level).

Controlled-Strain Tests. In addition to the controlled-stress fatigue tests, controlled-
strain tests were also performed on laboratory prepared specimens of the mixtures.
These tests were performed in the same equipment as used in the controlled-stress

tests. However, to maintain a particular strain (deflection) level, it was necessary to
continually monitor the test and to adjust the load.

Since the specimens did not completely fracture as in the controlled-stress tests, it
was necessary to define a service life in terms of changes in mix responge to load, In
this instance the reduction in stiffness with load repetitions was utilized. A typical re-
lationship between stiffness and number of stress applications is shown in Fig, 71,

From such a relationship, service lives corresponding to a 25 percent and a 50 per-
cent reduction in stiffness were selected as being representative of conditions with a
small amount and extensive crack propagation. Both criteria are shown in Fig. 72 for
tests at 68°F,

TAEE 18 — SUMMARY OF TEST RESULTS FOR ASPHALT CONCRETE
SAMPLED NEAR MORRO BAY, CALIFORNIA IN DECEMBER, 1965

Location 1\2.;1;1;32::6 Stli\gfe;:ss ]Sjtzx?ii?:zi'gn' Szii‘tigi
{psi) percent
Tests at 68°F '
1 9 345,000 138, 000 39.8
2 | 11 333,000 108,000 32.4
3 0 341,000 105,000 30.7
4 14 335,000 115,000 34.3
Grand Mean 44 338,000 112,000 33.1
‘Tests at 40°F
1 4 1,130,000 715,000 63.2
2 14 943,000 396,000 42.0
3 16 965, 000 400,000 41.4
4 9 1,235,000 506, 000 40, 9
Grand Mean 43 1,030,000 453,000 43,9
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The least squares lines for both the controlled-stress.tests {(Fig. 70) and controlled-
strain tests. (Fig. 72) are compared in Fig. 73. It will be noted that the relationship
based on a 25 percent reduction in stiffnéss compares very favorably with that obtained
from the controlled-stress tests and would thus suggest that this particular ecriterion
includesilitile crack propagation time,

In the analysis of pavement service life to be presented in a subsequent section, the
controlled~strain fatigue curve corresponding o a 50 percent reduction in stiffness was
selected as being representative of the pavement section. This selection was based on
the discussion presented earlier regarding the applicability of controlled-stress and
controlled-strain tests depending on the thickness of the asphalt concrete surfacing
(in this case, 2.5 inches).

The equation for the curve of strain vs. applications correspondmg to a 50 percent
reduction in stiffness is:

7 1 3.38

Ng = 278X 107°(2)  conninnniiiii.n..., 22)

Folsom-Praject(@3-SACY, (EDIG0) | A Hescriptich :of this  project is included in
Appendix E. As noted therein the pbrtion of the project for study included a test section

in which an experimental asphalt as well as a conventional paving asphalt were utilized,
In the subsequent paragraph Locations 3 and 4 correspond to sections containing the ex-
perimental asphalt while Locations 1 and 2 refer to those with'the control material,

Asphalts. Properties of the asphalts used in the actual pavement are shown in Table
19, the experirhental asphalt was supplied by the Chevron Asphalt Company to conform
to the proposed 1965 | State of California specification (56) the limits of which are also -
shown in the table. The control agphalt, conforming to current standard specification
requirements of the Division of Highways for an asphalt cement was supplied by the
Shell Oil Company of Martinez; results of tests associated with the proposed specifica-
tion on this material are also shown in Table 19.

Neither asphalt had been obtained in sufficient quantity to permit fabrication of a large
number of beam samples for fatigue testing and it was thus necessary to obtain additional
asphalt samples for the laboratory specimens, The Chevron Asphalt Company blended
an asphalt to conform as close as possible to that used in the field project and the Shell
Oil Company supplied an asphalt from their current production believed to be similar to
that used in the field, Test results on these materials are also presented in Table 19,
From a comparison of the results of the tests, it can be concluded that the materials are

reasonably similar.
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FOLSOM PROJECT
| ' Chevron
Spec. | Shell ' o
— Experimental
Test R;%ilée As Used Lab: .| As Used Lab.
_|{ Ii=service : Spags. o[ In-service Specs.
- Flash Point, P. M. C, T. °F 475 min, | 455 455 500 485
: Penetratlon of Original sample :
at 77° F - dmm - 93 84 75 8”1
Stain Number of Original
Sample. Maximum after 120 hrs 10 6 4 6 4
at 140°F — 50 psi _
Rolli%lg Thin Film Test

325°F, 75 min,

Viscosity, Residue ‘
140°F, poises 4000-6000 3829 4459 4060 4174
279°F, centistokes 425-800 466 a77 467 486

Ductility, Residue, 75 min, 100+ 100+ 100+ 100+
77° - em

Durability Test

Viscosity of Residue affer

Durability Test, 77°F
Shear Rate 0, 05 sec—1!

megapoises 25 max. 45 52 26 32.3
Shear Rate 0, 01 sec™1
megapoises 60 max. 160 125 45 56
Micro-ductility of
Residue, 1/2 ¢m per min. - mm 10 min, 4 4 21 8
Solubility, CCf, original X
sample — pe%cent 99 min., 99.9 99.9 99,9 99.9
TABLE 20 — PROPERTIES OF RECOVERED ASPHALTS
Penn @ T7°F Ring and Ball
dmm Soft Pt. - °F
Chevron - Imme diately after field mixing® 54 126
Shell - Immediately after field mixing? 54 124
Field Base - Location 1P 31 185
Field Base - Location 2P 28 138
Field Surface - Location I 38 132
Tocation 2 26 141
Location 3P 28 135
Location 4P 28 132
Location 4b 21 140
Chevron - Laboratory prepared 28 134
Shell - Laboratory prepared 37 132

a. Samples obtained immediately after plant mixing.
b. Samples obtained 2. 25 years after construction.
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Tn addition to properties of the original asphalts, properties of recovered materials
were determined by the Materials and Research Department. . These test results are
shown in Table 20 for both the field and laboratory specimens.

Aggregates. The gggregate used in both the surface and base were obtained from the
American River near Fair Oaks, California. Test results obtained by the Materials and
Research Department for specific index properties of the material are shown in Table 21,

Average grading curvesdetermined from project reports are shown in Fig. 74 for the
surface course and in Fig. 75 for the base course. Corresponding specification limits
are also shown in the figures, These average grading curves served as the basis for
the preparation of the laboratory beam specimens for fatigue testing,

Mixtures. Stiffness and air void characteristics of the field specimens are shown in
Table 22 for the surface course mixtures from the four locations. In general it will be
noted that the stiffness values for the specimens from the experimental sections (loca-
tions 3 and 4) are higher than those from the control sections (locations 1 and 2). Resulis
for the base course mixtures are shown in Table 24. The base course was prepared with
the Shell asphalt

Project reports indicated that the surface course exhibited an average asphalt content
of 4.9 percent (by weight of aggregate) and the base course an average value of 4. 2 per-
wcemt. The average asphalt content of 4, 9 percent was used for the preparation of the
laboratory specimens. Results of stiffness and air void determinations for those speci-
mens are shown in Table 23 and compared with the field specimens in Table 24.

Stiffnesses for the various specimens were estimated from the properties of the re-
covered asphalts (Table 20). These estimated stiffnesses have been compared with the
measured values in Table 25. In general it will be noted that measured and computed
stiffnesses are in reasonable agreement.

Fatigue Test Resulis. Controlled stress fatigue tests were performed on beam

specimens sawed from the field samples and hoth controlled-stress and controlled-
strain tests wei-e performed on labofatory prepared beam specimens using the equip-
ment described in earlier reports (8.g. 31 ). Tests on the field specimens were con-
ducted only at a temperature of 68°F whereas tests on the laboratory prepared speci-
mens were performed ai 68°F, and 83°F.

1. ELizFieldiSarfadeGourse. Results of the fatigue tests on specimens from the four

sampling locations are shown in Figs, 76 through 79. A summary of the results af
various stress levels is included in Table 26. Least squares regression relationships
were determiined from test results for samples from each location. In addition, the
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TABLE 21 — AGGREGATE CHARACTERISTICS,
FOLSOM (FAIR OAKS)

Specific Gravity

Fine _ ' 2,85

Coarse 2_. 88
Sand Equivalent,

Surface course material 89
Cleanness Value,

Surface course material 94
L. A, Abrasion (500 Revolutions)

Surface course material 13

TABLE 22 — MIXTURE PROPERTIES — FIELD SPECIMENS
FOLSOM PROJECT, SURFACE COURSE

Air void Content - Stiffness - psix 103, at 680F,
Location No. of percent 0.1 sec, loadl_ng
Specimens  [nvoan  Std, Dev. Sy Siress  Mean Std. Dev. ¢y
'8 8.1 0.6 7.1 75 338 89 26. 2
1 8 7.9 0.3 4.3 100 336 49 14,7
(Shell) 7 8.0 0.4 5.3 125 335 52 15.4
7 8.0 0.5 5.8 150 351 104 29,7
30 8.0 0.4 5.5 - 340 73 21.5
8 8.0 1.2 15,2 75 500 44 8. 8
2 7 8.7 0.4 4.5 100 394 93 28.5
(Shell) 6 8.4 0.3 3.7 125 313 88 28, 2
7 8.4 0.4 4.6 150 353 96 27,2
26 8.4 0.7 7.9 - 389 105 26. 7
6 7.9 0.8  10.3 75 489 130 26. 4
3 7 7.3 0.8  10.9 100 609 132 21,6
7 7.7 0.8 10,9 125 415 81 19. 4
(Chevron) 6 7.4 0.8 110 150 484 145  30.0
26 7.6 0.8  10.7 - 500 137 27. 3
8 6.3 0.6 9.3 75 611 283 46. 2
4 7 6.6 0,4 6.4 100 464 117 25.1
6 6.5 0.3 4,3 125 479 44 9.2
(Chevron) 5 6.4 0.6 89 150 434 30 6.8
26 6.4 0.5 7.4 - 507 177 34,9
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TABLE 23 — MIXTURE PROPERTIES — LABORATORY PREPARED
 SPECIMENS, FOLSOM PROJECT, SURFACE COURSE

No. |Air Void Content- Stiffness - pgix 109
. D 0. . loadi
‘Material T%ré‘xp. St;‘:iss of persﬁ%nt 1 sec St«;admg .

S SR B Spec. | Mean Dev. © Mean Dev.  Cy"
Shell 40 300 10 6.3 0.56 .09 998 188 .19
40 250 10 6.9 0.88 .10 925 138 .15

40 150 10 -6.6 0.8 .14 1,120 200 .14

40 120 7 6.6 117 .18 1,856 604 .33

40 - 37 6.6 0.8 .12 1,192 447 .38

68 100 10 7.2 0,89 .18 113 40 .36

68 75 10 6.9 0.84 12 169 53 .31

68 - B0 10 6.9 1.01 .15 171 34 .20

68 40 9 6.3 0.51 .08 208 38 . 18

68 30 10 7.2 0.72 .10 211 40 .19

68 - 49 6.9 0.8 .12 173 53 .31

83 100 9 7.6 0.57 .08 38 13 . 37

83 75 10 7.2 0.75 .10 54 16 .29

83 50 10 6.8 0.79 .12 77 13 17

83 30 6 6.5 0,88 .14 91 22 .24

83 - 35 7.1 0.8 12 62 25 .41

Chevron 40 300 10 6.9 0.31 .05 1,140 152 .13
40 250 10 7.7 0.8 .11 1,260 178 .14

40 150 10 7.3 0.58 .08 1,270 191 . 16

40 - 30 7.3 0.67 .09 1,220 179 .15

68 150 15 7.0 0,75 .11 180 58 .96

68 - 100 ~15 7.4 0.9 12 223 78 .35

68 75 16 7.4 0,83 .11 292 89 .31

68 - 46 7.3 0.83 .11 228 93 .41

Strain |,
in/in x10

Shell 68 1000 9 5.9 1,05 .18 115 23 .20
Strain 68 700 9 6.2 0.49 .08 154 23 .15
Controlled 68 500 9 6.7 0.74 .11 170 36 .21
68 - 27 6.3 0,82 13 146 36 .25
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TABLE 24 — COMPARISON OF FIELD AND LABORATORY

PREPARED SPECIMENS,

No. of Air Void Content - Stiffness - psix 108%at
Specimens percent |. . 68°F. 0.1 sec, loading

Mean Std. Dev. cy | Mean U Sid."Dev. Gy
Field-Surface | ' ;
docations 1&2) 0 82 0.8 7.2 362 92 25.3
%;‘;;lir;tory 30 7.0 0.9 13.0 -151 50 33,0
Field-;Surface
(Locations 3 & 4) 52 7.0 0.9 12.4 :503 157 31,1
Eﬁg‘;ﬁ;‘;ogy 46 7.3 0.8 1.0 226 93 41.0
Field-Base
(Locations 103 8.0 0.8 10.4 425 105 24,8
1,2,3, & 4)

*Determined after 200 stress applications in fatigue testing device.

TABLE 25 — COMPARISON OF COMPUTED AND
MEASURED MIXTURE STIFFNESS

Stiffness x 10° psi

No. of Specimens | Measured

Field Surface - Location 1
Tield surface - Location 2
Field Surface - Location 3

Field Surface - Location 4
Field Surface - Location 4

Shell - Laboratory, 40°F
Shell - Laboratory, 68°F
Chevron - Laboratory, 40°F
Chevron - Laboratory, 68°F

30
26
26

26

30
30
30
30

| Computed

3,40 (0.73)2  2.60P

3. 89 (1 05) 3. 66P

5. 00 (1. 37) 4.82¢
507 LTy 18
10. 40 (2. 05) 11. 30°
1.51 (0. 50) 2.84C
12.20 (L79)  14.109
2.58 (0. 97) 3. 654 -~

a. Standard deviation shown in parenthesis.

b. Based on ¢ =0.861and Air Void Content = 8.2%
c. Based onc, = 0. 861 and Air Void Content =7.0%
d. Basedonc = 0. 861 and Air Void Content =7.3%
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. | Nember of ’ Fatigue Life - N¢
‘Location - Biress 1. . Number o Standard
R - E pei 13 .7 Specimens Mean Deviation Cy
75 = 8 123,590 146,203 118.2
100 8 45,033 46,135 102, 4
1 - 125 7 14,462 7,619 52,6
150 7 5,933 3,186 53,7
all 30
75’ 6 375,088 325,611 86. 8
100 7 50,256 24,338 48, 4
2 125 6 11,893 5,760 48,4
150 7 8,254 5,482 . 66,4
all 26 '
75 5 427,796 455,786 106.5
100 7 120,240 75,304 62,6
3 125 7 32,347 19,652 60,7
150 6 21,575 ‘12,556 58,1
all 2_6 _
75 8 517,847 462,993 89.4
100 7 69, 130 39,897 5.7
4 125 6 33,078 20,035 60,5
150 5 14,826 5,429 36.6
all 26
75 14 231,375 263,620 113.5
100 15 47,470 36,405 76.6
18& 2 125 13 13,276 6,680 50, 3
150 14 7,093 4,472 63. 0
all 56
75 14 479,254 444,371 92.7
100 13 94,685 63,680 67.2
3&4 125 13 32,684 18,507 58,0
150 11 18,507 10, 151 54, 8
all 51
75 28 365,314 379,754 106, 8
all 100 29 70,264 55,875 79.5
. 125 26 22,980 17,099 74. 4
locations 150 25 12,115 9,338 77.0

all 108

*Tast temperature - 68°F
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results from locations l-and 2 and locations 3 and 4 were grouped together since they
contained the same asphalt {ypes and the air void contents were approximately the
same (Table 22). .
Tatigue data together with the results of the regression analyses are presented
-in Figs.76 and 77 for locations 1 and 2 and in Figs. 78 and 79 for locations 3 and 4.
The scatter bands shown in these figures represent + two standard errors of the esti-
mate (encompassing 95 percent of the data).
Comparison of the mean regression lines for mixes from locations 1 and 2 and
locations 3 and 4 are shown in Figs. 80 and 81. As seen in Fig. 80 the strain vs. fa-
tigue life relationships are approximately the same. Considering the data from the

-four locations together, the following regression equation was obtained:

N, = 3.58x 10 —_

6 1 \2-80
f

mix
with a correlation coefficient and standard error of the estimate of the same order as
the individual sets of data as seen in Table 28,

Properties of the recovered asphalts (presented in Table 20) indicate that both
mixes exhibited about the same stiffness immediately after placement. Data pre-
sented in Table 24 indicate, however, that the samples obtained for fatigue testing
2-1/4 years later exhibit a difference in stiffness, with mixes containing the experi-
mental asphalt exhibiting higher stiffness than those with control material. This
difference in stiffness is reflected in the difference in locations of the siress vs. fa-
tigue life relationships shown in Fig, 81.

2. Field Base Course. The base course contained only the Shell asphalt and

mixes from 2all four locations exhibited about the same air void content (Table 27),
accordingly all of the data were grouped together.

Results of fatigue tests on specimens sawed from the field samples are pre-
sented in Figs. 82 and 83. As noted in Fig. 75 the maximum size of the aggregate
in the base course was 1-1/2 in. I is likely, therefore, that a considerable portion
of the cross section of a number of the beam specimens (1-1/2 in, x 1-1/2 in.) was
occupied by the aggregate. This could contribute to the scatter in data noted in

Figs. 82 and 83.* Moreover regression analyses performed on the data were not

*Similar problems were noted in tests on the base course from the Gonzales project.

31).



10000
0

/000

Initial Bending Strain-in per in x [0

100
[ Locations 3 and 4 ]
i Ng = 85 x 108 (’/em,-x"ﬂ 0 |
/0] ] | 11 ! i | | 11 | 1 1t |

=22x 1070 (1ye

Locations [ and 2
N

2.86

/0
Applications fo Failure ~ Ny

Fig. 80 — Comparison of fatigue test results (e vs. Ny) for field
specimens obtained from locations 1 and 2 and locations 3 and 4,

Folsom project.

Q000111 — R . T T ]
g N o
N2 ]
o n
:‘E B \Lﬁocaﬁons Sand 4 1
N B .
(:h B \\ —
.S ; 5.\
S 100 Locations | and 2 7 k M .
% [ \ \5:3,1- /0 3 5 ]
s F B
5557,
I 0’3(//0_ 415'/_
/01 | | 11 | [ |1 | 11 | [ L |
10? /0° 10* 5 /0°

/\
Applications to Farlures, A/,r

Fig. 81 — Comparison of fatigue test results (o vs. N) for field

specimens obtained from locations 1 and 2 and locations 3 and 4,
Folsom project.

105



106

© /04___ 1 T 1 1 T T T 1 i T T I
I
S | _ .
N | -
R
W - pu
a
3|
S 10 — ~ \\__::_ ]
| = "'--.\\
E "~ \\‘\_ NS . .o . . . ]
o oo T . Shell-field surface
5 $.* . course
| RS L I > E. o _
L ™~ L)
£/07 ’ T TN SSE
-g n \7§\ ]
s | Based on ratio \‘--....__ n
~ B {8y Jpase —~ N
o
= {8y )surface —
=
0 ! 1 11 ] [ L Lo ] 11 I Lt
10 10° 0% /0% 08 107

Stress Applications—Ng

Fig. 82 — Mixtr.ire bending stress vs. applications to failure, field specimens —
asphalt concrete base course, Folsom project;temperature of test — 68°F.

/0.000 | 3 1 L] T T T 1 T T T 1 T T T 1 T T T l_

P
Q - _
o
@ /000
= —. —
(f} — —

. — -
E — — T -\ - — -

Sy — Shell-field surface

Q @;\\ =D _'_@-\ T~ / course

| e —— ]
5_3‘ | ‘ = — - ---“"‘-.. —
s b TeE T~
~ .

/0 > I | 11 [ i ! 11 | 1 11 | L 11
10 103 104 /07 106 07

Stress Applications — Ny

Fig. 83 —Initial bending strain vs. applications to failure, field specimens —
asphalt concrete base course, Folsom project; temperature of test — 68°F.



_.TABLE 27 — FATIGUE DATA* — FOLSOM FIELD BASE COURSE -

Fatigue Life —Nf
Location Stress Number of e r—
- -psi Specimens .l\(Iea,n ]S)t;ngﬁfn Cy
- SR 7 99,165 - 72,229 72.8
1 85 8 44,063 47,786 108.4
100 7 21,382 8,070 37.7
all 22
75 7 50,288 50,043 99.5
2 85 8 20,366 17,865 87.7
100 8 23,211 20,156 86.8
cali 23 _
75 7 . 56,385 34,714 61.5
3 - 85 8 29,375 15,304 52,1
. 100 9 17,326 4,329 24,9
all
75 12 24,140 31,586 130. 8
4 85 11 23,692 18,147 76.5
100 11 15,623 6,557 41,9
- alt 134 -
_ 75’ 33 52,441 52,905 1@0. 8
all . 856 35 28,887 27,586 95.4
locations 100 35 18,947 11,043 58,2
all

*Test temperature — 68°F
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considered meaningful. Accordingly, the regression equations developed for the sur-
face course mixes containing the Shell asphalt (locations 1 and 2) are shown in both
figures. On the strain vs. fatigue relationship, Fig. 83, an additional line is shown
which represents an adjusted curve recognizing the difference in asphalt content of the
base as compared to the surface (4.2 percent vs. 4.9 percent), Even with the adjust-
ment for asphalt content (the basis for which has been discussed earlier) it is apparent
that the fatigue response of the base course as measured on the 1-1/2 x 1-1/2 in,
si)ecimens is somewhat poorer than that of the surface course. Some judgment will be
required, however, in selecting a relationship for analysis of the structural pavement
section recognizing the influence of the large aggregate on fatigue response.

