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FOREWORD

The papers in this RECORD may be grouped into two general areas. One group relates
to theoretical models and techniques for estimating bituminous mix characteristics that
are needed in rational flexible pavement design. These papers should be of interest to
both the pavement designer and the testing engineer. The second group of articles deals
with very practical problems of developing a method to preheat the base during cold-
weather paving and of using spent oil shale as an aggregate in bituminous mixes.

The paper by Haas and Meyer presents an approach to developing cyclic creep
models based on simulating field conditions in the laboratory. This model uses equip-
ment that can apply dynamic stresses, under varying temperature conditions, and that
measures accumulated pavement strains. The cyclic creep models, which can be used
to separately estimate permanent deformation in the compression and tension areas of
a bituminous layer, are described in detail. Very good agreement was found between
predicted values of accumulated permanent deformation and actual values measured at
the Brampton Test Road.

The dynamic modulus was the thrust of the work by Yeager and Wood. They devel-
oped a method for evaluating this modulus for Indiana state highway surface mixtures.
The procedure incorporated variables such as stress level, cyclic loading rate, tem-
perature, and asphalt type. In addition, the dynamic modulus of the bituminous paving
mixture was correlated with a slope of the log kinematic viscosity versus 1 divided by
the temperature plot, the cyclic loading rate, and the temperature of the test. The
basic equation correlating these variables is given in the paper.

The fatigue behavior of slabs composed of three different dense bituminous mixes
was investigated by Sharif by testing them under a constant-nonreverse stress type of
loading. The effects of binder content, shape of coarse aggregate, rate of deformation,
initial vertical deformation, and increase in its deflection with the number of cycles of
fatigue life were investigated. Fatigue life was found to correlate very well with
the initial deflection and increase indeflection combined. There are indications that a
three-variable model is superior to a two-variable model as an estimating equation.
Thus it was suggested that multiple linear regression equations should be used in such
analyses.

The paper by Southgate and Deen is of special interest to the flexible pavement
designers who are concerned with adjusting flexible pavement deflections to account for
temperature variations. The authors used temperature data from widely scattered
parts of the United States to develop basic techniques to account for variables such as
altitude, latitude, longitude, and solar exposure in estimating the temperature at vari-
ous depths in the pavement. The results are given in the form of linear regression
equations and have a high degree of accuracy for the various locations checked.

A possible new source of aggregate, especially for construction in the Rocky Moun-
tain area, may soon become available if oil shale is processed to obtain valuable hydro-
carbon fuels. Gromko investigated the feasibility of using one spent shale aggregate in
bituminous mixes. The results of the tests indicated that the spent shale aggregate is
satisfactory for bituminous mixes except that it wears relatively easily. Mixes of the
aggregate and asphalt were tested by the Hveem stabilometer and yielded high strength
values.

Because many pavements that were undercompacted during cold-weather construc-
tion have failed, the paper by Shah and Dickson is especially timely. They developed a
direct-fired propane heater for preheating the base for cold-weather paving. Their
tests indicate that the method was quite feasible. After conducting tests, a graphical
procedure was developed to predict the time available for compaction after the base was
preheated. Estimates indicate that propane gas consumption for such a heater would
cost approximately $138 per hour.

iv



CONTENTS

FOREWORD: ...y 4 sceus w srosd 4 5 505 5 G506 5 4% o chais & ane’s §WhsTs o et v $60.8 & 5de iv

CYCLIC CREEP OF BITUMINOUS MATERIALS
UNDER TRANSIENT, HIGH-VOLUME LOADS
Ralph Haas and Frank MOYET . . . < « s ¢ ¢ s s 56 o6 55 o5 5 & 3 6isie o oia 3 syoe 1

FATIGUE BEHAVIOR OF CONVENTIONAL AND RATIONALLY
DESIGNED BITUMINOUS MIXES ON SIMULATED SUBGRADE
R. L. SBarf o o soasiis spiim i & icsr % siang B dinis oo s & 58d [ S0 5 0% 15

RECOMMENDED PROCEDURE FOR DETERMINING
THE DYNAMIC MODULUS OF ASPHALT MIXTURES
Larry L. Yeager and Leonard E. Wood .. .......... .. c0oviuiuuunn. 26

TEMPERATURE DISTRIBUTIONS IN ASPHALTIC
CONCRETE PAVEMENTS
H. F. Southgate and R. C. Deen . . .. .. i . oo vt s aai 5 sieiv o siass » s 39

A PRELIMINARY INVESTIGATION OF THE FEASIBILITY
OF SPENT OIL SHALE AS ROAD CONSTRUCTION
MATERIAL
Gerald J. GromMKO . . . cc o v so o s s o 08 06 = s sv 00 0/is dios e #disn Sates s 47

DESIGN CONSIDERATIONS FOR A DIRECT-FIRED
PROPANE HEATER TO PREHEAT THE BASE
FOR COLD-WEATHER PAVING
N::D. Shah and P. F. DIEKBON. o i «.. 5. 5 - 5 & 515 soens &arms 5 SN0 3 3 siam sseies 55

SPONSORSHIP OF THIS RECORD: . . 4 ¢ i u & stais % siais 5 6056 o o000 o o a0 oo o 63



CYCLIC CREEP OF BITUMINOUS MATERIALS
UNDER TRANSIENT, HIGH-VOLUME LOADS

Ralph Haas and Frank Meyer, Department of Civil Engineering,
University of Waterloo, Ontario

Flexible pavements should be designed to limit the permanent deformation
after a given number of load applications to some tolerable value. To ac-
complish this, the designer should be able to estimate the actual magnitude
of permanent deformation for any particular design situation. The neces-
sary predictive models for such cyclic creep should consider material
characteristics; layer thicknesses; temperature; rate, intensity, and repeti-
tions of loading; and any significant interactions of these factors. This
‘paper presents an approach to developing cyclic creep models based on
simulating field conditions in the laboratory. Equipment that can apply
dynamic stresses under varying temperature conditions and that can measure
accumulated permanent strains is described. The development of cyclic
creep models that use data obtained from statistically designed experi-
mental programs is described. They can be used to separately estimate
permanent deformation in the compression and tension zones of a bituminous
layer. The models were applied to the full-depth sections of the Brampton
Test Road. Very good agreement was found between predicted and mea-
sured values of accumulated permanent deformation.

*EXCESSIVE permanent deformation of highway or airport pavements can accelerate
structural deterioration and can create a safety hazard. This type of distress may well
increase in the future because of the general trend toward increased traffic loads and
volumes.

Pavement researchers have devoted considerable effort during the past few years
to developing a working design technology for three major structural subsystems:
fatigue, permanent deformation, and low-temperature shrinkage fracture. The per-
manent deformation subsystem is perhaps less advanced than the others. It requires
the development of suitable models, so that the accumulation of permanent strains
under transient, repeated wheel loads can be estimated.

The development of permanent strains, cyclic creep, depends on a variety of factors,
including materials characteristics, layer thicknesses, temperature, rate of loading,
and loading intensity and repetitions. A predictive model for cyclic creep should con-
sider these factors and their interactions and should provide the pavement designer
with a reliable estimate of permanent deformation as a function of time or traffic or
both. He should be able to assess the effects of future traffic and the effects of vari-
ous materials or layer thickness combinations for the particular design situation.

This paper describes a procedure for estimating cyclic creep in bituminous mix-
tures under transient, repeated load conditions. More specifically the objectives are

1. To outline the existing methodology for handling permanent deformation caused
by cyclic creep in bituminous pavements,

2. To describe an approach based on laboratory simulation of field loading and
environmental conditions and on the use of the experimental results in developing a
predictive model,

Publication of this paper sponsored by Committee on Characteristics of Bituminous Paving Mixtures to Meet
Structural Requirements.



3. To describe the effects of certain variables such as binder consistency and air
voide eontont on the magnitnde of cyelie creep, and

4. To briefly compare predicted and measured permanent deformation in the field.
PERMANENT DEFORMATION IN ASPHALT PAVEMENTS

Need for a Predictive Methodology

Excessive permanent deformation in bituminous pavements can result in distress, loss
of serviceability, and loss of safety. A design methodology should be available to pre-
dict the actual magnitude of permanent deformation under any given situation. The
importance of developing such a methodology has recently been emphasized by such
forums as the Third International Conference on the Structural Design of Asphalt Pave-
ments (1) and a Corps of Engineers-University of Texas conference (2).