To attempt to develop relationships which could be used for analyses of the response
of the pavement structure to load, best fit lines were obtained for data in Figs. 82 and
83 (Nf as the dependent variable) which had the same slopes as those for the surface
course mixes, a procedure somewhat different than that normally used. These curves
have been indicated by the symbol (A) in both figures. '

Laboratory Prepared Surface Course, Fatigue data for the laboratory prepared

specimens are presented in Figs. 84 and 85 for the mixture containing the Shell
asphalt and in Figs. 86 and 87 for the mixture with the Chevron asphalt, Results of
regression analyses are shown on the figures and are summarized in Table 28 for com-
parison with the data obtained from the field specimens.

Since the void contents of both the field and laboratory prepared specimens are about
the same, the strain vs. fatigue life relationships at 68°F have been plotted together in
Fig. 88, With the exception of the relationship for the Shell laboratory prepared speci-
mens, the various regression lines agree reasonably well. These data can thus serve
as the basis for the prediction of the potential for pavement cracking resulting from
repetitive traffic loading to be discussed subsequently.

As with the Morro Bay project controlled-sirain tests were also performed at 68°F
on laboratory prepared specimens (specimens with Shell asphalt). Resulis are sum-
marized in Table 28 and are compared with the confrolled stress test data in Fig. 89.
In this figure it will be notéd that depending on the distress criteria selected, different
results will be obtained as compared to the controlled-siress tests indicating different
periods of time associated with crack propagation depending on the amount of damage

considered.
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DESIGN CONSIDERATIONS

In an attempt to utilize the fatigue data developed to date to permit incorporation of
tithig-factor in the design process, relatively simply, results of a series of fatigue tests
on California type mixtures have been analyzed within a framework originally suggested
by Heukelom and Klomp (35) and briefly deécribed in an earlier report (31.

The previous section contains a summary of the various statisti_cal comparisons made
with the data., For convenience these have been summarized in Part I of Table 29 for in-
dividiial mixes and for various combinations in Part II of the same table.

It was shown in the previous section that a regression line fit to the data for mixes
A, B, C, and D and F of Table 29 resulted in the equation (Table 29)

N, = 6.28x 107 (2_1_)3.01
which ig applicable for mixes with stiffnesses of the order of 300,000 psi. Thus it is
possible that relationships for California type mixes might be developed in terms of
stiffness to permit the development of a generalized (or simplified) approach to the
definition of fatigue response. The concept was further checked by combining all of
the 68CF data reported in Ref. 57 to obtain the relationship:

6 1 =281
Nf = 2.92x 10 (—E—-——)
mix
with a correlation coefficient of 0. 928 and a standard error of the estimate of 0.290.
Summary plots of the various analyses are presented in Figs. 90 and 91. In Fig.
90 the affect of mixture stiffness on slope is apparent. In this instance the mixture pre-
pared with the granite aggregate and the 40-50 penetration material (656,000 psi) has a
distinctly flatter slope than the curves representing the less stiff mixes (approximately
300,000 psi ~ Table 29). This difference is also illustrated in Fig. 91 which contains
a comparison between the regression line for all California mixes at 68°F and those
developed for the Folsom project laboratory prepared specimens containing the Chevron
asphalt, at 68°F and 40°F. The reasonable agreement between the regression lines at
68°F lends support to the idea that a generalized fatigue diagram might be developed
for California type mixes recognizing the dependence of the location of the relationship
between strain and cycles to failure on stiffness.
In Report TE 68-8 (58 it was suggested that the laboratory determined curves may
be somewhat conservative and that as the stiffness of the mix decreases the slope of the
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.emix VS, Nf relationship becomes steeper due to the increase in time (or cycles) re-
quired for cracks to propagate once they have been initiated. The figure illustrating
this point schematically is shown in Fig. 92. Such a hypothesis appears well documented
by the data presented in this section, Accordingly the data presented herein will form
the basis for the development of a generalized fatigue diagram which eventually could be-
come a part of the fatigue subsystem of Fig. 2.

Utilizing the fatigue curves for the Chevron material (Fig. 87) and assuming that lim-
iting slopes of the fatigue curves (Emix V8, Nf) will be 2 and 6 for mixture stiffnesses
of 1,0 >¢<104 psi and 4, 0x 108 psi respectively, a generalized diagram relating cyelesto
failure to stiffness, stress, and strain is presentéd in Fig. 93. Since the mixture con~
taining the Chevron asphalt was tested at an ajr void content of approximately 7 percent
the diagram may thus be considered a fatigue diagram at this void content. For pur-
poses of comparison, other fatigue dfita (presented in this report) based on tests on
both laboratory and field specimens are also shown in this figure. While some scatter
is evident the relationship appears reasonable.

To ascertain the effect of void content on fatigue response, data presented in Fig. 46
could be utilized, Relationships between fatigue life and void content are shown in Fig.
94 for both the coarse and fine mixes., While there is some difference between the two
mixes, the average curve shown in this figure provides at least an initial basis to con-
sider the effect of void content on fatigue life,

A more generally applicable diagram for design purposes would be one similar in
form to Fig. 93 but based on a void content of 5 percent. Such a diagram is shown in
Fig. 95 based on available fatigue data from mixes with void contents in this range.

The data presented in Fig. 93 have been corrected utilizing the relationship of Big. 94
and are also shown in this figure for comparison.

The diagram for Fig, 95 probably represents a conservative estimate of the re-

sponse of mixes in the pavement structure since the data used to develop the relation—
ship are based on controlled-stress tests, Moreover it must be remembered that the
data used to develop the figure are based on mix designs conforming to the State of
California procedure (39). Should lower asphalt contents bhe utilized, a correction to
the fatigue relationship should be made in accordance with the procedure illustrated in
Fig. 83 for the base course mix on the Folsom project.‘

One could also develop a more generalized approach using the results of controlied—
strain tests (e.g., Fig. 73) as well as the results of the conirolled stress tests shown
on Fig. 95. This necessitates determining the results of a series of controlled-strain
tests over a range in temperatures and defining a family of curves similar to those
shown in Fig., 95,
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At a pﬁrticular temperatufe (or stiffnes s) one could then plot the curves cor.respondu
ing to both the controlled-stress and controlled-strain tests which should define the lim-
its of response of the mixture to load. By determining the mode-factor associated with
the load and stiffness, we would then define the appropriate fatigue curve to use between
the two limits by interpolation. This procedure is illusirated schematically in Fig. 96.
and has been used in the performance estimate for the Folsom project. '

While such a procedure is more complex it may be required to provide realistic esti-
mates of service lives for pavements in the intermediate thickness range.

For thick &sphalt bound layers on the other hand the chart of Fig. 95 should provide a
reasonable (conservative) estimate of service life as noted earlier,

The reasonableness of the values in the low strain range would appear to be confirmed
by data developed by other investigations which has been summarized in Appendix F. For.
example it will be noted that at least 75 percent of the data exhibit strains of 100x 10_6 in.

per in. at 106 stress applications.
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APPLICATIONS OF FATIGUE SUBSYSTEM IN PRACTICE .

As noted earlier the fatigue subsystem provides the framework for the analyses of
exisi;ing pavements.or for the design of new pavements to preclude this mode ‘of, distress.
In'the existing pavement category, two in-service pavements in the @tate highway system
have been analyzed, one near Morro Bay, California, and the other near Folsom, Cali-
fornia. TFor the design example a city-county highway in Contra Costa County will be con-
sidered. In each example the material will be presented following the format of Fig. 2.

Prediction of Service Life — Morro Bay Pavement

Field Testing and Sampling. Ti'aveling Deflectometer deflection data were obtained

by the California Division of Highways on March 10, 1964 on sections of State Sign Route
1 near Morro Bay, California (Designation V-SLO-56-C,D). Measurements were made . -
using a 15,000 1b axle load and 90 psi inflation pressure in the test truck tires and the re-

sults are summarized in Table 30.

TABLE 30 — DEFLECTION SURVEY RESULTS*

Mean Eightieth |
Location Deflection ]S)tg-' Percentile ﬁea:tsa;nlgie
- in. Ve Deflection ocatlo. .
S8TA 620-630, NBTL-IWT . 0229 . 0042
NBTL-OWT. . 0268 . 0052 ., 0312 Loec. 1
NBPL-LWT , 0197 .. 0023 . 0218 Loc. 2
NBPL-RWT . 0223 . 0032
STA 102-92, SBTL-IWT . 0156 . 0024
SBTL-OWT . 0183 . 0020
SBPL-LWT . 0160 . 0013
SBPL-RWT . 0165 . 0020 . 0181 Loc. 3
STA 715-725, NBTL-IWT . 0159 . 0009 :
NBTL-OWT . 0197 . 0013 . 0208 Loec. 4
For all data  .0192  .00452 .023

*March 1964

Samples of the materials in the pavement section were taken on December 14 fo 16,
1965 and in-place densities and water contents were determined at this time. Table 31
indicates the deflections that were measured at the locations from which these samples

were taken.



TABLE 31 — TRAVELING DEFLECTOMETER DEFLECTIONS
AT SAMPLE LOCATIONS**

Sémple ' — Traveling Deflectometer
Location Location Deflection,
~ Number in.
1 STA, 625+00, NBTL-RWT* 0. 035
2 STA. 626+00, NBPL-RWT 0. 030
3 STA. 100+00, SBPL-RWT 0.013
"4 STA. 718+00, NBTL-RWT _ 0. 017
Mean deflection at sample locations 0.024

* In direction of travel
**March 1964

TABLE 32 — IN SITU PHYSICAL PROPERTIES AND
STRUCTURAL SECTION*

Thickness Unit Weight Water Dry Deusity Degree of

Layer Content Saturation
ft (Ib. per cu. ft) percent (ib. per cu. ft) percent

Open-
Graded
Asphalt
Concreie

Type B
Agsphalt 0.21 139.7
Concrete

Class 2
Aggregate 0. 67 129.5 10,4 117.2 78.
Base ‘

Class 2 :
Aggregate 1. 40 - 132.6 1.7 118.6 83.
Subbase ‘

Subgrade
-Soil

i

0. 06 No included in structural section

See Table 29, Report TE 66-6

*December 1965
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Table 32 shows the mean values of the in situ physical properties of the materials in
the pavement. . Also included in this table are the thicknesses of the various layers, as
supplied by the Division of Highways.

Laboratory Test Resulis

Subgrade Soil, Results of repeated load tests on undisturbed samples of the subgrade

soil are contained in Fig. 97. The curve shown in this figure represents the mean line
drawn through the data points. This material exhibits a modulus which is dependent on
the applied stress, with the stress dependence being most marked in the low stress range.

Untreated Aggregate Subbase. Resilient modulus determinations of the subbase mate-

rial were made using laboratory prepared specimens. Mean density, water content, and
degree of saturation are shown in the accompanying tabulations for the specimens tested.

- Standard. Coefficient of
Mean Deviation Variation-percent

Dry density, Ib per cut ft 117, 0 4,6 3.9

Water content, percent 9.7 0. 55 5.7
Degree of saturation, percent 60.0 9.5 15. 6

Frqm a comparison of this data with that presented in Table 32 for the in situ measure-
ments, it will be notéd that the dry densities are about the same, but that the degree of
saturation df the laboratqry prepared specimens is less than that for the field samples.

The resilient modulus — sum of principal stresses relationship,

M, = 2900 () 4

shown in Fig. 98 has a correlation coefficient of 0, 884,

Untreated Aggregate Base, Repeated load tests were performed on laboratory pre-

pared specimens of the aggregate base course material, Density, water content, and

degree of saturation data for these specimens were as follows:

Standard Coefficient of
Mean Deviation Variation-percent

Dry density, Ib per culft 113.2 1.45 1.2
Moisture content, percent 8.556 0.59 6.8
Degree of saturation, percent 52. 8 3.6 6.8

It will be noted that the average dry density for the laboratory prepared specimens is
somewhat less than the average reported for the in-place density measurements (Table 32);
in addition the average water content for these specimens was somewhat less than that

measured in-place,
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Fig. 99 shows the relationship obtained between the resilient modulus and the sum of
the principal stresses. The ecmation:"

M, = 3830 @)% °3

has a correlation coefficient of 0, 907.

Asphalt Conerete Surface. Stiffness data for asphalt concrete specimens obtained from

pavement samples have already been presented in Table 18. These values were deter-
mined from deflection measurements made at the start of the fatigue testing (after 200
stress repetitions) and determined from the relationship:‘

P

St,T) = K- 7%

where:

S(t,T) = flexural stiffness at a particular time
of loading and temperature

K = constant depending on loading geometry
P = applied load
I = moment of inertial of beam cross section

A = measured center deflection of beam (at 200 stress repetitions)

Both controlled-stress and controlled-strain fatigue tests were performed on 5peci—
mens obtained from pavement sainples and on laborafory prepared specimens composed
of essentially the same materials as used in the original construction. To define the
potential for distress, however, the controlled-strain test results were selected (42).

From controlled-strain tests on laboratory prepared specimens of the paving mixture,
service lives corresponding to a 50 percent reduction in stiffness were selected as being
representative of the behavior of the pavement section. The equation for the curve of
strain vs. applications corresponding to this reduction in stiffness is
(1)3° ® o P @22)

€

with a correlation coefficient of 0. 87 and a standard error of the estimate of 0. 248,

N = 2.78 - 107"
=]

Traffic Data
To obtain traffic information for the Morro Bay Project, it was necessary to com-

pifie dath froim & 8éFies of Sources.
The following data were abstracted from the annual traffic census of the State of Cali-
fornia Division of Highways for a station located near the end of the freeway at Cayu_cos;



126

[T

Year 7':::: Annual ADT

1963 T 7 4700
1964 D G 5900
1965 =-¥ 6100

The ADT used in the following calculations is 5600 which is the mean for the years
, 1963-65. Additional traffic data were provided by the Materials and Research Depart-
* ment as shown below:

1963 Vehicle Census

Average Daily Traffic — Morro Bay

All Vehicles 3400
Trucks and Buses 282
Percent Trucks and Buses 8.3
Buses , 0

2-Axle 120
3-Axle 32
4-Axle* or More 282

*77 percent are 5-axle

For the purposes of the calculations, the number of trucks in each class has been in-
creased proportionally so as to conform to the average ADT of 5600 actually measured.

In order to obtain the appropriate number of applications of each axle load, the follow-
ing assumptions have been made :

1, 50 percent of the ADT moves in each direction.

2. 100 percent of the commercial vehicles travel in the right lane of the divided
highway. This assumption would appear reasonable since Taragin (6) has
shown that about 90 percent of commercial traffic travels in the right lane
at low ﬁ'affic volumes.

“. 3. Each vehicle stresses the same point in the fraffic lane, i.e., every vehicle
tracks the same wheel path, This assumption is somewhat conservative as

seen earlier,

The axle load distribution was obtained from the statewide W-4 loadometer surveys
(All Main U & R) for the years 1961-66. On the basis of this data and the assumptions
made above, the monthly axle load applications shown in Table 33 were determined and
used in the fatigue calculations.
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TABLE 33 — MONTHLY AXLE LOAD DISTRIBUTION,
MORRO BAY PAVEMENT

Axle Load Group £ Axle Load Number per
kips kips Month
Under 3 3 245
3-7 5 ' 4409
7-8. 7.5 1236
8- 12 10 2899
12 - 16 14 1344
.16 - 18 17 1565
18 - 20 19 282
20 - 22 21 15.0
22 - 24 23 5.4
24 - 26 25 33. 6
26 - 30 28 3.8
30 - 35 32.5 01

The daily variation was assumed to conform to a typical pattern exhibited in Cali-
fornia interstate general purpose routes and shown in Fig. 100.

Prediction of Service Life

Using the format shown in Fig. 2 together with the data presented in this section it is
possible to make an estimate of the service life for the Morro Bay pavement consider- |
ing the fatigue mode of distress.

As indicated in Report No. TE 67-4 (60), the reasonableness of the procedure has
been checked against deflections as measured by the Traveling Deflectometer.

Material Properties. In addition to the material properties, summariés of which

have been presented earlier, i.e.

Subgrade soil .. ... ..t iiiieann Fig. 97

1,

2. Untreated aggregate subbase ............... Fig. 98
3. Uni;reated aggregate base ......... e e e Fig. 99
4, Asphalt concrete (stiffness) . . ... ... .... ..., Table 18%

*The time of loading employed in the tests, the result of which are shown in Table 18,
was 0. 1 sec. To obtain stiffuesses corresponding to moving traffic, (0,015 sec. -
representative of truck speeds of about 30 mph), the Shell procedure was utilized,
However, the estimations were influenced by the measured data shown in Table' 18,
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Poisson's ratio for each of the components was assumed to be:

.1, Asphalt concrete, at 68°F 0. 40
. at 40°F 0. 35
2. Aggregate (base and subbase) 0. 40
3. Subgrade soil 0. 50

The service life vs, initial strain relationship as defined by equation (22) was used

to represent the fatigue becavior of the asphalt concrete.

Determination of Tensile Strains in the Asphalt Concrete, The tensile sirains on

the underside of the asphalt concrete layer were determined for several axle loads
and for several stiffness values using the CHEV 5L program. The strains were found
to be a maximum in a direction parallel to the direction of travel in the highway under
the center of one of the wheels of the dual wheel load.

Fig. 101 indicates the tensile strains as functions of both axle load and stiffness as
obtained in these calculations. Tensile strains were interpolated from these curves to

obtain values corresponding to the axle load groups for the available traific data.

Traffic Weighted Mean Stiffness. Using the technique developed by Kasianchuk (44)
the traffic weighted mean stiffness was then calculated by weighting the mean stiffness

for each hour by the proportion of the average daily traffic experienced during the hour
considered. The hourly traffic distribution through the day was a typical curve for a
California General Purpose Interstate Route. This hourly variation has already been
shown in Fig., 100.

The weather data used and the stiffnesses obtained are shown in Tables 34 and 35.

Stiffness profiles for several months are shown in Fig, 102. These profiles provided
the basis for the assumption that this pavement could be adequately represented by a
single layer.

The average air temperatures were obtained from readingstaken at the Morro Bay
Fire Station, with slight corrections to conform to 1931-1960 normals. The daily
temperature range, the average wind velocity, and solar insolation were obtained from
the records at Santa Maria. The mean sky cover was taken from the records of the San

Francisco International Airport.

Fatigue Life Prediction. Using the linear summation of cycle ratios the fatigue life

can be estimated. A computer program to do this is included in Appendix C as a part
of the design subsystem., The step-by-step procedure used in this program and applied
to the Morro Bay pavement is
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Momth. . Ave. A DallyAlr  Avg. Wmd  Selar  Sky

, Temp. Temp. Range Vélocity Insol, * Cover
Jan. - 51,0 24, 6.7 269 6.1
Feb. 52.0 . 23, 7.2 350 5.8
Mar. 54. 0 23, 8.3 482 5.6
Apr. 56. 0 22. 8.0 569 5.1
May 57.0 21. 8.3 631 4.8
June 58. 0 20, 7.9 692 3.7
July 60. 0 19. 6.5 681 3.0
Aug. 80. 0 19. 6.2 612 3.4
Sept. 60. 0 23, 5.9 520 3.1
Oct. 59. 0 26. 6.2 413 4.1
Nov. 55. 0 28.5 6.6 309 5.2
Dec. 50. 0 25, 6.4 251 6.1

*Langleys per day.

TABLE 35 — TRAFFIC WEIGHTED MEAN STIFFNESSES FOR
2,5 INCH ASPHALT CONCRETE LAYER AT MORRO BAY

Month Stiffness, psi
Tan; 1,053, 000
Feh. 947,000
Mar. 799,000
Apr. 655,000
May 580,000
June 457,000
July ' 362,000
Aug. 406, 000
Sept. 437,000
Oct. b77,000
Nov, 822, 000

Dec. 1,094,000
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1. The tensile strain against stiffness curves for each axle load group (Fig. 101)
were stored.

2. The tensile strain under each wheel load magnitude was obtained from the ap-_
propriate relationship by a numerical interpolation procedure at the stiffness
value representing the month under consideration,

3. The fatigue life that would be expected under simple loading at that strain level
was determined from the fatigue curve developed for the material. At the same
time, the fatigue life corresponding to:a. 90 percent confidence level was obtain-
ed making use of the assumption of a log normal distribution of fatigue life at
any strain level,

4. The c'ycle ratio for each of the strain levels (axle load groups) was formed using
the number of applications per month of each axle load group (ni) shown in
Table 33 and the fatigue life at each strain level determined above N;).

5. The sum of the cycle ratios per month was taken and the process repeated for
consecutive months until first, the sum at the 90 percent confidence level

reached unity, and then, the sum at the mean level reached unity.

6. The fatigue life predictions at the two levels of confidence were taken as the

times at which these values were obtained.

Using the data presented herein, the shortest probable fatigue life, at a 90 percent level,
was calculated to be 0. 8 years. The mean fatigue life of the Morro Bay pavement was
predicted to be 1, 8 years,

Discussion

Assuming that this pavement was opened to traffic on the completion date of the paving
tontract in October, 1963, some distress should have been evident at the time of the first
sampling in December, 1965. This was not the case. A second sampling of the pavement
in August, 1967 did, however, show some effects of the onset of fatigue. Fig. 103 shows
the crack pattern observed on the underside of the asphalt concrete slab specimens re-
covered at one of the sample locations at this time.