The need for developing predictive techniques is reinforced by the following con-
siderations.

1. With increasing wheel loads, tire pressures, and repetitions, the extrapolation of
experience is risky.

2. Reducing shrinkage fracture potential by using softer asphalts may also increase
the tendency for rutting during warm periods.

3. Rational design of pavements must include economic evaluation (including trade-
offs); thus, it may at times be necessary to design to some tolerable level of permanent
deformation.

4. Scarcity of resources may result in the economic feasibility of new materials; a
fundamental, predictive technology is needed to assess their potential behavior.

Existing Methods

There are two current working methods, indirect in nature, that are used to design for
permanent deformation. One provides minimum layer thicknesses and component
material strengths, stability, density, or voids content; and the other limits the vertical
compressive strain on the subgrade surface to some maximum level.

The first approach occurs inherently in the structural design method being used;
the second was developed by the Shell Oil Company (3). Each is directed at precluding
excessive permanent deformation, rather than predicting its actual magnitude.

The following more fundamental approaches have recently been suggested:

1. Quasi-elastic approach originally proposed by Klomp and Dorman (3) and ex~
tended by Romain (4),

2. Linear-viscoelastic approach developed by Moavenzadeh and coworkers at
M.LT. (5), and

3. Rut index approach developed by Barksdale (6).

The quasi-elastic approach is promising but requires development of certain defor-
mation laws to become operational. The linear-viscoelastic approach was considered
to be the most promising by the permanent deformation and materials characterization
groups at an Austin, Texas, workshop in 1970 (7). However, this approach still has
some significant limitations in its present state of development (8).

The procedure developed by Barksdale appears very encouraging in that it attempts
to establish relationships from actual physical measurements.



A Simulation Approach

An approach that develops cyclic creep models from statistically designed experiments
that simulate field conditions was reported initially by Morris and Haas (9, 10) and in
subsequent detail by Morris et al. (11). It attempts to obtain relationships from mea-
sured data, in a manner somewhat similar to that of Barksdale (6), without presupposing
any laws or properties. Also, through the use of statistically based experimental de-
signs, the models can account for interactions of variables and can provide estimates

of error.

To simulate field conditions requires that what occurs in a pavement subjected to a
traffic load be known. Figure 1 shows the distribution of principal vertical o1 and
horizontal os stresses throughout the depth of the upper layer (i.e., using a full-depth
section, as shown in Figure 1a). At the same time, the temperature T in the slab might
vary as shown in Figure lc.

When a series of very short duration loads is placed on the pavement, as represented
by moving traffic, the elements are subjected to stress pulses. These are shown in
Figures 2a and b for 01 and o3 respectively. As well, a shearing stress occurs on the
element as the load passes (Figure 2c).

Each element is also subjected to strains in the directions of the stresses. If these
strains are completely recoverable, i.e., if the pavement rebounds to its exact original
position after the load passes, then no permanent deformation will occur. However,
there will usually be a very small portion of the strain that is not recoverable. After
a large number of loads have passed over the pavement, the accumulation of very small
irrecoverable strains can result in significant permanent deformation along the wheel-
paths.

To completely simulate these responses in the laboratory is a highly complex problem
and is essentially beyond the capabilities of current technology. However, they may be
quite reasonably simulated by the use of a triaxial type of apparatus that candynamically
and independently apply 01 and o3 in either tension or compression with temperature
control. The development and use of such an apparatus have been described in detail
(10). A general view of the equipment is shown in Figure 3. It is capable of measuring
cyclic creep, both axially and laterally, at any number of load applications.