The condition of these samples conforms to that which would be anticipated after some
fatigue damage has occurred. The cracks, as suggested by the location of the maximum
strain values, were initiated at the bottom of the asphalt concrete and have progressed up-
ward in the layer, but have not yet reached the surface of the pavement. This condition
is approximately the same as that which was observed in the laboratory fatigue tests in
the controlled-strain mode of loading, when they had attained their service lives, as de-
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fined by a 50 percent reduction in stiffness. In both the laboratory and field situations,
then, the effects of this level of fatigue damage is visible only near the location of the
maximum repeated strain. It should also be noted that the visible manifestation of this
level of damage in the actual pavement will be effectively masked by the thin, op'en'—'graded
(flexible) surface course overlying the asphalt concrete in the Morro Bay pavement,.

Some confidence in the use of the fatigue subsystem is provided by the condition of
these samples, Although the predicted life is shorter than that which has actually been
experienced in the pavement studied, the type of distress shown does conform to that
which is anticipated. The éonservative nature of the prediction is to be expected on the
basis of the discussion of the method, but several features of this particular é.ﬁalysis
deserve comment as contributors to the discrepancy between the predicted and the ob-
served performance.

One probable cause of the difference lies in the use of a wheel load distribution; based
on the results of statewide loadometer surveys for the fatigue life simulation. While the
use of such data is suggested for the design situation in which no other information is
‘available, a survey of the traffic actually using the facility is preferred when analyzing
an in-gervice pavement such as Morro Bay. Considering the nature of this highway and
the area which it serves, it is probable that the statewide data overestimate the propor-
tion of heavy wheel loads to which the actual pavement is subjected, resulting, in turn,
in an overestimate of the calculated rate of damage accumulation, (Note; a similar com-
ment could also be made with respect to the design analysis, emphasizing the necessity
of accurate traffic predictions.)

A second reason for the difference between predicted and actual behavior is the use
of an average condition for the degree of saturation of both the base and subbase mate-
rials. Although it is probable that conditions more severe than those assumed for this
estimate have occurred during the life of the pavement, it is equally probable that less
severe conditions could be assumed for longer time periods within the year. Insufficient
field data, however, were available to account for this probability. This point also em-
phasizes the importance of properly defining the conditions of the paving materials in
order to make a reasonable assessment of the response of the pavement to load. Since
the computer is being utilized it would involve only a small amount of additional input
to consider the influence of moisture on the resilient response of granular materials and,
in effect, would merely require the stipulation of a family of curves rather than a single
- curve, '

Finally, the difference between estimated and observed performance may also be at-
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tributed to the use of one laboratory determined fatigue curve rather than the family of
curves illustrated schematically in Fig. 96. -

Prediction of Service Life - Folsom Project (03-SAC, Ed-50)

Materials Characterization. Sampling locations (Appendix E) and results of fatigue tests

on the asphalt concrete have;already been described for the Folsom project.
Granular.base -and’ subbase materials were obtained at the same locations to deter-
mine in-place densities and water conients as well as gradations. Additional samples
for laboratory test specimen preparation were obtained from the Pacific Coast Aggre-
gates plant at Fair Oaks, California.
Subgrade’ samples “were: also obtained from the four test locations for in situ densi-
ties, water conten_ts and gradations,

Subprade’ 8¢il.. Subgrade soils at locations 1 and 2 (control section) were described

as a combination of weathered slate, lava conglomerate and silly clay and at locations '3
and 4 (experimental section) as dredger tailings, red siliy clay and cemented cobbles*,
Atterberg limits for the materials are .

Tosasl _ Unified
Location Liguid Limit Plagtic Limit PI Clasgifieation
1 33 20 13 CL
I 25 19 6 cL
4 30 29 1 ML

A typical grading curve for the materials is shown in Fig. 104.

-Samples for laboratory resilience testing were prepared by separating the soil info
three size fractions: passing No. 4 sieve, 3/4 in. by No. 4, and retained on 3/4 in, sieve.
To attempt to duplicate the field conditions, in the laboratory specimen the weight of
material passing the No. 4 sieve equaled that of the field samples, while material greater
than 3/4 in. was wasted and replaced with an equivalent weight of 3/4 in. by No. 4 mate-
rial, | _

The modified material was then compacted by kneading compaction into 4 in. diameter
_by 8 in. high specimens and a series were prepared to cover the range of dry densities
and water contents observed in the field sampling program.

Repeated load tests were conducted utilizing a constant cell pressure ('15;-3) of three psi
and a repeated deviator stress ranging from one to five psi applied at a frequency of 20
repetitions per minufe and with a quration of 0. 1 see. Resilient moduli were ascertaihed

*bescriptions supplied by staff of Materials and Research Department, July, 1967..



135

“100load wosiod — T10s opeasSqns ‘sano Jurpeid [8o1dAL — 0T "Sid

. oc_cun_w
meag f T UL SN o RN TR oD s A 1
1 1 | I el g ) | I 1 1 _._ Tt ] ._____ _____ ! 1 L o ._._. Il
suosony | oodos | ' ooddl & _ooo_m_ T o0ol | 00g om_ 05 02 ol ¢ | 2p3s 80T
S9ZIS SAdi 5 Ohu_
buvadg .Nm_ o w m 9L o_m_.w_ m_.mmmm gSOvSt_ 090208 OZIOWOY OF2 S2€ ’ HORIN 3
alonog ¢ 22 _w_ , _m __m _m_m_m 2 8 91 0¢ 0S5 00l 002000y ‘02 Ol S 1
-y | _ 1T i | T F 0 T T T E T 7 T ] T T 1 T rrri | T 1 3
oIf o
omw N wom
osE —og
= \ pu m
- — =
Ovm \ \ mOw 2
5 /X E
= 74 G @
= Bulisa; puo uvonRopdwos 134y 1 =
= o [72)
- =09 @
Omw & . 3z
oLf X Soz
08F =
= )/ ™~ busas 105 paisap sy =
= b Y/ - 3
06E-A4] 206
- 3
7 / E
ool E L 4 =00l
sz H F 2 b 8 9 0f 06 00l 0020/2000 .02 Ol s |
$3ZIG 8A3IG SUoATHY

SISATVNV  ONIGVH9



136

from recoverable deformations measured over the center 4 in. of the specimens with
dual LVDT's clamped to the membrane surrounding each specimen after 1000 stress
repetitions,

From the tests (Table 36) isolines of resilient moduli could be developed in manner
similar to that {llustrated earlier in Fig. 15. A typical result is shown in Fig. 105 for
a repeated deviator stress of two psi. By developing such relationships for a range in
deviator stresses a modulus vs. deviator stress relationship could thus be defined for
any specified water content and dry density.

TABLE 36 — SUMMARY OF REPEATED LOAD TEST RESULTS FOR
SUBGRADE SOIL, FOLSOM PROJECT*

- , Resilient Modulus Poisson
Site Test Dry Water _psi % 10-3 Ratio
No. Density Content Deviator Stress - 04 at
lbs/cuft Percent Tosi Tl 3 pat og =3 psi
1 133.0 9.6 2.5 19 2,2 -
1 2 132.2 9.7 7.8 5.2 4.2 0.43
3 128.2 10. 1 1.5 17 2.1 0.45
4 127, 4 7.3 2.0 2.6 2.2 -
2 1 134, 1 9.8 -~ 14. 0 14.0 -
1 137.4 8.6 16. 0 7.6 9.0 0.58
2 122, 8 9.1 15. 2 14, 3 13.9 0.49
3 4 139. 0 5.8 63. 8 54. 0 46, 8 0.33
5 136.2 6.3 95.0 56.0 47. 6 -
6 138. 4 7.8 63. 8 56,1 55.4 0. 42
130.7 9.3 15. 9 19.7 12, 4 -
4 2 130.5 9.8 5.4 6.1 6.4 0.52
130. 6 9.4 8.3 6.4 7.2 ~0.50

*Confining pressure = 3 psi except for test site 2 material
where confining pressure =2 psi.

Subbase. The subbase material is a well-rounded gravel conforming to the State of
California specifications for a Class 1 aggregate subbase (61). Apparent specific
gravities of the coarse and fine materials are 2, 83 and 2. 72 respectively.

Prior to specimen preparation, all material was separated into individual size frac-
tions by dry sieving and material retained on the 3/4-in. sieve was wasted. The grad-
ing for the test specimens is shown in’ Fig. 106; for comparison the average grading of
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the field samples is also shown. It will be noted that the percent by weight passing the
No. 4 sieve for the laboratory specimens was maintained the same ag that for the field
samples. While the plus 3/4-in. material was replaced by an equivalent weight of
3/4im. by No. 4 material,

Specimens for the repeated load triaxial compression tests were prepared by vibra-
tory compaction at water contents representative of those existing in the roadway at the
time of sampling and to densities corrected from field values to account for the modified
grading, '

The compacted specimens were subjected to a range of repeatedly applied deviator
‘stresses and a range in static cell pressures (0g). Results of these tests are presented
in Appendix E,

Both axial and circumferential deformations were measured with LVDT's eclamped
to the central portion of the specimen. Resilient modulus and resilient Poisson's ratio
were determined after 200 axial stress repetitions at a particular state of stress for a
particular specimen. To minimize the effects of stress history, generally each speci-
men was first subjected to 200 stress repetitions at an intermediate stress ratiofollow-
ed by tests ovér a: range in siress ratios from low to high,then in reverse (30,

Linear regression analyses of the logarithm of modulus vs the sum of principal (total)
stresses were obtained for each of the nine test series (Appendix E), and for all of the
data together. While the results for individual series vere generally good (correlation
coefficients greater than 0. 85) the results for all data together were somewhat poorer
reflecting the influence of variations in density and water content,

For the pavement analysis the equation based.onall data:

M, = 7730(p)" %6

has been utilized (correlation coefficient of 0. 68).
The dependence of Poisson''s ratio on stress was also ascertained and the following
relationship has been used in the pavement analysis.

v = 0.13+ 0,05 (01/03)

Bage. The base material is a crushed gravel conforming to the State of California
specification for a class 2 aggregate base (61). Apparent specific gravities of the
coarse and fine factions are 2. 83 and 2. 72 respectively. Fig. 107 contains the grading
curves for both the field and laboratory samples.

Resilient moduli were determined in the same manner as for the subbase material
and a linear regression using all the test data {Appendix E) resulted in the following

relationship ‘
M, = 3470 (p)° 6°
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with.a correlation coefficient of 0. 96 indicating less secatter than for subbase
data.
For Poisson's ratio the relationship:
v = 0.16 + 0.08 (0;/0y)
was established.

Asphalt Concrete Surface. Stiffness characteristics of the asphalt concrete from the

pavement specimens were determined at only one temperature — 68°F and one time of
loading — 0. 1 sec. (Table 22). To define the stiffness over the range of temperatures
encountered in the field and for a range in times-of-loading, use was made of the Shell
procedure together with the following recovered asphalt properties for both base and

surface courses (control section):

Pen. at 77°F R & B Softening
Location Course - dmm Pt - OF
1 Surface 38 132
1 Base 31 135
2 Surface 26 141
2 Base 28 7138

The resulting relationships between mixture stiffness and temperature for times of
loading of 0. 02 sec. (fast movingtraffic) and 0. 1 sec. (slow traffic) are shown in

Fig. 108,

Poisson's ratio was assumed to vary from 0. 30 to 0, 35 for the temperature range
encountered.

In addition, to estimate the stiffness in situ as a function of temperature using

Barber's solution, the asphalt concrete was assumed to have the following thermal

characteristics:
Thermal conductivity - 0.70 BTU ft/&t2, °F, hr
Specific heat - 0.22 BTU/b, °F
Surface coefficient - 0,85

Aralysis of Pavement Response to Load. Fig. 109 illustrates the pavement section as

well as the material characteristics and other variables considered in the analysis,
For convenience the 7 in. asphalt concrete section was considered as one layer.

Ag seen in Fig. 109 the stiffness of the asphalt concrete and the resilient properties
of the subgrade were considered to be the primary variables affecting the deflection
of the pavement under load. The CHEV 5L (w/iteration) program developed by
Kasianchuk (44) was; used. Since the program only considers a variable modulus in the
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granular layers, manual iteration was algo required to aceount for the variability in
Poisson's ratio,

surface temperatyre - 53°F), the asphalt concrete stiffness wag estimated to pe
about 1 % 106 psi (time of loading of ¢, 1sec,).
Comparison of the measured deflections with Ccomputed valyeg indicates that the

Estimate of Service ILife (Fatigue Analzsis!. The procedure followed to estimate the
botential for fatigue distressg ip this Project differed from that reported in the Previous

Traffic. Data from the Perking (Sac-50-Rr 11-0) Tecording station, located near the
test Section, wag obtained from the California Divigjon of Highways, Average daily

Classification: - | ADT - 1970
All vehicles - » 25,000
Trucks:: ;" - 14,000 (100%)
2axfe: 800 (57%)
3 axle -, 100 (79
4daxle: 100 (7%
5 or Moreiaxieg- P 400 (299,
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Classification ADT - 1966 {estimated)
Trucks 1242 (100%)
2 axle. 708 (57%)
3 axle 87 - (7%)
4 axle 87 (7%)
5 axle 223 (18%)
6 axle 137 (11%)

To estimate the truck traffic distribution throughout the day in hourly increments,
This data ex-

hibits a smaller proportion of traffic in the midafternoon than was reported earlier and

the average annual statewide data presented in Table 37 was utilized.

used in the Morro Bay analysis,

TABLE 37 — ANNUAL AVERAGE DAILY TRUCK TRAFFIC
STATEWIDE SURVEY - 1967

Hour | pooone Howr | o
12-1 2.8 12-1 5.2
1-2 2.7 1-2 5,6
2-3 2.9 2-3 5.7
3-4 3.1 3-4 5.7
4-5 3.5 4-5 5.4
am 5-6 4.1 pm 5-6 4.5
6-7 4.2 6-7 3.8
7-8 4.3 7-8 3.5
8-9 4.8 8-9 3.3
9~10 5.0 9-10 3.2
10-11 5.2 10-11 3.3
11-12 5,2 11-12 3.0

To relate axle load groups (12 in this analysis) to operations in each classification,
the monthly wheel load factors shown in Table 38 were utilized. This is the same pro-
cedure described earlier; however, the data in Table 38 are the result of a more recent
survey by the California Division of Highways.

Additional assumptions included:

1. Truck operations are equally divided directionally,



146.

TABLE 38 — MONTHLY WHEEL LOAD FACTORS BASED ON
W-4 LOADOMETER STUDIES - CALIFORNIA 1966-1968

A’(‘li‘;"p;"ad 2-Axle  3-Axle 4-Axle  5-Axle 6 o e
‘Under 3 4. 126 0. 161 1. 034 0.511 1. 450
3-7 17. 786 16. 425 20,904 19,658 21, 740
78 2. 083 6. 342 7.498  6.785 8. 172
8-12 3. 816 12, 814 18.33¢ 16,777 32,766
12-16 1.503 6. 955 8.203  16. 669 19, 998
T6-18 0. 537 1, 927 3.322  12.947 4, 459
18-20 0. 142 0. 340 0. 627 1,934 0.585
20-22 0. 004 0. 033 0. 101 0. 058 0.724
22-24 0.003 0, 004 . 0. 027 0.227
24-26 - . - 0. 008 0.204
26-30 - - 0. 009 0. 011 0. 399
30-35 - - - - -

2. 85 percent of the operations in each direction occur in the lane adjacent
to the shoulder (design lane).

3. Truck operating speeds correspond o a time of loading of 0. 02 sec. in
the asphalt concrete.

Analytically the traffic variables were related as follows:

5 Th
AHTij = ADTT - 100 © 100
where:
ADTT = Average daily truck traffic, one direction in design lane.
A, = Iﬁé‘i‘é‘entage of truck traffic of class j (2 axle, 3 axle, etc;
3 tabulation p.7143)
HT, = percentage of truck traffic in the hourly interval i (Table 37).

1
AHT],_]. = number of operations of class j in hour i (daily)

and
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s
AXLD, = 531 (AHTij " WLFy)
‘where: :
WLF). = wheel load factors to relate axle class j to axle
) load group k (Table 38),
AXLD,, = is a matrix of the number of axle loads of group k

in each hour i {(on a monthly basis)

The AXLDi'k values were expanded to an annual basis by incorporating climatie
information as described in the following section.

Relation of Climatic Data to Asphalt Concrete Stiffness. Stiffness moduli for the
asphalt concrete layer were estimated using the computer solution described earlier.

The climatic data utilized for the Folsom area, Table 39, was obtained from records
of the Sacramento airport, the nearest location to the test site for which long time
records were available. The other information required to determine the effect of
temperature on stiffness have heen presented in the section describing the aspbalt

concrete,
TABLE 39 — CLIMATIC DATA — FOLSOM PROJECT*

Month Average Air Daily Air Avg, Wi.nd Solar Sky .

Temperature Temp. Range Velocity nsol. Cover

Jan, ' 45,2 16. 0 8.7 182.0 7.1
Feb. 49.2 ' 18. 8 8.7 287.0 5.9
Mar. 53.4 22,8 9.7 426, 0 5.5
Apr. 58,4 26.1 9.3 547. 0 4.6
May 69.0 28.5 9.8 642, 0 3.9
June 70.5 32,1 10.5 701.0 2.0
July 75. 4 36.0 9.7 685. 0 0.9
L Ang, ' 74.1 35.6 9.7 621.0 1.3
Sept. 71.6 33.2 8.3 506. 0 1.7
Oct. 63.5 28.2 7.4 374. 0 3.2
Nov.  52.9 22.6 6.8 248.0 5.4
Dec, . 46.4 ‘ 16.5 7.4 157. 0 6.9

*Data for Sacramento airport.
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In the analysis, the computer solution developed by Kasianchuk was modified to in-
clude determination of additional means of temperature and stiffness modulus as shown
in Fig. 111 and as follows.

The computer program permits determination of the temperature (Ti) and stiffness
(Si) at the beginning and end of each hour of the day (25 values per day) at each speci-
fied depth, di‘

I w; is defined as:

A Tl S\ i di)
i ) 3

(w, and W, must be adjusted for the boundaries)
then w, is the increment of total depth which each Ti and Si represent.

Means of temperature and stiffness can then be determined:

/N
Tmean =(2_ ti ) wi)ﬁ
i=1
n Iy
S’mean =(i§_1 Si ) Wi)ﬁ

Twenty~five such values are computed for each day.

By averaging the values for the beginning and end of each hour, a representative
value of the stiffness of the asphalt conerete during the hourly increment is obtained,
Since the rate of change of stiffness in any mass of asphalt concrete is not large, this
averaging was considered to be a reasonable estimate of the mean stiffness during the
one hour interval.
~ Use of the mean stiffness also permits the full depth of asphalt concrete to be repre-
sented by a single modulus. While there are some advantages to this simplification (as
compared fo a characterization of the asphalt concrete as two or more layers), use of
the single value has some limitations. For example, a system consisting of soft/stiff
layers vérsus one of stiff/soft layers, both with the same mean, do not exhibit the same
stresges and deformations. However, for the approximately sinusoidal distribution of
temperature with time used in the analyses, where the heating period is nearly balanced
with the cooling period, differences tend to be compensated.

The computations resulted in 24x 12 = 288 values of stiffness modulus to represent
the daily and seasonal variation of stiffness modulus. These values were then grouped
and the frequency matrix shown in Table 40 prepared. The frequencies shown in this
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TABLE 40 — FREQUENCY OF OCCURRENCE OF PAVEMENT STIFFNESS -
FOLSOM PROJECT PAVEMENT ANAL YSIS

Time

Stiffness Group,

psi

1, 5-2x10

6

06—1. 5x10

6

8x10°-10°

\6x10°~8x10

5

4x10°-6x10

5

2%10°-4x10°

1-2x10

5

Mid

point Stiffness, psi

| i sxa08

1. 25x10°

95¢ 10°

'7><105

5x10°

3><105

12-1
1-2

3-4
4-5
5-6
6-7
7-8

9-10
10-11
11-noon
12-1

1-2

2-3
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4-5
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7-8
8-9
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table are the number of mo_nths'fhat a given interval of one hour had a mean stiffness in
the group shown. - | '
If these frequencies are designated f., , then traffic and stiffness can be related by

P

- 24
ADL,, = T (f;, X AXLD,)

i=1
where:

ADLﬂk isl the annual number of applications of axle load group k
to the pavement when the stiffness occurs in stiffness group £

Stress and Deformation Computations. Stresses and deformations at the base of the

asphalt concréte were determined using the multi-layer linear elastic solution described )

previously for a range of axle loads and asphalt concrete stiffnesses. ‘
Results of these computations are shown in Fig. 112 in the form of strain versus axle

load with isolines of constant stiffness, Thus the strain corresponding to each of the

11 axle load groups and each of the seven stiffness groups can be obtained.

Fatigue Characteristics of Asphalt Concrete. Fatigue data for the mixtﬁres used in ‘

the project, obtained by testing specimens recovered from the road and by testing
Iaboratory prepared specimens have been presented in a previous section (e.g., Figs,80-
88) and provide a basis for selecting the appropriate data to be used in the performémée
estimate. '

As noted in the section on design considerations, when pavements are in an intermediate
range of thickness, consideration should be given to the mode factor (Fig. 96).

For the Folsom pavement, with a 7 in. asphalt concrete layer, stiffnesses were esti-
mated to range from about 100,000 psi to about 2,000,000 psi and it is probable that an
intermediate mode of loading (as defined by the mode factor) would be appropriate. ‘.To
determine this condition (or conditions), mode factors were computed fbf a range in
asphalt concrete stiffnesses and loads as shown in Fig. 113, As seen in this figure, com-
puted values ranged from about -0.7 to +0.4 depending on the wheel load and mix stiffness.

As noted earlier sfrain vs. fatigue life relationships for intermediate modes of loading
will lie between the limits Qefined by the conirolled-stress and coritrqlled-strain modes of
loading (Fig. 96). For this analysis, it was assumed that an intermediate mode could be
defined by a direct interpolation between the limiting relationships; e.g. , the strain-
fatigue life relationship corresponding to a mode factor of zero would lie mid'viray‘between
the two’ curves.
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To obtain some measure of the difference, controlled-strain test were performed
at 68°F (as noted earlier); Tig. 89 provides some indication of this difference in re-
sponse. The selected curve is based on a 40 percent reduction in stiffness at high
strains and on 50 percent reduction at low strains. This particular curve has been
plotted together with the actual test data in Fig. 114,

Comparison of the controlled-stress and controlled-strain data (6 8°F) are shown in
Fig, 115. Lines representing the intermediate modes are also shown. The data are

‘based on specimens whose stiffnesses were in the range 160,000 to 170, 000 psi. To
cover the range in stiffnesses anticipated some adjustment was necessary in the data
and a series of relationships like that shown in Fig. 115 are required to cover the
range of stiffness expected in-service.

Tor example, for a stifiness of 150,000 psi (the lowest value used in the analysis)
the controlled-stress relationship was steepened slightly and the controlled-strain
relationghip made flatter. Similar adjustments were also made for other stiffnesses.
At stiffnesses greater than 700,000 psi the controlled-stress and controlled-strain
lines were assumed to coincide (this decision being based on the experience of other

investigators (e.g. 46).

Fatigue Life Prediction. Data necessary to complete the fatigue analysis was set

up in the form shown in Table 41. The strain corresponding to each stiffness modulus
and axle load group was obtained from Fig. 112. A mode factor was then obtained from
Fig, 113, The number of repetitions to failure for the strain level and mode factor
could thenbe obtained from a series of charts of the form of Fig. 115, These repetitions
were designated ENNF ., where { is the stiffness group and k is the axle load group.
Then

% £ (APL,, /ENNF,,) = Annual Damage
9k Lk 1k

Traffic values were then iperemented by an expansion factor (3 percent) and the'
process repeated until the total damage was equal to one,

Fatigue life predictions were made using three sets of strain-repetitions to failure

relationships. The relationships and the predicted fatigue life were as follows:

1. PBatigue life was based on tests of laboratory resulis using the control
asphalt, that is the test data described in the previous section. Individual
estimated lines were linearly extrapolated to the full range of strain com-

puted. This data resulted in a predicted fatigue life of 9. 5 years.
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2. Same data as (1) except that the assumption was made that strains less than
70% 107 % in, per in. caused no fatigue damage (Fig. 95). The purpose of
this calculation was to estimate the cumulative effect which the large number
of small loads have on the fatigue life estimate. This data resulted in 2 pre-

~ dicted fatigue life of 12 years.

3. A set of relationships were estimated from results of tests onh specimens obh-
tained from the field surface course layer. Strain less than 70x 10_6 in. per
in. were again excluded. This data resulted in a predicted fatigue life of

6 years.

Discussion. In this example the California Division of Highways had designed the pave-
ment to exhibit a 10 year life. Using the measured iraffic data for 1970 with reasonable
extrapolations to both the initial and later stages of its service life, the pavement can be
expected to perform reasonably from a fatigue standpoint. That is, based on the mean
fatigue data, a service life in the range 9 to 12 years appears feasible.

The fact that a longer (and reasonable) life was obtained recognizing the changed load-
-ing conditions (as compared to the Morro Bay example for which only one fatigue curve
was used) suggests that one fatigue curve may not be suitable for design purposes., Rather,
families of curves (e.g., Fig. 95 with results based both.¢h conirolled-siress and con-
trolled-strain loading may be required, particularly for pavements with asphalt-bound

layers 6 in. in thickness or less.

Design Example — YenaciolVallew=R oad,” Cohird Cosia Coimty: -

To illustrate the applicahility of the subsystem for design, an example will be pre~
sented illustrating the design of the structural section for the widened portion of the
Ygnacio Valley Road between Walnut Avenue and Oak Grove Road in the City of Walnut
Creek and the unincorporated areas of Contra Costa County, California. The proposed
reconstruction includes the overlay of the existing two-lane pavement plus the widening
of the facility to four lanes by the addition of new 12-ft wide traffic lanes en:ieach side
of the present roadway all of which was to be designed for a 10-year life.

A full depth asphalt concrete section was considered for the new construction in-
volved with the widening, primarily to alleviate the problems that would be encountered
if excavation were required for a thicker structural section. Since the surface grade
elevation is fixed by the existing roadway, a conventional structural section could be
accommodated only by excavating into the silty clay subgrade soil whose water content
increased with depth. It was the previous experience of the Materials Division of the
Public Works Department of Contra Costa County that both excavation and compaction
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difficulties would be met in this situation. A thinner all-asphalt concrete section would
not require this excavation, and the anticipated construction problems could be avoided.

A second factor, not considered during the selection of the design seection, but never-
theless important to the design deliberations, is the possibility of the occurrence of
saturated base conditions were a conventional section constructed. The reconstruction
contemplated the use of a landscaped median strip which would be irrigated. Because of
the flat topography of the area and the characteristics of the subgrade soil, it is possible
that any water reaching the base from the irrigation operation would remain in the section
unless expengive drainage fadilities were provided.

A third factor influencing the decision was the development of capabilities for the
placement of asphalt concrete in thick lifts (greater than 4 in. compacted at one time) and
the attendant economies in construction.

Two design procedures have been utilized. The first is based on a single fatigue curve
and the use of the traffic weighted stiffness concept for a 10 year design and for a specific
traffic estimate. The second is for a range in traffic, the more generalized fatigue con-
sideration (Fig. 95), and for a 20 year design period. The first is described in the follow-
ing paragraphs while the second is included as Appendix G.

Traffic. Estimated traffic to be servedby the facility for a 10-year period is shown in
Table 42, _

Several other features of the traffic on the new facility were also estimated on the
basis of available information. Since it was known that a major source of truck traffic on
this road would be two quarries providing aggregate for construction in the surrounding
areas, some consideration was given to the operations in these quarries to obtain the daily
and seasonal variations in traffiec, This led to the assumption that the daily variation for
a California Interstate general purpose route would adequately represent the anticipated
pattern. The seasonal variation expected was one in which higher traffic volumes would
be handled during the summer months, and to include this expectation, the monthly traific
numbers shown in Table 42 were proportioned accordingly. The values were increased to
1,2 times those shown in the months May to September, inclusive, and reduced to 0. 8

times those shown in the months November to March, inclusive.

Materials Characterization. For the asphalt concrete mix variation in stiffness with

depth and throughout the year is illusirated in Fig. 116. This stiffness was determined
at a time of loading of 0. 015 sec. (which would correspond to vehicles moving in the speed
range to 30 to 40 mph) and for the environmental data of Table 43.
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YGNACIO VALLEY ROAD
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Axle Load Group Axle Load Number

kips kips per Month
Under 3 3 515, 1
3-17 5 7,924, 6
7~8 7.5 1,955.7
8 -12 10 4,174,5
12 - 16 14 1,816.6
16 - 18 17 1,913.4
18 - 20 19 348.2
20 - 22 21 18.4
22 - 24 23 5.9
24 =26 25 1.6
26 - 30 28 0.8
30 - 35 32.5 0.1

TABLE 43 — WEATHER DATA USED IN THE SIMULATION OF PAVEMENT

TEMPERATURES, YGNACIO VALLEY ROAD

. . Solar
vown  Temp  PelEme UGt mems SR
p. per Day Sunset)
Jan, 46 18 6.2 182 7.0
Feb, 48 21 7.0 287 6.0
Mar, 52 23 8.8 426 5.5
Apr. 59, 5 26 9.3 547 4.8
May 61.5 28 9.9 642 3.8
June 66 31 9.8 701 2.0
July 69 33 9,1 685 0.9
iBug. 72 33 8.9 621 1.1
Sept. 66. 5 31 7.7 506 1.4
Oct. 62.5 27 6.6 374 3.3
Nov, 54 21 5.8 248 5.3
Dec, 44.5 13.5 5.8 157 7.2
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Special consideration was given to the design of the asphalt concrete mixture to be
used in this pavement to provide a compromise between the stability requirements and
requirements for best fatigue resistance.

A mixture was first designed using the standard stabilometer procedure of the State
of California (59) by the Materials Division of Contra Costa County. The results of the
tests are shown in Fig. 117. Although tests were performed on mixes fabricated using
aggregates from each of the two major sources in the area, the results were treated as
one set of data, these aggregates being almost identical in terms of petrography, sur-
face texture, and shape throughout the range of sizes. A 60-70 penetration grade
agphalt cement supplied by the Chevron Asphalt Company was incorporated in the design
mixture to take advantage of the higher stiffness and consequent longer fatigue life that
it would afford in this situation. Fig. 117 shows that the asphalt content which satisfies
the stability requirement for Type B mixes (i.e. , Stabilify 35 at 140°F) is 6.2 percent.
In line with standard California practice, this value is reduced by 0. 3 percent to allow
for expected field variation, and the design asphalt content is quoted as 5. 9 percent.

At the same time, fatigue test specimens were prepared in the laboratory, containing
the same aggregates and with asphalt contents ranging from 5. 3 to 8.7 percent. Con-
trolled-stress fatigue tests were performed on these specimens. Data have already
been presentéd for these mixes in a previous section, Fig. 59 shows the mean fatigue
lives determined in these tests at a stress level of 150 psi and indicates that the best
fatigue performance would be provided by a mixture containing an asphalt content of
6.7 percent.

The elements of the necessary compromise can be seen by comparing the two mixture
designs, i.e., 5.9 percent vs. 6.7 percent. The selection of the optimum design, how-
ever, takes some other facis into consideration. The stability requirement is based on
the necessity of providing adequate resistance to deformation at the highest temperatures
to be experienced by the pavement. This criterion, in general, places a maximum on
the amount of asphalt that can be incorporated into the mixture. Consideration of the
pavement temperature simulation, however, indicates that the lower portion of a full
depth asphalt concrete section will not attain the high maximum temperatures experi-
enced at the surface. Higher asphalt contents can then be tolerated in the lower portion
without sacrificing the stability of the layer.

Increase in the asphalt content of 2 mixture will also provide additional benefits in
terms of increased ease of compaction and increased resistance to weathering, Thus,
the decision to suggest a higher asphalt content for the mixture to be used in the lower
portion of the layer is based on additional criteria to that which would provide the best

resistance to fatigue.
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On these grounds it was recommended that the uppermost three inches of the section
be produced of an asphalt concrete containing 5. 9 percent asphalt while the lower portion
of the layer contain 6.2 percent.

Analysis and Design., Temperature simulation for this pavement using the data pre-

sented in Table 43 indicated that the highest monthly'averages would be experienced in
August. Such temperatures would result in the least stiff asphalt concrete section in
this month. Using typical properties of the materials under these conditions, strains
were calculated for 8, 12, and 16 in. thick layers of asphalt concrete under a 9 kip
wheel load with dual tires using the iterative procedure to insure compatibility of the
vertical compressive stresses at the subgrade and the modulus of the subgrade (Fig. 14).
The following summary indicates the levels of strains obtained in these calculations.

Subgrade Vertical Asphalt Concrete
Thickness Coinpiessive Strajn Tensile Strain
in, in. per in. x10~ in. per in, x10-
8 ' 5.72 1350
12 2.94 167
i6 1. 90 99

The vertical compressive strain at the subgrade level should be kept below about
6.5 % 10~% in, per in, according to the Shell criteria for 10% repetitions of an 18 kip
axle load. From the above summary it can be seen that each of the trial thicknesses
provides sufficient thickness to achieve this level during the month when the mixture
stiffness is at 2 minimum.

The fatigue behavior of the asphalt concrete is assumed to be controlled by the hori-~
zontal tensile strain on the underside of the asphalt bound layer. A strain level of
about 150 x 1070

previous experience, e.g., data presented in earlier sections. The value of strain for

in. per in. was considered to be a reasonable maximum value based on

the 12-in. thickness as seen in the summary above is sufficiently close to this value.
Accordingly this thickness was selected for more detailed analysis,

The asphalt concrete layer was represented for the purposes of the layered elastic
system calculations as three 4-in. layers whose monthly variations in stiffness values
are shown in Table 44.

The complete structural analysis of this pavement is greatly simplified by the fact
that the tensile sirain in the asphalt concrete can be represented as a linear function of
wheel load magnitude for any given condition of asphalt concrete stiffness. In this
pavement the only layer whose modulus is a function of stress level and hence, wheel
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TABLE 44 — TRAFFIC WEIGHTED MEAN STIFFNESS VARIATION
YGNACIO VALLEY ROAD - (103 psi) - -

Month Depth, inches
~ 04 , ig 8-12

Jan, 1,720 1,840 1,890
Feb. 1,410 1,570 1,640
Mar, 1,030 1,250 1,280
April _ 580 700 770
May 430 535 600
June 245 316 365
July 175 230 270
Aug. 162 210 244
Sept. 267 342 389
Oct. 480 580 636
Nov, 1,030 1,170 1,225
Dec. 1,880 1,980 2,020

load, is the ‘subgrade;soil:and,the variatiod in-stress.level.in this. material is;greatly
attennated By the action of the 12-in.  dsphalt ‘tohicrete layer, - This leadls to.only. small
variation-in the subgrade modulus with changes in the wheel load, especially when
compared with the constant values of stiffness of the asphalt concrete layers in any
given month. The number of individual representations of the pavement for the pur-
poses of calculation of the tensile strain in the asphalt concrete need not be compounded
by the number of wheel load magnitudes being considered.

The results of the calculation of the tensile strain in the asphalt concrete for the
August traffic weighted mean stiffness values are shown in Fig, 118, These calculations
were performed faking into account the variation of the subgrade modulus with stress
level using the iterative method. It can be seen from this figure that the results may
be represented in terms of the slope of the line relating the tensile strain in the asphalt
concrete to the axle load magnitude. This slope has been termed the normalized strain,
B, such that

€ = BW
where :
€ = the tensgile strain in the asphalt concrete
W = the axle load magnitude
B = the normalized strain which is a function of the stiffness

of the asphalt concrete in the month under consideration,
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Fig. 119 shows the results of the structural analysis calculations for the Ygnacio
Valley Road pavement presented in terms of normalized strain. |

It should be noted that this simplification is not generally applicable, especially
where untreated granular materials are included in the structural section.

- Utilizing the fatigue data represented by the lower curve of TFig. 63 together with

the strain data and the linear summation of cycle ratios it was estimated that the
12 in, thick layer resting directly on the subgrade would be suitable for the required
10-year period (actually for the mean fatigue curve about 12 years). T addition,
assuming a log~-normal distribution for the fatigue behavior, it was estimated that the
shortest fatigue life at a 90 percent confidence level was about 7 years,

The reasonableness of the recommended 12-inch asphalt concrete layer can be seen

by comparing it with thicknesses indicated by use of other design methods:

State of California A (5 ° . 49.3inches
Asphalt Institute (62) T. 4013 inches
Shell Design Method (63) 11 inches
AASHO Interim Guide (64) 9.5 inches

At this point it should be emphasized, however, that an advantage of this design
subsystem, as compared to existing procedures, is that it permits detailed consider-
ation of the particular set of conditions under which the pavement is expected to per-
form since fatigue life is predicted as a function of anticipated traffic, subgrade and
asphalt concrete material properties, environmental variables, and their expected

interaction at a specific location,

Summary
In this section the subsystem of Fig. 2 has been applied to the analyses of existing

pavements and to the design of a new section. This proposed method permits incorpora-
tion of realistic material properties into the design process within the framework of
elastic layer theory to define the potential for cracking of the pavement structure under
repetitive traffic loading. The subsystem has been shown for conventional materials

and traffic to reasonably predict in-service performance and for design purposes to
result in thicknesses which are quite reasonable, based in comparisons with other
existing design methods. This particular subsystem would appear to have some ad-
vantages, however, when compared to existing procedures in that it can be extended to
consider loading conditions and material characteristics for which experience is not now
available. Moreover, as other subsystems to consideradditional distress modes become
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available, this subsystem can be incorporated within the general systems framework
shown in Fig. 1 since a specific mode of distress has been delineated.
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DIRECT TENSION (FRACTURE) TESTING-RELATIONSHIP TO FATIGUE

If the fatigue factor is to be considered in specifications for asphalt concrete it is
necessary to have some control or specification requirements for the response of mix-.
tures to load, even though one has available a diagram for design purposes such as that
illustrated in Fig. 95.

Fatigue testing is relatively cosily and time-consuming and does not appear (at least
at this stage in time) amenable to performance on a routine basis. Accordingly, some
simplified procedurée would appear desirable. Inthisregard direct tensile fracture test-
ing offers a potentially useful and simple way to bring the fatigue factor into the mate-
rials control process.

Methods by which fatigue and fracture can be interrelated have already been pre-
sented by Heukelom (65), ‘Jimenez (66), Majidzadeh, et al (67), and Salam (68). Some
effort in this investigation has been devoted to tensile testing of asphalt concrete mix~
tures comparable specimens of which had also been subjected to fatigue testing. The
relationship of these results to fatigue will be briéﬂy discussed. In addition, the results
of the investigation by Salam (68) will also be briefly summarized to illustrate in a
quantitative manner one approach by which fracture data can be used to predict fatigue
responée.

Equipment and Procedures

Specimens for the tension testing program were sawed into 4. 5 in. lengths from the
1,5in. x 1, 5in. bars normally used for fatigue testing. These specimens were bonded
to aluminum end caps 2. 25 in. in diameter with an epoxy resin to permit tensile forces
to be applied.

The testing system is shown in Fig. 120, Universal joints were used to reduce the
effect of eccentricity that might have existed in aligning the piston with the top-loading
rod. Dual LVDT's minimized__ the effect of bending of the specimen on the measured
deformation.

An electro-hydraulic closed-loop testing system was used to control the piston move-
ment, This permitted a constant rate of deformation of the piston to be obtained. Due
to deformation in the loading frame, universal joints, and loading rods, the specimen
deformation was not linear with time (Fig, 121); however, the specimen load vs. time
relationship was linear (Fig. 122). I a true constant rate-of-deformation test is to be
performed on materials such as asphalt concrete, feedback to the electro-hydraulic
load unit must be from the specimen deformation and not from the piston deformation as
was the case in this study. |
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The loading system waé programmed..so that fracture could be obtained in about 0.1
sec.*, a time selected to cofrespond to the time of loading used in fatigue tests on the
same mixtures. Since some variation could be expected, both stress vs.timeandstrdimrys.
timerélationshipswere represented as linear regression lines on log-log plots. Fig. 123
illustrates a typical strain vs, time and the corresponding stress vs. strain relationships.
For tests on mixtures associated with this study only a temperature of 68°F was utilized.
In the tests conducted by Salam temperatures ranged from ~20°F to +68°F._

Test Results - Field Specimens

Direct tension tests have been performed on specimens obtained from pavement sam-
ples from : Gonzales By-Pass, Morro Bay, Folsom, and the San Diego Test Road 29.
Detailed results are presented in Ref. 57 and only the results of Morro Bay and Folsom
are included in this report.

In testing field specimens it must be recognized that the material has been subjected
to repeated traffic loading prior to testing which may, in turn, influence the results of
the tension testing (when compared to the results for unloaded specimens). To assess -
the probable effect of prior loading, a laboratory prepared mix containing the granite
aggregate with a medium gradation was tested in tension both before and after fatigue
testing. Stress vs. sirain characteristics for both the unloaded and fatigue mixtures are
shown in Fig. 124. From the data it is evident that a mix subjected to prior testing ex~
hibits a slightly lower strength and strain at break.

A summary of mix data reported in this section is contained in Table 45,

Morro Bay. Samples were obtained from the Morro Bay pavement in December 1965
and Aygust 1967. Average results of tests from the two sampling periods are shown ‘in'
Fig. 125, These data indieate that the pavement has been@amaged — strength reduction
430 psi to 280 psi and strain-at-break reduction 990x 10=® in. perin, to 670%x107% in,
per in. Mixture stiffness, on the other hand, has changed only slightly 4.40x 10° psiin
December 1965 vs. 4.20x10° in August 1967. Stiffnesses determined from flexure
tests and reported in TE 67-4 differed only slightly also. Interestingly, little difference
in fatigue response-was observed between the 1965 and 1967 samplings, the reason for
this also having been discussed in TE 67-4. The data presented in Fig. 125 suggest,
however, that damage development may be directly assessed in tension tests.

*For the data obtained by Salam (689, the time of loading was approximately 0.5 sec,
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__TABLE 45 — DIRECT TENSION TEST RESULTS

_ Strainat | 7 ke . . Time to
Mix Asphalt | 71O Stressat| Break :{’Lgfgzjf{ Alr Break
Designation | Pen. Tests psi XIQ_G %103 psi |Mean Std. ~ Coet.of | Range,
‘ ‘ in./in, | Dev.  Var. sec.
Morro Bay, _ Ay
oo, . ige 85-100 7 433 986 439 8,41 ..43 5.0  .092-.118
Morro Bay g5 199 .8 279 667 418 853 .53 6.1 .089-.145
Aug, , '67
Folsom, e : ~
Sholt 85-100 8 441 1031 428 8.69 .26 3.0 .087-.119
Folsom, 85-100 7 469 774 606 7,04 1.20 17.0  .092-. 128
Chevron
- Medium
graded
graplfe mix g5 444 g 592 1404 2% 4,23 .62 14.5  ,089-, 124
subjected to
prior fatigue
testing -

Folsom. Comparisons of the results of tests on specimens from the two sections of
the Folsom project are shown in ¥ig. 126, It will be noted that the strengths of the mixes
are essentially the same but that the strain at break is larger for the mixture containing
the Shell asphalt.

Stiffness at break for the mix containing the Chevron asphalt (6. 05x “10° psi) is larger
than that for the mix with the Shell asphalt (4.27 x 10° pgi) and is of the same order of
magnitude as that measured in flexure (Table 22). From an examination of the shapes of
the stress vs, strain curves it would be expected that the stiffness near break is less than
that obtained by dividing the stress at break by the strainat break. However, it will be
noted that the stiffness values determined in this way are ordered the same as those ob-
tained from the 'limiting values,

Summary. Results from the Morro Bay project obtained from samples taken at differ-
ent times indicate that damage due to repeated loading may be reflected in stress-strain
response in direct tension even though fatigue tests do not show such differences.

Test results from the Folsom project indicate that stiffnesses measured in direct tension
on field specimens are about the same as those measured in flexure.

Both results are considered to be significant. Since the tension test is relatively simple
to perform, it affords the opportunity for quickly estimating stiffness and has the potential
to follow the development of damage in the asphalt concrete in the field through a planned
program of testing. ‘
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These factors coupled with the possibility that there may exist a relationship between
fatigue and fracture has prompied a more extensive investigation utilizing laboratory
prepared épecimens the fatigue results of which have been presented earlier in the re-
port (Table 14),

Relationships Between Fatigue Response and Tensile Strength

As noted earlier a number of investigators have attempted to relate fatipue response
and fracture (or tensile) data (65, 66, 67).
+ Heukelom (65) has presented data indicating a relationship between the fracture
characteristics of pure asphalts and their fatigue characteristics. He obtained a
definitive relationship between the deformation energy in fatigue and that in simple
bending as well as the stiffness of asphalt and observed cycles to failure in repetitive
loading, i.e.

|Q
dfatlg_u:e — asp ) 40
% E-Sep NN
i ~ ~bending f
where :
Q _ . ' .
dfatigue = deformation energy, fatigue loading
Q - . : _ ‘
don ding deformation energy, simple bending
E =

limiting value of Sasp ast—0

Jimenez (66) has suggested that the intercept on the stress axis of the stress vs.
fatigue life relationship at one repetition of load is related to the tensile properties of
the mix as measured by a modified cohesiometer test and that it may thus be possible
to assure fatigue resistance by means of suitably specified cohésiometer value.

More recently Majidzadehy et al (67) have indicated a procedure whereby the fatigue
relationship may be defined from simple fra¢ture tests using experimental and analytical
procedures adapted from the field of fracture mechanics. Using such a procedure
Salam (64) has developed data to be presented subsequently which indicates that such
an approach is promising though not quite ready for general use as yet.

Recognizing the difficulties associated with the latter procedure, particularly,:an
attempt has been made to relate fatigue and fracture for a number of the mixtures util-
ized in this investigation. The various techniques are described in detail in Ref. 57
and only one method will be discussed herein to illustrate the type of information

which may be reguired to accomplish the prediction.
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Use of asphalt strain as developed by Pell (46) was indicated earlier to be a useful
way to examine the effect of asphalt content on fatigue response, This same concept
may be useful in permitting the development of generalized fatigue data simply by per-
forming fracture tests on a particular mix and on representative samples of the asphalt
contained therein.
Pell has indicated that the fatigue life of 2 mix may be related to the strain in the
asphalt by the expression:
|
N, = Kq (ﬂ/easp) C et e . (23)
wheie',
easp = asphalt strain

The asphalt strain can in turn be determined from:

€ ‘
mix
€ = e e e e (24)
asp osz
where ;
& . = mixture strain
MI1X
o = faetor dependent on the volume concentration of aggregate,
Cv’ and type of aggregate
Bv = volume.concentration of asphalt, (1 - Cv).

Appendix H contains the development of the following equation;

where;
M = mix factor, defined as the ratio of the fracture stress in the mix

(O’m i) 1O the fracture strength of the asphalt in the mix (Uasp)’

Combinjrig equations 24 and 25 it is possible to develop an expression which permits
estimates of the value o fo be obtained from the results of fracture tests as shown by

the following equation;
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Thus ¢ is a function of variables which must bhe obtained from a knowledge of mixture
proportions and physical properties, and the recovered properties of the asphalt used
in the mixture. Heukelom's mix factor "M'" may be obtained from Fig, 127 using the
stiffness of the recovered asphalt. The volume concentration of the asphalt may be com-
puted for a specific mixture and the ratio of the stiffneés of the asphalt to that of the
mix can be estimated by the procedure developed by Shell,

Fig. 128 shows the variation in ¢ that may exist for a Type I mixture containing
asphalis which range in stiffness from 100 to 1,000 kg per cmz, and containing various
asphalt contents as reflected in the value of Bv at an air void conient of 5 percent.

This figure indicates that an increase in volume concentration of asphalt of the
order of . 06 to .08 is required to change « by a factor of two. A 3 to 4 percent chane
change in asphalt content by weight is required to change the volume concentration of
the asphalt by such a large amount. Thus for changes in asphalt contents by weight
of the order of one percent, a change of approximately . 01 occurs in the value of .
Accordingly, this factor appears little affected by variations in asphalt contents which
normally occur due to construction variations.

The value of ¢ becomes larger with increase in asphalt stiffness as shown in
Fig. 128. A change in o by a factor of two may result if the stiffness of asphalt
changes from 100 kg per cm® (85-100 penetration asphalt cement*) to 600 kg per em?
(40-50 peneiration asphalt cement®).

The effect of aggregate grading and aggregate type cannot readily be assessed by
use of these figures. If the same asphalt content and asphalt penetration are used for
different gradings, this figure suggests that o will be unchanged by the different grad-
ings, Similarly if different aggregates are mixed with the same asphalt and at the same
asphalt content, « will remain unchanged. However, different aggregate types and
grading usually require various amownts of asphalt and thus those aggregates which
contain higher asphalt contents will tend to have higher values of q.

As shown in Fig. 129, air void content also influences the value of @. The larger
the percent air voids, the greater is the value of ¢ as indicated in this figure. This
trend of increasing o with increasing air void content is due to the resulting lower
stiffness of the mix at high air void contents {indicated by equation (26))..

Values of ¢ have been calculated by the above procedure for the mixtures used in
this investigation and are shown in Table 46. Similarly values of ¢ have been calcu-

*Time of loading 0. 1 sec. temperature 68°F.
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lated using the measured.strength and stiffness values of the mixes as determined
from direct tension tests. 'The measured values of ¢ are also shown in Table 46.

Measured values of o obtained for the basalt aggregate mixes indicate that little
variation exists with changes in asphalt content. Moreover, @ is affected by aggre-
gate gradation as noted for the granite aggregate with the finer the gradation, the
higher the values of q.

TABLE 46 — COMPARISON OF THE CALCULATED AND
MEASURED VALUE OF ¢

Mixture Identification o o
Sosienation  _Asphalt  Asphalf & 2)
Designation Penetration Percent Calculated }\’I_eggu{ed
Granite
Coarse 85-100 6.0 . 056 . 054
Granite
Fine 85-100 6.0 . 069 . 088
Granite ‘
Medium 85-100 6.0 . 046 . 068
Granite
Medium 60-70 6.0 . 048 . 065
Granite .
Medium 40-50 6.0 \ 066 . 022
Basalt 60-70 5.7 . 066 , 042
Basalt 60-70 6.7 . 067 . 033
Basalt 60-70 8.7 . 062 . 042
Granite ‘ 85-100 5.2 . 068 . 035

(1) Calculated from nomograph solutions.
(2) Measured from tension test results.

Values of bitumen strain have been calculated using equation (24) with appropriate
measured values for . Ideally, bitumen strain-fatigue life data for all mixes studied
should fall about a single regression line described by equation (23).

This equation can then be transformed into the more familiar equation relating mix-
ture strain and fatigue life

N; = K| (1/femix) ............... 27)

-----------------
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Ky = Kg(@B ) “evrrniiinininn... @8):

into equation (23),

Thus if a relationship between bitumen strain and fatigue life can be obtained for all
possible asphalt concrete mixes and if a value:of'¢ can be determined for the particular
mixture for which the engineer is concerned, an appropriate mixture strain-fatigue life
relationship may be calculated which may, in turn, be uaed for design of asphalt con-
crete pavements to preclude failure due to fatigue.

Some attempt has been made to examine a limited amount of available fatigue data
within this 'framework, data representative of a number of mixtures conforming to
the State of California mix design criteria. With the aid of equation (24) bitumen strains
were estimated (Table 47) and are plotted vs. applications to failure in Figs.130.. In
these figures it will be noted that no unique relationship between asphalt strain and
fatigue life exists for the mixes studied, at least based on the available evidence,
Accordingly, the use of the procedure described herein to predict fatigue results from
fracture tests must await the results of additional investigations to indicate its poten-
tial usefulness in mixture design. *

A portion of the difficulty may be associated with the manner in which the factor &
is determined. In Fig. 128 and Table 46 it will be noted that « is dependent upon the
stiffness of the asphalt. Since ¢ varies only within a narrow range and the stiffness
nomograph is valid within a factor of 2, it would appear useful to measure the fracture
strength and stiffness of the asphalt rather than estimate it from the nomograph in

order to permit a more 'realistic value of o to be ascertained.

Relationship Between Fatigue and Fracture Data

An alternative approach to prediction of fatigue response is that based on fracture
mechanics as suggested by Majidzadeh (67). In this regard it should be noted that the
development of fatigue can be divided into three phases, namelyé (1) erack initiation,
() stable crack growth, and (3) unstable crack propagation. It might be argued that
crack initiation takes place only during a small fraction of the total fatigue life of a
particular material whereas stable crack growth occupies a large portion, It is for
this phase that quantitative models based on fracture characteristics have been pro-
posed and one such 'law" will be used to predict the measured fatigue response ob-
tained in this investigation,

*The data shown in Fig. 130 based on computed values of ¢, indicate much less scatter
than these based on the measured values,
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Analysis of Crack Propag;aﬁon.' Utilizing principles of fracture mechanics it can be
shown that (69):

where:
a = crack length
G = energy rate (energy released per unit crack increment, da)
F = force
J = compliance (elastic deformation/force)

According to this expression the energy released due to an jncrement of crack growth
is only a function of the applied load and the rate; oﬁiohangewfithe'complihncejgvithtr;espect-
tﬁﬁ!hdhi@pigth.';"ﬁhewélﬂﬂfﬁf(} does not depend upon the loading conditions (provided
that the strains are linear). The value of dJ/da can be determined from 2 compliance
calibration determined by measuring J for various values of crack lengths.

The above equation may be rewritten as:
2(1 - vz K2

aJ =
da

ol

' fllustrating that K, the siress intensity factor can be determined if the compliance
calibration is kKnown.

For this investigation two types of compliance calibration were determined — one
based on deflection measurements, the other from crack opening displacements. Both
are briefly described in Appendix I.

By obtaining gimilar relationships during repeated flexural loading it is possible to
relate crack size o the number of load applications. Typical curves are shown in
Fig. 131 for gpecimens with various initial notch depths.

A quantitative relationship for crack growth utilizing the stress intensity factor
may ‘be formulated 28 (10): '

da _
&= AR

A and n being constants related to the specific test.
The value of %—% can be obtained by differentiation of the differentiation of the a/h
ve. N curves (e.g.» Fig. 131 already established and the load P is known for each

specimen permitting the stress intensity factor to be obtained for any crack size a.
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A log-log plot of % vs. KI is shown in Fig. 132 which can be represented by the
following relationship:

da _ -7 3.8
TS 7.9 %10 K1

Using the same expression, Majidzadeh (67) obtained the following coefficients for
sand asphalt and asphalt concrete for beams subjectéd to three-point loading:

Material A n
oo KO L L
v e e 5°F 3.5 % 1077 3. 05
Sand Asphalt, 73°F 1:43x 1078 8.05
Asphait Concrete, 41°F 1 5 o 1578 3. 35

2" x 3" x 14"

o)
Asphalt Concrete, 78.5°F L6 x 10—6

21t w 3 x M 2.25

It should be noted that the sensitivity of fatigue life to the stress intensity factor
decreases with decreasing stiffness for at least two reasons:
1, The réiatn’re tégolution of the deflection and C. O.D. measuremenis is
llustrated in Fig. 133 for notched specimens; at 10°F C. O.D. is more
censitive to N than deflection, while at 68°F the resolution was virtually

the same.

2. Available data indicate that the exponent n is larger at low temperatures
than at higher ones.

Prediction of Fatigue Life. As noted earlier prediction of fatigue life is based

on the assumption that the most significant portion is associated with stable crack
growth between some initial crack length a, and a critical length a which termin-
ates the fatigue life and is determined by K.

An incremental procedure, based on the relation

da .
DN"AKIII

‘has been used herein to predict fatigue life. The incremental growth of a crack may

be expressed as an average rate:
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rate of crack grbwth de—ti/ dN can be determined with the aid of the crack
growth law, . The resulting fatigue life increment ANi is obtained by multi-
plying dN/dELi by Aai with the process repeated up to any desired valuye
of the crack size corresponding to r increments, The sum of all these
ier o Lincherdents 1§ the predicted value of the fatigue life,

Summary. The merit of such an approach is that it provides g quantitative deserip-
tion of the fatigue process, Quantification of the method for asphalt mixtures requires
4 oonsiderable amount of experimental data which are not available at the present,
However, it holds the potential for practical design considerations since eventually it
may be possible to. predict the extent of cracking in a pavement rather than merely
the onset as is now done by the procedure described in this report, Fig. 2.
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SUMMARY

Tn this report a subsystem of the pavement design system has been presented to con-

gider the fatigue mode of distress. The proposed procedure permits incorporation of realtzl o

istic material properties (in the engineering sense) within the framework of multi-layer
elastic theory (although other methods, e.g. , finite element procedures, are fast becom- -
ing usable) to define the potential for cracking of the pavement structure under repetitive
loading. This procedure can be used either for checking the adequacy of existing pave-
ments or for design of new structures.

When this procedure was used to check the Morro Bay pavement, distress, whichhad
been predicted, was ascertained through additional field sampling. The time period in
which cracking was estimated to develop was somewhat shorter than that which actually
occurred in service (approximately 2 years vs. some less well defined period in the range
3 to 3-1/2 years¥). This difference was in part due fo potential differences in assumed
and actual traffic, use of average conditions for base and subbase materials rather than
recognizing potential seagonal variations which, though known fo occur, were not well
defined, and the use of one fatigue curve rather than a family of curves to recognize the
dependence of damage development on asphalt mixture stiffness (e.g. , Fig. 99).

T spite of these limitations the system was shown to be responsive to actual condifions
gince distress, which was gubsequently observed, was predicted in advance,

 For the second in-service pavement to be analyzed, the Folsom project, a reasonable
estimate of service life (of the order of 10 years) was obtained. In developing this esti-
mate some of the limitations associated with the analysis of the Morro Bay pavement were
reduced sincé additional data became available in the interim.

For the design example, Ygnacio Valley Road in Contra Costa County was selected.
The resulting design utilizing the fatigue subsystem yesulted in a thickness comparable
to those predicted by 2 aumber of other procedures. The road was constructed to the
recommended thickness in 1969 and at the time of this report has been in service for
about two years. '

The strength of the type of approach described herein appears to lie in its usefulness
as a design tool since it has the potential to consider a number of factors not utilized in
present day design practices. 1t should be emphasized, however, that this type of an
approach is not meant to replace existing methods but rather to be used in conjunction
with them,

eyttt

*This is merely an estimate since no cracking was evident at the time of the first
samples in December.
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types, mixture stiffness has been emphasizeq 48 an important mix variable, -In addi-

asphalt-bound base course utilizing a mix similar to that defineq in the B, S, 594 speci-
‘fications, '

By combining the fatigue data from the various investigations it hag been possible
to develop a preliminary design diagram which (as demonstrated in the Folsom exam-
ple and in Appendix G for the revised design of Ysnacio Valley Road for varying traf-

tional performance studies.
The design example for Ygnacio Valley emphasizes how the mixture design and
structural pavement design Processes must be blended together to insure the most



Uthoy

tiop Traft}'c

Stagy. facﬂit
T, w, Ckrep;

Gr'adu te Tegg
ade, R Lubgy

189

ACky LEDGME'NTS

Wig to aclcnowle e Upoy Videg Y the tituge of s Ortn..

dg Lozt

Ilgineering Of the Versit, °Tnig 4 the f5,. °f spo Office
Tbank-s are esp Clalyy, due Ssp , Oban, R @ Comp,

dg Ahlboru d Ts. R Cke

r'eh qsgyg ts So Socigy. Wit the )f t ineg de ®Ssrg, b

' and o Pan; €Iz cop Tibug; a Iawwledg






EH

Jo

Woter Content, %

25

20

= 0o oog
Suction, h-psi

Fig. Al — Water content vs. suction

relation.
Swctipn h-psi
o & 40 100
§' 0
»

Fig. A2 — Suction profiles.

o TEFCE [ Porand e
. SRR DTS
z _— 7 Lo heoed soprae
4 =T T
of |j Cema freoted bose
& t
N /fm'ﬁa/ Frofile
8 | :
Epffb?—.firm /"i ) : :femﬂle
“Orofita J i sy
3w -
< 4
By,
3 |’
I/
) J,L
3 i
8 ’
20
I
22
Fig. A3 — Suction profile
Accumulalive Heare, in
o ar oz o of as s

197

- o~
Suetion, h-psi

2 5 10 - 20 S0 _I00 A0 500 1000

T

a0

o

Fig. A4 - Variation of heave with -

depth below grade surface.



198

TABLE Al — HEAVE CALCULATION

Depth  Pave % By Wy Aw H AH
it psi  percent psi percent : in. in,
'2-3 5 39 ° 30,6 .64.5 ¢ .29.95 -,.-=0.65 - 12 -. 116
:,3-3 89 29.5 63.5 30.0 +. 40.5 S 18 + 137
4¢5-6 50 30.25  63.0 30. 0 40.25 18 -. 068
6-7.5 79 29,7 62 30.0- 0,3 18 +, 081
7.5-9 85 29,6 61.5 30. 0 +0, 4 18 + 108
~ 9-10,5 83 29.6 61 30,0 40,4 18 +, 108
10, 5-12 79 29,17 60 30, 0 +0. 3 18 + 081
12-13, 5 72 29, 8 59 30. 1 +0. 3 18 +, 081
13,5-15 66 29,9 58 30,1 +0, 2 18 +. 0541
15-16. 5 62 30, 0 57 30. 1 +0, 1 18 + 027
16, 5-18 60 30, 0 56, 5 30. 1 +0. 1 18 +, 027
18-19. 5 58 30. 1 55. 5 30, 1 0 18 .0
19.5-20 55,5 30,1 55 30, 1 0 18 0
+.520

i.e. potential heave = 1/2 in.

AW'GS -

100+ wi Gs

For this non-fissuring soil AH x
where : Gy = 2,75

Substantial heave occurs at depth, i.e. below 10 fi, However, in this case, the total
heave is relatively small,
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APPENDIX B
RESPONSE OF GRANULAR MATERIALS SUBJECTED TO REPEATED LOADING

Tables Bl through B6 contain a summary of the data by Hicks (30) on which the mate-
rial such as that presented in Figs. 23 and 24 are based.

Effects of Siress Sequence

Hicks has demonstrated that for dry, and partially saturated granular materials the
variation in resilient modulus with stress state can be-established on one specimen
provided the response at each stress state is measured after about 100 repetitions of
the applied axial stress. Typical results of this study are shown in Figs. Bl and B2.

For saturated granular materials it is necessary to subject the specimen to approx-
imately 1,000 stress repetitions at each stress level. Results for one such specimen
subjected to this procedure are shown in Fig, B3.

The number of test conditions may also be minimized by noting that the slope, n,
of the relation

_ n

may be taken as approximately 0.55 for a range in conditions and that the slope, n', of
the relation

may be taken as 0, 65.

Effects of Densgity and Water Content
To simplify still further the testing required for granvlarrmaterials , the data pre-

sented in Tables B1 through B6 may provide some reasonable estimates of the affects
of mix variables such as density and Water content.

The data in Fig. 24 indicate that a 6 percent increase in water content, for the range
normally encountered, can result in a decrease in modulus in the range 40-50 percent
depending on the fineness of the aggregate grading. Accordingly we could reduce the K
or K' value by about 7 to 8 percent for each one percent increase in water content. The
~ data in the tables indicate, on the other hand, that n and n' are relatively unaffected by
water content, ‘By this process one could approximately account for anticipated éhanges
in water content that might occur seasonally.

Similarly a change in density influences the K oxr K' values but has little influence on n
or n'. Generally a change in relative density of 10 percent for the range normally antic-
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Specimen K(3)-PIO
Dry Density =143.8 pcf

Decreasing Sequence

4 8 174 6 20
0; /03
a /s
o 2.0 ? —

4 8 2 /6 20

Confining Pressure, psi

Fig. B3 — Effect of stress sequence on the variation of resilient modulus and
Poisson's ratio. Saturated undrained test. 1,000 repetitions per stress level.
High density level. Partially crushed aggregate.
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ipated in the field may influence K or K'by the order of 10 to 15 percent. Thus it is
possible that the influence of different degrees of compaction may be approximated

relatively simply.
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'TABLE B1 — SUMMARY OF CONSTANTS. K,o"AND K!, n? RELATING RESILIENTS
MODULUS TO cony ING PRESSURE (%) AND TO'THE sty op THE PRINCIPAT,

STRESSES (g) AND MEAN POSSON RATIO FOR DRY TrgT SERIES
Pefcént § Relative 7 4 o ‘Mean
Ag%‘regeate Passing Density K- n' K’ n' Poisson's
o 200 Percent ' _ Ratio*
: 74,5 8,036 . 60 2,156 71 0, 50+
3 89, 2 11,752 . 53 3,977 g1 0. 45
96. 4 13,644 .53 4,119 . 63 0. 47
Partially 5 85. 5 10,252 . 64 2,780 73 1 0.45
Crushed 100, 2 11,157 .59 3,289 g7 0.32
' 59. 1 7,962 .57 2,447 . 66 0. 49
8 73.0 9,006 57 2,543  gg 0. 45
86.5 8, 639 .61 2,427 .71 0.34
3 89, 3 12,338 .55 4,868 g 0.41
100, 3 10, 806 . 62 3,108 79 0. 35
77,2 11,446 . 59 3,572 . 66 0. 35
Crushed 5 87, 0 13,435 . 56 4,340 g3 0.27
91,3 14,874 .51 4,949 . gp 0. 30

10 77.0 14,313 . 52 5,017
86.0

TABLE B2 — SUMMARY OF CONSTANTS K, n and K',n' RELATING
RESILIENT MODULUS TO CONFINING PRESSURE (03) AND TO THE SUM

OF THE PRIN CIPAL STRESSES (6) AND MEAN POISSON'S RATIO FOR

PARTIALLY SATURATED TEST SERIES

Percent Relative Degree of Mean

Aggregate Pagsing Density  saturation K n K’ n'  Poisgon's
e 200 Percent Peroent Ratio*

3 80.7 1 g 6,786 .59 32,083 g 0.25
89.5 67 10,418 .54 3 349 J627 0.34
) 89.5 68 6.987 .57 2,068 _gg 0. 39
é’?ﬁ;ﬁ? 5 102. ¢ 85 119 .62 27039 oo 0.45
_ 107. 0 90 9795 .56 3,122 g4 0. 38

g 82. 8 75 3,204 .64 1605 oy 0,50+ -
92..9 83 7,802 .62 1907 | 73 0,42
3 86. 1 70 3.818 .57 2,714 g5 0.29
104, 0 74 %821 .57 2)710 gg 0,25
78,2 76 7,833 .58 3,351 i66 " 0,35
Crushed 5 78, 8 74 8,863 .56 3 5g9 .65 0,34
87.3 81 9,032 | 5g 2,678 .66 0,29

10 91 8 94 8,759 .57 2,231 . 67 0. 45
98.0 92 9,863 -+95 3,038 .64 0. 45
*Average of valyeg at 0-1/0-3 of 2.0 and 5,



TABLE B3 — SUMMARY OF CONSTANTS K,n‘ANﬁlEK,'?;.,‘ri{ EELAENG RESILIENT

ANODULUS TO CONFINING PRESSURE (iog) AND TO THE SUM OF PRINCIPAL
STRESSES (0) AND MEAN POISSON'S RATIO FOR SATURATED TEST SERIES

Aggregate Percent  Relative ' L Mean
- P8 g% passing Density K n g . v - phiskon's
L #200 Percent ‘ Ratio*
o 799 9,598 o5 2,681 .67 ©0.25

3 88. T 10,396 .54 3,278 .63 0.20

90,1 10771 .50 3,616 .60 0.33

Partially 74.2 8,080 .54 2,481 .65 0. 36
Crushed 5 . 83.8 9,430. .50 3,208 .59 0. 35
95,0 9,801 .58 2,612 .71 0,34

g 81.5 9,063 .52 2,967 . 62 0.25

92.0 12,015 49 4,068 .58 0, 25

SN

*Average of values at 64/0g of 2.0 and 5. 0.

TABLE B4 — INFLUENCE OF AGGREGATE GRADATION ON RESILIENT
PR OPERTIES OF GBANULAR BASE MATERIALS

Poroent “Relative Degree of Mean
Passing Density ... Saturation K n Poisson's

o #200 Percent Percent . : : - - Ratio

Partially Crushed Agpregate

3. 89.2 0 .. 11,752 .53 0.45

5 _ _ 85.5 ‘ 0 10,252 .64 © 0,45

e -~ 8.5 oL 8.9% .61 0.34

3 79.9 100 ' 9,598 .55 0.25

o 83,8 ' 100 , 9,430 .50 0,35

"8 81.5 100 9,083 .52¢ - 0.25

Crushed Ag'gg'_ ég‘ ate

.3 '89.3 0 12,338 .55 0.41
5 87. 0 0 13,435 .56 0.27
10 . 86.0 0 14,672 .50 0.27
5. 77.2 0 11,446 = 99 0,35

10 77.0 0 14,313 © .52 0.23
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Coarse Gradin
_
: 0 11,752 -58 0, 45
C 89, 8 0 iz, 338 <55 0.41
PO 86.0 66 9, 000 .56 0. 30
C 86, 1 70 8, 818 . 87 0, 29
Medium Gradin '
————=_rading
PC 85,5 -0 10,252 . 64 0, 45
C 87.0 0 13,435 . 56 0,27
PC 89,5 . B8 6,937 . 57 0. 39
C 87,3 81 ' 9,032 . B8 0,22
Fine Gradin
——&rading .
PC 86.5 0 8,939 , .61 0. 34
C 86.0 0 14,872 . H0 0,27

PC 92, 9 83 7,802 . 62
C 91. 8 | 7,759

D Sa
Pe Pe i
Partiallz Crushed Aggregate
80, o* 0 9,620% . 57 % 0, 48%

3 80, 1 65 6,786 .59 0. 24
79. 9 100 - 9,598 . 55 0. 25
85.5 0 10,252 . 64 0, 45
5 89,5 68 6,937 . &7 0. 39
83. 8 100 9,430 .50 0. 85
86.5 0 8,939 .61 _ 0, 34
8 82, 8 75 5,204 . 64 0.50
87.5 100 9,063 . 52 0, 25

' Crushed A recate :
3 89, 3 \Oﬂg‘g\lz, 338 « 55 0,41
86, 1 70 8,818 . 586 0. 29
~ 5 - 87. 0 0 13,435 . 56 0,27
87.3 81 9, 032 .58 0.22

10 86. 0 0 14,672
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PROGRAM INSTRUCTIONS FOR MULTI-LAYERED ELASTIC
SYSTEM WITH A SINGLE VERTICAL LOAD

Deseription

The multi-layered elastic syste:m' computer program (CHEV5L) will determine the
various component stresses and strains in a three dimensional ideal elastic layered
system with a single vertical uniform circular load at the surface of the system, The
bottom layer of the system is semi-infinite with all other layers of uniform thickness.
All layers extend infinitely in the horizontal direction. The top surface of the system
is free of shear and all interfaces between layers have full continuity of stresses and
displacements,

With a vertical uniform circular load, the system is axisymmetric with the Z axis
perpendicular to the layers and extending through the center of the load. Points in the
system are described by a set of cylindrical coordinates consistingef R+ and Z-values
where R is the horizontal distance out from the center of the load and Z is the depth to
the point measured vertically from the surface of the system.

The load is described by the total vertical load in pounds and the tire pressure in
psi. The load radius is computed by the program. Each layer of the system is de-
scribed by a modulus of elasticity in psi, a Poisson's ratio, and thickness in inches.
Layers are numbered consecutively downward, the upper layer being designated as
layer 1,

Program Operating Notes

The program operates with the various given R~ and Z-values as follows: For each
R-value a complete set of characterizing functions is developed for all layers, then the
siresses and strains are computed at points represented by that R and each of the given
Z-values. The program then steps to the next R-value and computes the stresses and
straing at points represented by each of the given Z-values continuing until all com-
binations of R- and Z-values are used.

When a given Z-value is directly on an interface between two layers, the program
will first compute the stresses and strains at this point using the functions for the
upper of the two layers then will recompute the stresses and strains at this same point
using the functions from the lower of the two layers. In the output of the program a
negative Z-value indicates that the stresses and strains have been computed at an inter-
face and the characteristics of the upper layer have been used.
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Limitations

The following are limitations of the program and/or method.

1. Number of layers in the system; minimum of two and a maximum of five.

2. Number of points in the system where stresses and strains are to be deter-

mined; minimum of one (one R and one Z) to a maximum of 121 (maximum
of 11R and 117)

3. All data are positive, no negative values.

4, Poisson's ratio must not have a value of one.

put Cards

The notation cc refers to card columns, with the range of columns being inclusive,
All "REAL" values are punched with a decimal point as a part of the value and all
"INTEGER'" values are to be punched without a decimal point and right justified in the

" data field.

Card1l ccb

Card 3 ccl-12
ccl3-24

Card 4 ccl-2
ce3-10
ccll-16
ccl7-24

cc25-30

Card 5 ccl-6

any integer value other than 9. This card is placed at the be-
_giming of each new problem to be solved. The placing of a

card, with the integer 9 in cc5, following the last problem to

‘ be solved,) causes the program to stop (INTEGER)

any combination of alphanumeric characters may be used to
identify the problem to be solved.
FORMAT (12 A6)

total load in pounds (REAL)

tire pressure in psi REAL) FORMAT (2F 12. 0)

number of layers in the system (INTEGER)

‘modulus of elasticity for layer 1 (REAL)

Poisson's ratio for layer 1 (REAL)
modulus of elasticity for layer 2 REAL)
Poisson’s ratio for layer 2 (REAL)
FORMAT (2,5(F8. 0, F6. 0))

thickness of layer 1 in inches (REAL)
thickness of layer 2 in inches (REAL)
FORMAT (4F 6. 0) |

LI AN Tt S AR SIS B 03 bt



Card 6

Card 7

écl-6
ccT7~12

ccl3-18
ete,

ccl-6
ce7-12

ccl2-18
ete.
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number of R-values on card (INTEGER)
first R-value in inches (REAL)
Second R-value in inches (REAL)

FORMAT (16, 11F6.0)

number of Z-values on card (INTEGER)
first Z-value in inches (REAL)
second Z-value in inches (REAL)

FORMAT (16, 11F8,0)
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PROGRAM INSTRUCTIONS FOR MULTI-LAYERED ELASTIC SYSTEM
WITH STRESS-MODULUS ITERATION

Description
Program PSAD2, multi-layered elastic system with stress—modulus iteration uses

program CHEV5L 1o determine the various component stresses and deformations in a
three dimensional ideal layered elastic system with a single, vertical load of uniform
pressure and of circular area. As with the CHEV5L system, the bottom layer is of
semi-infinite vertical extent; all layers are of uniform thickness and of infinite hori-
zontal extent, the surface is free of shear; and full continuity of stresses and displace-
ments exist at all interfaces. Points in the axisymmetric system are described by
cylindrical coordinates consisting of a radius from the center of the wheel load
R-value) and the depth from the surface of the system (Z-value).

Certain geometric restrictions are imposed on the system. These restrictions re-
sult in a symmetrical relationbkip beitween the stresses and deformations due to the
applied load and those due to a second load assumed to be located at a distance D from
the first. Stresses due to both wheel loads, on a vertical plane through the center of
the loads, plus those due to gravity effects are combined for use in the stress-modulus
iteration.

Geometric restrictions are:

1. The number of 1ayérs in the system must be fige.

L

The R-values must be those to the six locations shown in Fig. CL.

@

The 7-values must be those to the eight locations shown in Fig. CL.

™

The spacing between the wheels, D, should not normally exceed twice the
radius of the loaded area to maintain a relatively uniform modulus condi-

tion on any horizontal plane.

The load is described by the total vertical load in pounds and by the pressure in psi.
Layers are numbered consecutively downward, the upper layer being designated as
layer 1. Each layer is described by an initial elastic modulus (psi) and by a Poigson's
Ratio. The upper four Jayers are further described; by the K coefficients of a stress-
modulus rélationship of the form E =K, 9K2 where § is the sum of the principal stresses;
by the unit weight of the material in pouisls per cubic foot; and by the thickness of the
layer. For a linear elastic layer K = E and K, = 0.0. The stress-modulus relation-
ship for layer five has the form E = (o aﬁ where(r?_' g is the stress difference. This re-
lationship is specified by coordinate pairs of E and o ;s ﬁhmmg?iinﬂahigegmems‘beé
twe@anadjaaenmmrdi@taai Tar £sgiaming Inaer ©ogmons ©yiazon e sl TLEG nRiae.
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Operation

Stresses and deformations at each of the specified R and Z-values are determined using
the CHEV51, characterizing functions. These values are stored for use in the stress-
modulus subroutine. In the stress-modulug subroutine, the total effect of both wheel loads
and of gravity is determined. For each layer, an average modulus (modulus required) is
calculated from the stresses and is compared to the "modulus used". If these values differ
by more than 2. 5 percent in any layer, a new modulus, the average of the "modulus used"
and "modulus required" ig determined for each layer. The new moduli are communicated
back to the CHEVSI, portion and a new set of stresses and deformations computed,

Computations are stopped and stresses printed when the difference between the "modu-
lus used" and the "modulus required" is less than 2. 5 percent in each layer or when the
maximum allowable number of iterations, specified in the input, is reached,

Stresses and deformations are output in four parts. Part 1 shows the stresses, deflection
and strains, due to the single wheel load, at each R- and Z-value. Part2 shows the stresses
and resulting moduli at each point due to the total stresses. (Noteﬁ a zero modulus in a
stress dependent material occyrs when the sum of the prinecipal stresses is zero or when
the algebraic sum of these values results in a tensile stress). Part 3 shows the total strain
at each point due to both wheel loads. Part 4 shows the maximum and minimum total
stresses and their ratios at each point in the system. '

Input Cards

The notation cc refers to card columns, with the range of columns being inclusive. All
"REAL" values are punched with a decimal point as a part of the value and all "IN TEGER"
values are to be punched without a decimal point and right justified in the data field,

Card1 cel-5 number of problems to be solved (INTEGER)
FORMAT (15)

Card2 ccl-80 any combination of alphanumeric characters may be used to
identify the problems to be’ solved,
FORMAT (8A10)

Card 3 c¢cl-10 total load on wheel in pounds (REAL)
ccll-20 tire pressure in psi REAL)
cc21-25 number of layers in system (INTEGER)
cc26-30 maximum number of iterations (INTEGER)
FORMAT (2F10. 0, 215)
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_Card4 _ccl-10

ccll-20
cc2 1-30‘

cc31-40

cc41-50

cch1-60

Card5 ccl-10

ccll-20°

' lCard 6 ccl—5"

. Card 7 cel-10

ccll-20
cc21-30
ce31-40

_ etc

Card & ccl-5
éc6-10

Card 9 cclél0

cell-20
gte

Card 10 ccl-10

ccll-20
ete.

fhitially assumed modulus of elasticity of layer i in psi (REAL)
Poisson’s Ratio for layer i (REAL)

coefficient K, for layer i (REAL)

coefficient K, for layer i (REAL)

~ unit weight of material in layer i in pef (REAL)
thickness of layer i in inches (REAL)

FORMAT (6F10. 0)

One card is required for each of the upper four layers
(i=14%0 4), the card for layer 1 being placed first

followed by a caid for each successive lower layer.

initial assumed modulus of elasticity for layer 5 in psi (REAL)
Poisson's Ratio for layer 5 (REAL '
FORMAT (2F10. 0)

the number of coordinate points in the modulus deviator
stress relationship for layer 5; maximum 20 (INTEGER)
FORMAT (I5)

least value of deviator stress in'psi REAL)
corresponding modulus in psi ®REAL)

second value of deviator stress in psi (REAL)
corresponding modulus in psi (REAL)

repeat card 7 as required

FORMAT (8F10. 0)

the number of R-values (INTEGER)
the number of Z-values (INTEGER)
FORMAT (215)

first R-value-inches (REAL)
second R-value ~inches (REAL)

FORMAT (6F10. 0)

first Z-value-inches (REAL)'
second Z-value-inches (BREAL)

FORMAT (8F10. 0)

REPEAT CARDS 2 THROUGH 10 FOR EACH NEW SYSTEM TO BE SOLVED AS IN-
DICATED BY CARD 1.
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PROGRAM INSTRUCTIONS FOR FATIGUE LIFE SIMULATION

Description

Program FATIG, fatigue life simulation system combines output data obtained from
the multi-layered elastic system and the temperature simulation system with traffic and
fatigue fracture data to obtain the expected fatigue life of an asphalt concrete layer. The
simulation is based on the prevailing conditions of the average day of each month of the

year, the total monthly truck traffic being applied during the average day.

Operation

put data specifying the average daily truck traffic, the axle load distribution of this
traffic and the hourly variation of the traffic is used to obtain the distribution of the
monthly total of axle loads in each hour of the average day.

Hourly means of stiffness modulus in the layer (from program TEMPS), reduced to the
form of a frequency distribution of stiffness modulus with time of day is then combined
with the axle load distribution to obtain, on an anuual basis, the distribution of the number
of applications, to the pavement, of each axle load type while the asphalt concrete stiffness
modulus is within a certain range,

The multi-layered elastic system is used to obtain graphical relationships showing
tensile strain as a function of axle load magnitude and stiffness modulus. These strains
are then used to obtain a fatigue life distribution as a function of axle load and stiffness
modulus. The fatigue life distribution is then combined with distribution of axle load
applications described previously. Linear summation of applications to failure is used
to determine the annual fatigue life damage.

The volume of truck traffic’is then increased and the computations repeated. Compu-
tations are continued until 2 maximum specified number of years has been reached, or
until the accumulated fatigue damage reaches a value of 1.0. Data for a new system is

then read and the pro'cess repeated.

Limitations
The following limitations of the program and/or method.

1. The maximum number of axle groups is 12. Refer to program statement
number 123 for the output headings uged. Other groupings will require ap-
propriate changes to statement 123.

2. The maximum number of stiffness groups is 15.

3. Traffic data must be in the form of monthly Wheel Load Distribution Factors
(WLDTF) described in the main body of the report.

4. The order of input of WLDF's must be from least to greatest.

5. The order of input of stiffness modulus groups must be consisient.
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B?lput' Cards

the value ang right justifieqd in the data field, An "INTEGER" values are to be puncheq
Without g decima] boint ang right justifieq in the data fieid. '

Card 1 ge1-5 the number of pPavement systemg to be solveq (IN TEGER)

Card 2 ce-1280 any combination of alphanumeric characterg may be used to

Card 3 cc1-19 average daily numbey of trucks, both directiong (ADTT) (REAL,
cell-29 percent of 2 gxle trucks in ApTT (REAL)
cc21-39 Percent of 3 axle trucks in ADTT (REAL)
ce3l-40 Percent of 4ax1e irucks in ADTT (REAL)
ced4l1-50 bPercent of 5 axie trucks in ADTT (REAT)
ce51-60 bercent of 6 axle trucks in ADTT(REAL)
ce61-70 pPercent of one-way tyyck traffic using the degign lane (REAT)
FORMAT (7F10. 0) ‘ '

Card 4 cei-5 - the number of axle loaq Eroups, maximum of 12 (]N TEGER)
cc6-10 the number of stiffness modulus 8Toups, maximum of 15 (v TEGER)
ccll-2¢ the annyuaj rate of traffie €Xpansion (R EAL)
ce2l1-25 the maximum numpep of years for which calculationg are to he
berformeq (INTEGER)
FORMAT (215, F10, 0, Is)

Card 5 o119 the WLDF for axle groyp 1 and 2 axle trucks (REAL)
ccl1l-2¢0 the WLDF for axle group 1 and 3 axle trycks (REAL)
ce21-30 the WLDF for axile Broup 1 and 4 axle trucks (REAL)
©e31-40  tpe WLDF for axle groyp 1 and 5 axle trycks (REAL)
ced1-50 the WDy for axle 8roup 1 and 6 gxle trucks (REAL)

on card 4,
FORMAT (5F10, 0)
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s--Card 6

ccl1210

ccll-20 .

) etc.

Card T

Card 8

061-5

:006;10

ccel-10

ccll-20
etc

percent of ADTT in hourly period midnight o 1 2. m. (REAL)

~ percent of ADTT in hourly period 1to?2 a. m. REAL)

3 cards of this type are required to complete the 24 hourly periods.
FOBMAT (8F10. 0) ' a

frequency of occu:rre nce of stiffness group 11in time interval mid-
night to 1 a. 1. (REAL) '

" frequency of occurrence of stiffness group 2 in time jpterval mid-

night to 1 a. 1. REAL)

one such entry requlred for each of the stiffness groups specified
in card 4

94 such cards required, one for each hourly time period.
FORMAT (15F5.0)

fatigue life for axle group 1 and stiffness group 1 (REAL)
fatigue 11fe for axle group o and stiffpess group 1 (REAL)

2 such cards are required for each of the stiffness groups .
speclfled in card 4.
FORMAT (6E10.0)

CARDS 2 THROUGH& ARE REPEATED FOR EACH NEW PAVEMENT SYSTEM TO BE
'SOLVED AS INDICATED CARD 1. |
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FROGRAM INSTRUCTIONS FOR TEMPERATURE SIMULATION SYSTEM

Description

Program TEMPS2 solves for temperatures at various specified depths in a semi-
infinite mass having constant thermal properties. The surface of the mass is subjected
to a heat flux which varies with time. Using specified thermal characteristics of an
asphalt concrete and relationships between meteorological conditions and heat flux,

time and depth dependent temperatures in an asphalt concrete layer are simulated.

Operation

The specified daily meteorological conditions and thermal character of the asphalt
concrete are used to detefmine the first value of depth and of time. This temperature
is then used to interpolate, from input values relating temperature and stiffness
modulug of an asphalt cement, a corresponding stiffness modulus of asphalt cement .
A stiffness modulus for the asphalt concrete is then determined using the Heukelom-
Klomp equation, these values being stored for later computation of means. The pro-
gram then steps to the next value of time. Computations are performed at 25 values
of time representing the beginning and end of each hour of the day. A daily mean and
a traffic weighted mean of temperature and stiffness modulus of the asphalt concrete
is then determined. The program then proceeds to the next value of depth. When
values have been determined at each depth, an hourly mean of temperature and stiff-
ness modulus in the layer is computed. The program then repeats the computation

for a new set of meterological conditions or a new pavement gsystem.

Input Cards

The notation ce refers to card columns, with the range of columns being inclusive,
All "REAL" values are punched with a decimal point as pé,rt of the value and all
"INTEGER" values are to be punched without a decimal and right justified in the data
field.

Card 1 ccl-5 the number of pavement systems to be solved (INTEGER)
FORMAT (15)

Card 2 ccl-5 the number of days on which computations are to be
periormed (INTEGER)
FORMAT (I5)

Card 3 cecl-80 any combination of alphanumeric characters may be used
to identify the problem to be solved
FORMAT (8A10)



Card 4

Card 5

Card 6

Card 7

Card 8

Card 9

ccl-80

ccl-10

ccll-20

ete.

ccl-10

cell-20

cc21-30

cel-h

cel-10

cell-20

cec21-30

ce31-40
ete

ccl-10

cell-20
cc21-30
cc31-40
ccd1-50

235 -

any combination of alphanumeric characters may be used to
identify the nature of traffic variables
FORMAT (8A10)

percent of average daily truck traffic in the time interval, mid-
night to 1 a. m. REAL)
percent of average daily truck traffic in the time 1to 2 a, m. (REAL)

FORMAT (8F10. 0) |
three cards are required for the 24 hours of the day.

penetration at 77°F of the asphalt cement in the pavement,

in dmm REAL)

ring and ball soffening temperature of the asphalt cement in the
pavement in degrees F (REAL)

loading time of the asphalt cement in the pavement in seconds
(REAL)

. FORMAT (3F10, 0)

the number of points in the temperature-stiffness modulus of
the asphalt cement (NTEGER)
FORMAT (I5)

least temperature in temperature-stiffness modulus relation-
ship (REAL)

corresponding stiffness modulus of the asphalt cement -Kg/ cm2
(REAL)

second temperature (REAL)

corresponding stiffness modulus (REAL)

repeat card 8 as required
FORMAT (8¥10, 0)

coefficient describing the energy reflecting character of the
layer surface (REAL)

specific heat of the asphalt concrete (REAL)

unit weight of the asphalt concrete (REAL)

conductivity of the asphalt concrete (REAL)

coefficient of volume concentration of aggregate in the asphalt
concrete (REAL)
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Card 9 ce51-60

Card 10 cel-5

Card1l cel-10

ccl-20
ete.

Card12 ccl-10

Card 13 ccl-30

cc31-40
ce41-50
cc51-60
cc61-70
cc71-80

the air voids in the asphalt concrete as a decimal fraction
REAL)

- FORMAT (6F10, 0)

the number of depth values at which computations are to be
performed. Maximum of 12 (INTEGER)
FORMAT (I5)

the first depth value in inches (REAL)
the second depth value in inches (REAL)
repeat card 11 as required

FORMAT (6F10. 0)

total depth of layer in inches (REAL)
FORMAT (F10. 0)

any combination of alphanumeric characters may be used to
describe the day type '

the mean daily air temperature in °F (REAL)

the daily range of air temperature in °F (REAL)

‘the mean wind velocity in mph (REAL)

the daily solar insolation in langleys (REAL)

mean daily sky cover in tenths (REAL)

repeat card 12 as required by the valuecspecified on card 2.
FORMAT (3A10, 5F10, 0)

CARDS 2 THROUGH 13 ARE REPEATED FOR THE NUMBER OF PAVEMENT SYSTEMS
SPECIFIED IN CARD:1. '
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PROGRAM INSTRUCTIONS FOR FINITE ELEMENT ANALYSIS
OF PAVEMENTS

Description

The Finite Element Pavement program (FEPAVE 2) will determine stresses and
deformations in an axisymmetric pavement system supporting a single load, uniformly
distributed over a circular area. All layer boundaries, the surface and the base of the
system are horiionta,l plane surfaces. The lateral extremity of the system is a verti-
cal plane. Theis geometric regularity is used to advantage in simplifyring the specifica-
tion of nodal point coordinates. The system is composed of a combination of elastic
materials which may be linear, linear-temperature dependent, or non-linear. 'The load

is applied to the system using one or more equal increments.

Operation

The mesh configuration, the lateral extremity, the material boundaries and the
-edge of the loaded area are specified by horizontal and vertical offsets from the center
of the loaded area. As is shown in Figs. C-2 and C-3, the mesh configuration is a finer
-fabric ﬁear the load becoming coarser at the extremities. For a flexible loaded aeeq,
the upper layer of the pavement is designated as material 1, with numbering following
successively downward as shown in Fig. C-2. However, where the load is applied
through a rigid plate as is shown in Fig. C-3, the plate material is designated as mate-
rial 1. The thickness of the plate is entered as negative vertical offset. |

When the mesh configuration has been determined, stresses due to gravity effects are
determined and printeds the first increment of load is then applied and the resulting
stresses and deformations determined. If all materials in the system are linear
elastic, the first increment is the total load. For non-linear materials, the gravity
stresses and load stresses are summed to obtain an appropriate stress dependent
modulus. Stresses and deformations are then, pirinted. A second increment of the load
is applied and stresses and deformations due to this increment plus the preceding
incremént are determined and printed. This process is continued, siresses and de-
formations due to each succeeding increment being added to the sum of all preceding
iml:rements., When the total load has been applied, the total siresses and deformations

are printed and a plot of the major and minor principal stresses ig prepared.

~ Limitations _
The following are limitations of the method and/or program;
1. Refer to Subroutine QUAD for the forms of specifying non-linear material
Cproperties.
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2. Poisson's Ratio is & constant for each material and must have 2 value less
than 0. 5.
3. The number of matérial 'tirpes in the system cannot exceed 12. Material
jdentification must begin with 1" at the top and increase downward.
4, The pumber of rows of elements cannot exceed 32, |
5. The number of colurms of elements cannot exceéd 24,
6. Layer and/br material interfaces must coincide: with o nodal point roW.
7. The horizontal offset to the first nodal point column must be zero.
g. The edge of the loaded area must coincide with 2 nodal point column.
9, The vertical offset to the first nodal point row must be zero (flexible loaded
area) or negative (rigid plate loading).
10, Allwnits must be poundé and inches. _
11. All nodal points on the lower horizontal boundary are constrained from hori-
zontal and vertical movement. | 7 7
12, All nodal points on thé vertical boundary are constrained from horizontal

movement.

Tnput Caxds

The notation cC refers td érd columns with the range of columns being inclusive.
All "REAL" values are puched with 2 Jecimal point as 2 part of the value and all
"mTEGER" values are to be punched without 2 gecimal point and right justified in the

-field. - '

card1 cel any integer value other than 9. This card is placed at the begin-
ning of each new problem to be solved. A card, with the infeger
- 9in cC 1, placed following the iast system 1o pe solved, causes

the program to stop.

Card 2 cc_1—80 any combination of alp‘ﬁanumeric characters may be used to
identify the problem 1o be solved.
FORMAT (8A10).

Card 3 ccl-10 radius of loaded area in inches (REAL)
ocl1-20  pressure ob loaded grea in inches (REAL)
cc21-25 _number of materials (INTEGER)
c026-30 number of element columﬁ (INTEGEB)
ce31-35. npumber of element TOWS (INTEGER)
c036-40  number of elements in rigid plate (INTEGER)
ccdl-45  numbeY of load inerements to be used (INTEGER)
. FORMAT (2F10.0, 519)



Card4 ccl-5
ce6b-10
ccll-20
cc21-30
cc31-40
cc41-50
cc51-60

Card 5 ccl-10
ccll-20
cc21-30

0 ce31-40
cc41-50
ccb1-60
cc61-70
cc?1-80
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material identification (INTEGER)

number - of temperature cards (INTEGER)

layer thickness in inches (REAT)

layer density in 11c)s/in3 (REAL)

coefficient of earth pressure at rest (REAL)

material code (REAL)

estimated maximum stress, positive or negative, to provide a
scale for the plotting routine (REAL)

FORMAT (215, 5F10. 0)

Temperature in °F (REAL)

linear elastic modulus in psi (REAL)
Poisson's Ratio (REAL)

non-linear coefficiept K1 (REAL)
non-linear coefficient K2 REAT)
non-linear coeificient K, REAL)
non-linear coefficient K 4 (REAL)
non-linear coefficient K5 (REAL)
FORMAT (8F10. 0)

Note: Card order - a card 4 for material identification 1 followed by 'n’

type 5 cards where 'n' is the number specified in card 4 cc6=10. Repeat

as required in the order, card 4 and n card 5's according to the number

of materials specified on card 3.

Card 6 ccl-10

cell-20
etc,

Card 7 cel-10
cclli-20
cc21-30

cc31-40
etc.

radius to first nodal point column in inches (REAL)
radius to second nodal point eolumn in inches (REAL)

FORMAT (8F10. )

Repeat card 6 as required,

temperature in OF of first nodal point row (REAL)
vertical offset to first nodal point row in inches (REAL)
temperature in °F of second nodal point row (REAL)
vertical offset to second nodal point row in inches (REAL)

FORMAT (8F10. 0)

. Repeat card 7 as required.

REPEAT CARDS 1 THROUGH 7 FOR EACH NEW SYSTEM TO BE SOLVED.
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INSTRUCTION FOR ANALYSIS OF TRISMATIC SOLIDS FROGRAM

The first step is to select a finite element representation of the two-dimensional cross-
section of the body. Elements and nodal points are then numbered in two numerical se-
‘quences, each starting with one. The following group of punched cards numerically defines
the two-dimensional structure to be analyzed,

Card 1 - Identification Card - (12A6)

cel-72 Of this card contain information to be with results.

Card 2 - Control Card - (415, F10.2)

ccl-5 number of nodal points (350 max.)

cc6~10  number of elements (300 max.)

ccll-15 number of different materials (12 max.)

ccl6-20 number of harmonics

¢c21-30 ZL - length

The ZL length is half of the period length (length to next load),

Card 3 ~ Material Property Information

The following group of cards for each materials
First Card: (215, 2F10, 0)
cel-5 material identification - any number from 1 ~12
ce6-10  number of different: Y-ordinates for which properties are given - 8 maximum

15 Secdond Card: (3F10, 0) One card for each Y-ordinate
ccl-10  Y-ordinate of material for which property is given
ccli-20 Young's Modulus '
cc21-30 Poisson's Ratio

Card 4 - Nodal Point Data - (I5, F5.0, 5F10,0)
One card for each nodal point with the following information:
ccl-5 nodal point number

cc6-10  code number

cell-20 X-ordinate

cc21-30 Y-ordinate

cc31-40 UX

cedi-50 UY

ccbi1-60 Loaded length in Z-direction
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X

Fig. C4 — The prismatic space.

Y
A
Xy
X,
X,
Z

- X

Fig. C5 — The prismatic space finite element,
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K the number of column 10 is
0, UX is specified X-load
UY is specified Y-load

1, - UX is specified X~displacement

UY is specified Y-load

2, UX is specified X-load
UY is specified Y-displacement

3, UX is specified X-displacement

UY is specified Y-displacement

All loads are total forces acting on the nodal point, Loaded length is half the loaded
length in the Z-direction. Nodal point cards must be in numerical sequence. If cards

‘are omitted, the omitted modal points are gemerated at equal intervals along a straight
line between the defined nodal points. The boundary code (column 10}, UX, UY, and
loaded length, are set equal to zero.

Card 5 - Element Properties; (615)

One card for each element

cel-5
ceb-10
ccll-15
cclé-20
ccz1-25
cc26-30

element number

nodal point I

nodal point J

nodal point K

nodal point L

material identification

Card 6 - Longitudinal Distance: (F10. 0)

ccl-10

Z7Z - length

This distance defines the crdss-sections in the longitudinal (Z) direction where stresses

and strains are to be printed. Nodal peint displacements and element stresses for the de-

fined finite element mesh are obtaiued.
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STATISTICAL TESTS
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TABLE D4 — t-TEST — TEST FOR HYPOTHESIS THAT SLOPE OF
POPULATION REGRESSION LINE HAS A VALUE OF -FIVE —
 CALIFORNIA GRADED GRANITE MIXES

Accept or
“Gading  memewaon % P %t Rejeet Reserve
Fine 85-100  .1357. 2.952 53 15.1 2.01 - x -
Coarse 85-100 .1899  2.486 28 13.2 2.06 X -
Medium 85-100  .3351 2.833 19  6.58 2.11 x -
Medium 60-70  ,2105 3.256 27 8,28 2.06 x -
Medium 40-50 .2480 4,011 23  3.99 2,08  x -

a. ta/z 3 Il—z

L Et

T
LR She
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APPENDIX E
PROJECT DESCRIPTIONS

Morro Bay Project (V-SLO-56C, D)
The structural section for this pavement, shown in Fig. El, consists of 0,21 ft of

asphalt concrete with a type B aggregate, together with 1, 67 of class 2 aggregate base
and subbase. The wearing course consists of 0. 06 ft of open-graded material; this,
however, was not considered as part of the structural section for the structuralan.alySes.

Field samples were obtained at the locations shown in Table El and consisted of 15 in.
by 15 in. specimens of the asphalt concrete together with samples of the other materials
in the structural section.

Folsom Project (03-SAC, Ed-50)

The structural pavement section, Fig. E2, consists of 0. 33 ft of asphalt concrete and
0.25 ft of asphalt-treated base, together with 1. 50 ft of untreated base and subbase on a
subgrade of compacted dredger tailings.

The portion of the project selected for study included a test section in which an experi-
mental asphalt meeting new specifications proposed by the Materials and Research Depart-
ment (56) as well as a conventional paving asphalt (control) were utilized in the 0. 33 ft of
asphalt concrete surface course (Fig. E2). Sections from which the pavement samples
were obtained are also a part of an experimental compaction study, the details of which
are shown in Fig. E3 and described in Ref. (75). Sampling locations are also shown in
Fig. E3. Locations 3 and 4 correspond to the sections containing the experimental
asphalt while locations 1 and 2 the control asphalt,

TABLE El — PAVEMENT SAMPLE* SUMMARY, V-SLO-56-C,D

- . . . Thickness, ft
U. C. Designation Station and Location | Plan Actual
Blocks 1.1, 1.2, 1.3 625 + 00 .27  0.27
(1) ‘ Northbound travel lane; outer wheel track L L
Blocks 2,1, 2,2, 2,3 626 + 00 0.27 0.29
(2) Northbound passing lane; outer wheeltrack
Blocks 3.1, 3.2, 3.3 100 + 00 0.27 0.27
3) Southbound passing lane;outer wheel track
Blocks 4.1, 4.2, 4.3 718 + 00 ‘ 0,27 0.25
4) Northbound travel lane;outer wheel track

*Samples taken December 14-16, 1965,
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0.06 ft Open-graded asphait concrete
[ L L7777 77777

0.21 ft

Asphalt concrete surface, type B

0.67 ft  Class 2 aggregate base

1, 00ft Class 2 aggregate subbase

Fig. E1 — Structural section, Morro Bay pave-
ment (V-SL0O-56-C,D).

-=m— TG SACRAMENTO

00541 OPEN GRADED ASPHALT CONCRETE

0330 ASPHALT CONCRETE

025h ASPHALT EASE

050 1 AGGREGATE BASE

100 fr AGGREGATE SUBBASE

/////SUBGRADE e /—7_

Fig. E2 — Structural pavement section —
Folsom project (03-SAC, ED-11-B, A).

TO PLACERVILLE —m=

High Temp. | High Tamp. Low Temparature
Pnaumatic Pasumatic Pnsumatic Rolling No Pneumatic Holling TRAVEL LANE
9 Coverages |9 Coverages 3 Coverages Surfoce B Level ——
Surfoce & Level|Surface Only Surfoca B Level -
Stondard épuciﬂ:uflon Rolling PASSING LANE
———————
Lecation 4 Location 3
T T T T T T T T T T T v v T T T
60 82 . 64 66 8 0 T2 T4 % ™
EXPERIMENTAL ASPHALT TEST SECTION
—m— TO SACRAMENTO TO PLACERVILLE —wm=—
No Pnsumatic Low Temparaure High Tampéroture High Temp. Standard
Rolling Pneumotie Rolling Pneumctle Rolling Pasumotic Spacification TRAV N
Surface 8 Level 3 Covarages 3 Coverages 9 Covergges Contract ——E—I"'—NE
Surfats & Lawsl Surfate B Lavad Surfate B Laval Relling
PASSING LANE
A
Location 2 Location 1
) ¥ T T T d T T T 1 T T T T ¥ T L | v T
180 182 184 186 188 [} 1d] 192 194 196 198 200 202

CONTRACT STANDARD SPECIFICATIONS ASPHALT

"85-100 GRADE

Fig. E3 — Pneumatic rolling test sections — Folsom project (03-SAC, ED-50).



TABLE E2 — RESULTS OF REPEATED LOAD TESTS ON
SUBBASE MATERJAL, FOLSOM PROJECT
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T~ Ty ko kg
Test |Degreeief D Drg{ k1(6) k3(°7
: . ensity
No. Saturation of Kk Corr. X Kk Corr.
.p 1 k2 Coef, 3 4 Coef
5A 52 132:5 4,945, 0,48 0. 86 9,589 0.50 .0. 88
bB 42 131.0 10,745, 0.41 0.85 18,273 0,44 0,91
5C 44 132.8 7,387 0.45 0,94 13,896 0,45 0, 97
5D 39 131, 0 4,752 0.54 0, 87 10,669 0,55 0,94
6B 133. 3 4,899, 0.55 0.94 12,014 0, b2 Q. 95
6C 37 133, 0 9,967, 0.48 0,87 20,638 0.48 0.94
6D 43 135.0 19,464, 0.29 0,58 26,165 0. 37 0.79
6F 44 132. 3 4,855, 0.55 0,90 12,489 0.50 0,89
6F 39 131, 7 10,895, 0. 37 0. 84 19,223 0. 38 0.91
All tests 7,729, 0.46 0.68 15,570 0. 46 0.70
TABLE E3 — IN SITU PROPERTIES OF BASE COURSE
FOLSOM PROJECT
“Wet Demsity - Dry Density Waler Comient  Degres.oh
Location/station pef pecf Percent Saturation
1/196+00 142.7 138.8 2.8 31
161.1 156.6 2.9 76
2/187+00 151.5 146, 6 3.3 51
135, 6 130.7 3.5 30
3/70+00 137. 8 133.5 3.2 30
148, 1 143, 4 3.3 44
4/65+00 148, 8 144.5 3.0 42
156. 5 152, 0 2.9 57
TABLE E4 — RESULTS OF REPEATED LOAD TESTS ON
- BASE MATERIAL, FOLSOM PROJECT.
k2 k
Test |Degree. of Dlejzfg‘ ¢ k() kg(o)™4
No. Saturation cfl ¥ k Corr. Kk k Corr,
| P 1 % Coef. 3 4 Coet.
TA 32,0 136.2 2,771, 0,72 0. 98 11,968. 0.59 0. 90
B 30.0 134. 5 3,662, 0.60 0,99 12,102, 0. 50 0. 89
7C 27,3 134. 8 3,232, 0. 66 0. 98 12,297. 0. 54 0, 87
D 23.1 134. 8 4,411, 0.61 0,96 14,102. 0.53 0, 91
All 3,468. 0.656 0,96
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APPENDIX G

REDESIGN OF YGNACIO VALLEY ROAD USING GENERAL
FATIGUE CONSIDERATIONS

In the main section of the report a2 general procedure has been presented for the
fatigue analysis of asphalt concrete in highway pavements using specific relationships
to describe the fatigue behavior of California type mixes, This procedure (or sub-
system) has been used in three forms to study two in-service pavements, Morro Bay
and Folsom projects, and to design a new pavement, Ygnacio Valley Road, To evalu-
ate the applicability of the more general fatigue relationships (Fig. 95) an extensive
design study of the Ygnacio Valley Road was carried out and is described in this
Appendix.,.

Two main objectives were incorporated into the study; (1) to obtain a comparison of
fatigue life predicted by the specific relationships (described previously) and fatigue
life using the general fatigue relationship, (2) to obtain a relationship between thickness
of asphalt concrete and truck traffic intensity for the Ygnacio Valley Road environment
and to compare the depth-trafiic relationship with similar relationships derived from the
Asphalt Institute’s design procedure (as incorporated in MS- 1(62)) from the Shell proce-
dure (63) and from the State of California Design procedure ( 5),

Traffic

For the first comparison, the volume of truck traffic was seasonally varied as de-
scribed in the main report, that is, the initial average annual daily fruck traffic was
420 vehicles in the months of April and October, reduced to 80 percent of the average
for the period November through March inclusive and increased to 120 percent of the
a{rerage for the months May through September inclusive. The annual rate of increase
in truck traffic was assumed to be five percent. For the second comparison, truck
traffic volume was assumed uniformly distributed throughout the year. Annual avergge
traffic volumes, expressed in terms of the Asphalt Wstitute traffic designation DTN,
were varied to establish a relationship between thickness - traffic volume to cause failure.

Truck traffic composition by axle configuration was the same for both conditions as

follows .
No. of Axles Proportion - percent
2 44,0
3 25.5
4 0.5
5 30.0
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The daily distribution of truck traffic and wheel load factors used were as shown in
Tables 37 and 38 respectively.
The climatic data used for the study were as previously presented in Table 43,

For both comparisons, a constant subgrade modulus of 5,000 psi was utilized and
Poisson’s ratio was assumed tobe 0. 5.

Stiffness. moduli of the asphalt concrete as a function of temperature (at a time of
loading of 0. 015 sec) were determined using the Shell procedures and the following
mixture data:

Recovered penetration.of asphalt cement at 25°C 36 dmm
Ring and ball softening point 58°C
Unit weight, 1b per cu ft 152

Air void content, percent 5:
Volume concentration of aggregate, C, 0.86

The resulting temperature vs. stiffness modulus relatiobship is shown in Fig. G1.
Thermal characteristics used in the pavement temperature calculations were:
[ O Ty =t ; f"..; i Jnl TN o . - .ly.. ]
Thetiial donductivity: Bu pet sq ft pér he; OF, £t 0.70
Specific heat, Btu per 1b, °F 0. 22
Surface coefficient, Btu per sq ft per hr, °F - 0. 85

Fatigue Characteristics of Asphalt Concrete., Fatigue curves for the mixture

were determined from Fig. 95 for a range in stiffnesses. Moreover, based on data
presented in the body of this report, it was assumed that strains less than 70 % 106
in, per in. would cause no fatigue damage. The resulting curves are shown in

Fig. G2.

Structural Analysis. The structural section was represented as a two-layer system

consisting of asphalt concrete on the subgrade. The CHEV5L program was used to
analyze 140 different conditions, which included:
1. Four thicknesses of asphalt concrete: 8, 12, 16, 20 in.
2. Seven stiffness moduli for the asphalt concrete:
5x10%, 1x10%, 3% 105, 6x 105, 9x10%, 1. 5x10%, 3x 105 psi
3. Five wheel loads: 1500, 2500, 3500, 4500, 5500 lbs.

(At a tire pressure of 75 psi.)
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Results of the computations are shown in Figs. G3 through G7 for the various axle
loadings considered. This data was subsequently replotted in a more useful form as
shown in Fig. G 8.

Using the procedure described for the Folsom pavement (no consideration is given
to mode factors) the frequency of the occurrence of stiffness moduli of the asphalt con-
crete were determined for the various thicknesses of asphalt concrete and the uniform
traffic condition, Only the 12 inch thickness of asphalt concrete was considered with
the seasonally varied traific. The form of these frequency tabulations is shown in
Table GL. for the 12 inch thickness and uniform traffic. Frequency data such as that
shown in Table GI can be weighted according to the truck traffic distribution of Table
37 and the results plotted as in Fig. G2. While this form is not used directly in the
computations, it provides a visual indication of traffic related to stiffness conditions.
Tor purposes of further comparison, Fig. G9 also shows data for two extremes of
climate, Phoenix, Arizona and International Falls Minnesota and truck traffic distribu-
tions from Table 37.

Using graphs of the form of Figs. G2 and G7, tabulations such as Table G2 were
prepared to show the relationship among stiffness, axle group, strain and fatigue life.
These could then be incorporated into the fatigue life determination.

Fatigue Life Determination

Table G 3 shows the distribution of axle loads for the seasonally varied traffic.
Table G4 shows the seasonal damage and accumulated damage for the seasonally varied
traffic and the 12 inch depth of asphalt concrete. As indicated in Table G4, the fatigue
life is 19+ years compared to approximately 12 years for the procedure described in
the main part of the report.

A comparison of thicknesses obtained from the fatigue subsystem with thicknesses

. from the Asphalt Institute, shell and California Design procedures, for reasonably
similar conditions, is shown in Fig. G10. It will be noted that for these conditions,
the thicknesses determined using the fatigue subsystem are slightly larger than those
by the Asphalt Institute procedures but sub stantially less (particularly at larger truck

traffic intensities) than the California procedure.
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TABLE Gl — FREQUENCY OF OCCURRENCE OF PAVEMENT STIFFNESS IN
RANGE AND HOURLY INTERVAL DURING ONE YEAR: YGNACIO VALLEY ROAD

12 IN. LAYER OF ASPHALT CONCRETE

1500~
2000

1100~
1500

900-
1100

600-  700-
900

500-
600

Stiffness Group - psi x 10°
300~ 400-

200-
300

700

500

400

0

1

Time
Interval

12 -~ 1 a.m,

9-10
10 - 11
13- 12

12 - 1 p.m.

9~ 10
10 ~ 11
11 - 12
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TABLE G2 — RELATIONSHIP AMONG STIFFNESS, AXLE LOAD, STRAIN
AND FATIGUE LIFE: YGNACIO VALLEY ROAD, 12 IN THICK ASPHALT LAYER

_ subgrade = 5000 psi

Ttrain

*At strains less than 70x10~

6 in. per in, fatigue life considered infinite,

ixle’a in, per in. Stiffness Group -~ psi x 103 -~
Goa »%10-6 -
_kI;WP Cyclesto | 200-  300- 400~ 500- 600-  700- 900~ 1100~ 1500-
PS [ Fajlure | 300- 400 500 600 700 900 1100 1500 2000
€ 40% 36 31 27 24 20 17 15 14
< 3 Nf o0 & oo &0 o0 o0 oo o0 o
: € 63 50 43 35 31 26 22 18 16
3-7
Nf <o o0 o0 o0 0 0 o0 o0 ©0
- e 85 65 55 46 40 34 28 23 19
. ) Nf 2. I);(dfg,ﬁ’ & ) <0 -] o0 o0 o0 co
8-12 € 107 82 67 60 57 42 35 28 23
N, 1.0x10% 2.9x10%° = - o w i o o
12-16 € 145 108 88 76 65 56 46 36 29
N, |3.7x10% 9.0x10° 17x10% 2.9%10% " " " o
1618 € 165 128 105 89 7 65 57 45 35
N,  {2.5%10° 5.0x10° 8.6x10° 1.65%10% 3.1x10% = o e "
18-20 € 180 140 115 97 85 72 60 48 38
b Ny |Lex10® 3.5%10° 6.2x10° 1.2x10° 2.0%10% 4.2x10°  w % .
2022 ¢ 195 150 125 105 93 77 65 53 41
| N, [1.4x10° 2.8x10° 4,710 4. 6x10° 1,5x10° 3.3x10° w .
29_94 € 210 163 135 113 100 83 72 57 45
Ny |L1x10° 2.1x10° 3.5%10%6. 4x10° 1.1x10% 2.0620% w w
2426 € 228 175 145 122 108 90 76 62 48
N, 8.8x10% 1.7%10° 2.8x10° 4. 8x10° 8.0x10° 175100 ~ B.0x10° <o w0
96-30 € 255 195 160 135 120 99 85 71 69
N 6.0x10% 1141072, 0510° 3,3x105 5.4%107 1. 15%10° 1.65x10° 4.4x10° oo
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TABLE G3 — ESTIMATED AXLE LOAD DISTRIBUTIONS -
YGNACIO VALLEY ROAD

Axle Load Number per Month
Group Nov. - March® May - Sept.°  April - Oct. ©
<3 | 38385 5440 423.1
3-7 3026. 7 4864. 4 3783. 4
7-8 778, 9 1243, 8 967. 4
8-12 1692, 0 2719, 3 2115, 0
12-16 1256, 1 2018, 7 1570, 1
16-18 777. 6 1249, 7 972. 0
18-20 123, 1 197. 8 153. 8
20-22 4.7 7.6 5.9
22-24 1.8 2.8 ‘ 2.2-
24-26 0.8 0.5 0.4
26=30 0.6 T 0.7

a2, Based on initial ADTT = 336
bh. Based on initial ADTT = 540
¢, Based on initial ADTT = 420

... TABLE G4 — FATIGUE ANALYSIS - YGNACIO VALLEY, CALIFORNIA

Year |- _ Annyal Damage Accumulated
May - Sept. April - Oct. Nov. - March Total Damage
1 0. 03142 0. 00097 Negligible 0. 03239 0. 03239

2 0. 03299 0. 00102 ' " 0.03301 0. 06540
3 0. 03464 0. 00107 " 0. 03571 0.10111
4 0. 03637 0.00112 ! 0. 03749 0. 14860
5 0. 03819 0.00118 " 0. 03937 0. 18797
] 0. 04010 0.00124 " 0. 04134 0.22931
7 0. 04211 0.00130 " 0. 04341 0.27272
8 0. 04421 0. 00136 M 0. 04557 0. 31829
9 0. 04642 0. 00143 " 0. 04785 0. 36614
10 0. 04874 0. 00150 " 0, 05024 0.41638
11 0.05118 0.00158 " 0. 05276 0.46914
12 0. 05374 0. 00166 " 0. 05540 0. 52454
13 0. 05643 0. 00174 " 0. 05817 0. 58271
14 0. 05925 0.00183 " 0. 06108 0. 64389
15 0. 06221 0. 00192 n ) 0. 06413 0.70792
16 0. 06533 0. 00202 " 0. 06735 0. 77527
17 0. 06859 0.00212 " 0. 07071 0. 84598
18 0. 07202 0. 00222 " 0. 07424 0. 92022
19 0. 07563 0.00233 " 0. 07796 0. 99818
20 0. 07941 0. 00245 " 0.08186 1. 08004
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APPENDIX H

COMPARISON OF TENSILE TEST RESULTS
WITH HEUKELOM'S RESEARCH

Heukelom (65) has presented a method whereby the stiffness of an asphalt can be
used to describe its fracture properties and the fracture response of mixtures contain-
ing the asphalt.

A nomograph similar to that used to obtain stiffness values has been developed from
which the elongation at fracture, of an asphalt cement may be determined using the
penetration and softening point of the material, The strain at fracture may, in turn, be

obtained by the use of the following expression;

gasp = I (I FA) e i et e e W {H1)
where:
Ea5p = agphalt strain at fracture
X = elongation at fracture

Heukelom has also shown that the tensile strength of the asphalt is related to its
stiffness, Fig, Hl. Since the tensile strength of the asphalt is related to stiffness, the
effect of temperature and loading time on the fracture properties of asphalts of vari-
ous grades and origins is thus condensed into a single parameter, namely, stiffness.

Heukelom also sugge‘éts that the tensile strength of an asphalt mixture is a function
of stiffness of the asphalt cement contained therein, Test results illustrating this
point are shown in Fig. H2. The curve marked Type Iis, according to Heukelom (65),
an example of mixes with "poor grading and/or compaction" whereas Type II repre-~
sents mixes with 'better grading and/or compaction. "

Superimposed on Fig. H2 are results of tensile tests obtained in this investigation
(Table H2). In general, the results of this study which include mixtures containing
various gradings, aggregates, asphalt type and content, and air voids correspond to
the values reported by Heukelom as Type I ﬁiixes.. '

Heukelom further suggests that the stress and strain in the bitumen of a mix are
proportional to the stress and strain and strain applied to a given mix, i, e,

Onix Mgasp . s e so s seeaaaen (H2)
where:
Crnix mixture stress at fracture, psi
Uasp = asphalt stress at fracture, psi

M mix factor

Il
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TABLE Hl — DIRECT TENSION TEST RESULTS

Mix Asphalt No. |Stressat gt:jé?uiz Sg?f;ij’t Time to
Designation Penetra- of Fracture -6 Fracture
tion Tests psi x10 0 in, /in. | x103 psi  [Range, sec.

California Coarse .
Granite Aggr. 85-100 5 479 1,593 301 .084 -1 104
California Fine _
Granite Aggr. 85-100 7 TTH 2,100 369 L 077 - . 107
California Medium g5_199 7 596 . 2,027 294 069 - .111
Granite Aggr.
California Medium
Granite Aggr. 60-70 8 626 2,054 305 ,090 -.121
California Medium '
Granite Aggr, 40-50 7 611 505 1,210  .072 -, 145
CAlifornia Medium
Basalt Aggt. 60-70 7 470 1,196 394 ,083 -.138
5: 7% Adphalt
California Medium
Basalt Agpr. 60-70 6 513 1,112 461 . 094 -, 148
6. 7%.:A&phalt

" California Medium
Basalt Aggr. 60-70 T 560 1,682 333 .099 -, 128

8.7% Asphalt

California Medium
Granife Aggr. 85-100 5 368 971 379 . 110 -, 136
5.2% Asphalt
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and the value of the mix factor, M, will depend upon the amount of asphalt cement, the
grading of the aggregate, and the degree of compaction of the mix. Moreover M should
be indej)endent of time of loading, temperature, and type of aspbalt since the stiffness
of the aéphalt is common to both the determination of the strength of asphalt and the
str'ength of the mixture. Test results obtained in this study tend to reinforce some of
the conclusions advanced by Heukelom,

Table H3 presents the values of the mix factor as determined from tests reported
herein, Recovered properties of the asphalts were used to obtain the stiffness moduli
of the asphalt cements. Stiffness was, in turn, used to estimate the strength of the
asphalt, Mixture strength was obtained from tests the results of which are summarized
in Table H1. The mix factor was then determined by dividing the strength of the mixture
by the strength of the asphalt. .

Effects of temperature and time of loading on the mix factor could not be investigated
since both were maintained constant. The mixtures used to investigate the effect of
asphalt type resulted in mix factors ranging from 0. 86 to 0. 98. While some difference
is noted it is possible, as Heukelom suggests, that the effect of asphalt type on mix
factor can be accounted for by the stiffness of the asphalt, Moreover, it would also ap-
pear that if the aggregate type and gradation, asphalt content, and air voids are fixed,
the mix factor will bave the same value regardless of the asphalt type used. Thus a
single test series contfaining one asphalt for the above mixture conditions will permit
determination of a mix factor for all types of asphalt to be used with that mixture, Other
data (57) indicate a slight increase in mix factor with increase in aSphalt content and
that the mix factor may be affected by aggregate type.

Elongation at fracture of the asphalt for each of the mixes has been determined from
the nomograph developed by Heukelom (65). Strain at fracture was then computed from
equation (H1). The elongation and strain at fracture for the asphalt together with the
strain in the mixture as measured during the test is reported in Table H4.

A value of the strain at fracture in the mixture may be calculated by substituting the

relationship:
Uml}{ = Smix * em]x R 6 6 & 8 & 8 8 @ (H3)
where:
... = stiffness of mix, psi
mix _
€_ . = mixture strain at fracture
mix

into equation (H2)., The resulting equation
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Mlxturg Ientification 1 stiffness of | Swengih ~Strength Mix
inih e (e Aspha']:t A 'A S :ha-].t ‘ AS ha.tt Of Of FaCtOI‘
Designation | Penetration, Pechent P 2 Asphalt | Mixture M

_ dmm Kg per cm (1) psi (2) psi (3) | (4)
Granite _ - '
British 594 40-50 7.9 535 745 .654 0,878
Granite 85-100 6.0 225 660 479 0,725
Coarse
Granite
Fine 85-100 6.0 347 731 775 0. 945
Granite .
Medium 85-100 6.0 224 660 +.Hh96 0. 905
Granite 60-70 6.0 204 640 626 0. 980
Medium
Granite
Medium 40-50 6.0 3086 710 611 0, 862
Basalt 60-70 5,7 224 660 470 0.712
Basalt 60-70 6.7 214 650 513 0,790
Bashlt 60-70 8.7 224 660 - '560 0. 848
Granite 85~100 5.2 205 640 368 0.5758
Limestone 85-100 4,7 225 660 465 0.705
Crushed
Gravel 85-100 4.6 220 655 523 0,798
Morro Bay .
Tield 85-100 6.9 145 549 433 0,790
Folsom - 8hell
Field 85-100 4,9 235 668 441 0, 662'
Folsom - .
Chevron 85-100 4.7 345 730 469 0, 642
Field

(1) Obtained from sfiffness nomograph,

(2) Obtained from Fig. HI,
(3) ©htgined from direct tension test.

4 M =

o.mix

asp



‘}H vorjenby urody peurelo (5)

*189) UOTSUSY JPAIP WO} powrelqy (g)

“TH uorjenbi wroiy peureid0 (g)

*(uroexnel Jaoi3e) ydeaSouwou uotjeduole oy paurmirxad (1)

098 FLL 99T *0 8T °0 6% 00T-98  PIOLJ uoIAsy) ~ WOS[o]
08T'T 180°T £32°0 8Z°0 6°¥ 00T~S8 pIerd T[eys ~ urosjod
' 090°T 986 8% °0 28 °0 6°C 00T~¢8 plotd Led oLIOW
£80°T. PPO‘T L0Z°0 £2°0 9°% 00T-S8 [eARID) PaYSNID
(155 200 13T L0g"0 €2°0 L'y 00T~S8 _ suojsamT]
c66 1L6 STZ°0 ¥20 z's 00T~S8 SJTUBID
0FLT - e89°'T e12°0 $2°0 L8 04-09 Jresed
o9T't ZIT'T £22°0 6z °0 L*9 0209 Jesed
. 082°T _ ) P61 ‘1 ‘ SIZ°0 ¥2°0 LG 0409 T8sBg
_ 06% G0g L8170 LT 0 0°9 05-0¥ WNIPON S UBED
S 000°2 ¥50°2 SIZ°0 $2°0 0°9 0409 WNIPO STUBIED
- 0L8°T L30°% 061 °0 12°0 0°9 00T S8 WNIPa o}uBID
086°T 0012 28T "0 LATC0 0°9 00T-48 QUL ONUBID
088°T . £68°T 66T °0 220 0°9 00T-58 8I80D SHIUEID
090°T 916 - 8IT°0 gt "0 6°L 0¢-0% > 6% ysplag opuesd
)y wr 07 (&) "t/ "t g-0T% (z) -wm/-ur | (1) sangorag | jusoasg noﬂnmmﬂﬁwg T Y
oMIOBLT JE WEBME. | 0IM0BL] T8 WIS eamoeaq j8 | jeuoieduord | jreydsy uwmd m m%& eSS
SINIXIIN POJE[NOTED-{=0aNIXI N POINSESN | UleI)S UsWnIg UG HOLEORHIoDT o TR . —

298

= - HYNIOVYEL LV SNIVHLS-SHAERIN — ) -~
. NV ZME.D,EM A0 SENTVA AILVINOTVO ANV ngmawmﬁ = ¥H dTIVL



299

Sij ° el‘niX = Mo'asp L R A T T T R I S S :(H4)

may be arranged as follows
T .
asp _ :

€ .. =M ——) ........... e (H5)

mix (Smix

Opit: = :’Sas-j')z " gEp Ttrrtrtrrreereeses ‘(I-IG)
where :

Sasp = gtiffness of asphalt, psi.

The following expression may also be used:

S

_ asp
e .. = M (-——) € (H7)
mix Smix asp

Values of Sasp and ¢ may be determined from the nomographs previously referred

to. Mixture stiffness :i Sslzmx, may be estimated using the Heukelom and Klomp proce-
dure (35) or determined from measured values during the test while Ty sp as used in
equation (H5) may be obtained from Fig. HI.

As shown previously (Fig. H2) the tensile strength of the mixes tested in this study
are generally in the same range as those reported by Heukelom for his Type I mixes.
Accordingly if one assumes that all of the mixes investigated herein are representative
of Type I mixes, it is possible to estimate the tensile strength of a mix without measur-
ing its actual value simply by determining the stiffness of the asphalt.

With the asphalt stiffness, a me factor may then be calculated since the tensile
strength of the asphalt may be obtained from Fig. H1. It is now possible with the use
of equation (H7) to predict the tensile strain in a mixture at break from values which
are determined from nomographs or figures presented by Heukelom. Utilizing this
equation tensile strains at fracture have heen estimated for the mixes tested in this in-
vestigation. Fig. H3 illustrates a comparisonbetween the estimated and measured
values with reasonable agreement indicated.

The relationships:of mixture strength vesjimixturé: stiffness andsstrainat frac~i : c-
ture vs. mixture stiffness were also investigated. While no discernible relationship
exists between the mixture stiffness at fracture and the tensile strength of the mix,
Fig. H4 indicates that the value of the strain at fracture decreases as the stiffness

increases for the mixtures investigated.
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APPENDIX I

COMPLIANCE CALIBRATIONS

“Deflection Compliance

Fig. Il illustrates the variation of the load-deflection curves with notch depths as .
obtained formix M27 at 10°F. The deflection compliance, D, is obtained for each
specimen utilizing the inverse slopes of these curves:

= : b
D_ Y——P
where':
¥ = beam center deflection
P = applied load corresponding to y
b = width of beam = 1.5 in,

A norrhalized_ relationship (with respect to the value at zero notch depth) is shown
in Fig. f2. a

Crack Compliance

Crack opening displacement (C, 0. D.) is directly related to notch depth and in turn

is related to the fracture characteristics of a material (i. e. , KI).
The value of C. O.D. can be shown to be related to the state of stress by*é

8e_a
v =X gn see(ir-o'—)
T 20,
y
where:
— v =C.0OD
G}f' = yield stress
ey = elastic yield strain o'y/ E
¢ = uniform stress applied at a large distance from the crack
a = half crack length

Using a series expansion for the ¢{n'sec expression and using only the first term:

*Burdekin, ¥, M., and D, E. W. Stoxie, "The Crack Opening Displacement Approach
to Fracture Mechanics in Yielding Materials", Journal of Strain Analysis, Vol. 1,
w#2, pp. 145-153, 1966,
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This in turn is related to the fracture toughness.:'
2

E o)
y

which indicates that the crack opening displacement is dependent upon K2

Fig. 13 illustrates the influence of notch depth on the load vs. C.O.D. relationship
for mix M27 at 10°F. The crack compliance can be computed for the inverse slopes
of these curves in a manner similar to that for deflection compliance, i.e.

v.b
P

C(crack compliance) =

A normalized relationship is shown in Fig. I4. To plot this figure the initial value
of crack compliance was taken as the strain value since C. O.D. measurements were

taken over a 1in. span-in the vicinity of the notch.