EXPERIMENTAL PROGRAM

Materials and Testing Conditions

The material chosen for testing was the asphalt concrete base used at the Brampton
Test Road in Ontario (12). It consists of a %~in. (19-mm) maximum size coarse aggre-
gate, as shown by the grading curve in Figure 4. The asphalts used were 85/100 and
300/400 penetration grades. Their stiffness properties at various temperatures, plus
viscosity at 275 F (135 C) and stiffness properties of the asphalt concrete, are given in
Table 1. The 4 by 8-in. (102 by 203-mm) asphalt concrete samples were prepared in
accordance with ASTM D 1561-71. Average air voids content of the samples was 7.1
percent, which compared very favorably with average field values of 7.2 percent.

The equipment used is shown in a general sense in Figure 3. A view of the asphalt
concrete sample mounted on the base of the triaxial cell is shown in Figure 5.

The testing conditions essentially involved application of dynamic vertical and hori-
zontal stress pulses, with intervening rest periods, to the samples shown in Figure 5.
The duration of stress pulses was 0.04 sec, with a 0.02-sec rest period when the vertical
stress was in the compressive mode and 0.21 sec when it was in the tensile mode.

Design of Experimental Program

The design of the experimental program was based on the premise that the amount of
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Figure 4. Average aggregate gradation curve of Brampton asphalt concrete

base.
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permanent strain, €, in an element of asphalt concrete could be expressed in the fol-
lowing functional form:

€& = f(oy, 03, T, N) + E (1)

where

vertical stress,

horizontal stress,

temperature,

number of load repetitions, and

estimate of error associated with any attempt to predict €, as a function of the
four factors listed.

HzZ33 8
nmunnuu

Because it was suspected that the material might respond differently in tension than in
compression (i.e., below the neutral axis of Figure 1), the program made provision for
independently considering these two stress modes.

The experimental program consisted of factorial arrangements of variables in two
phases. Phase 1 includeda 2° factorial (i.e., three factors each at two levels) for the
asphalt concrete with 85/100 penetration grade asphalt (Table 2). The factorial was
replicated, and a composite design was included (to evaluate any possible interactions
and quadratic or second order effects and to provide estimates of error).

Phase 2 includeda 2* factorial for asphalt concrete with 85/100 penetration asphalt
(tension series only) and 300/400 penetration asphalt (compression series only). The
functional form was the same as given in Table 2, except that high and low levels of air
voids were included as the fourth factor.

Phase 1 was conducted primarily to determine whether reliable relationships could
be developed and to determine the existence of any major interactions or second order
effects. Phase 2 was conducted to build air voids and binder consistency effects into
the relationships.

The actual arrangements of these factorials have been described in detail by Morris
(8) and by Meyer (13). The range of factors for the various factorial arrangements was
30 to 67 psi (207 to 462 kPa) for o: in the compressive mode, 20 to 48 psi (138 to 331
kPa) for o: in the tension mode, 15 to 86 psi (108 to 593 kPa) for o3, 60 to 93 F (16 to
34 C) for T, and 2.5 to 10 percent for air voids.

RESULTS

Tension and Compression Test Series

Figures 6 and 7 show typical test results in the form of permanent strain versus number
of load repetitions. Figure 6 shows the relationship for a compressive series (o: is
compression), and Figure 7 shows that for a tensile series (o1 is tension).

In both cases, there is a conditioning phase for the first few thousand load repeti-
tions, followed by a stable phase (i.e., a straight line increase of permanent strain with
increasing numbers of loads). The slopes of the straight line portions of the relation-
ships were used for the analysis of the results.

The data from phase 1 are given in Tables 3 and 4, and phase 2 data are given in
Tables 5 and 6.

Development of Cyclic Creep Models

Mathematical models that are linear in the unknown parameters are widely used to relate



Table 1. Asphalt properties. Table 2. Selected experimental

program.
Stiffness Stiffness Temperature
Viscosity of Asphalt of Asphalt Axial e
Asphalt Penetration at 275 F Cement Concrete Stress To Ty
Penetration at T F (stokes) (psi) (ksi) .
a1 1) c
85/100 89 39 4,250 420 b be
1,420 225
495 110 on a ac
142 70 ab abc
300/400 297 18 426 100 Note: Subscript 0 = low level, 1= high level;
7,171 30 a=ay;b=03;c=T. Inclusion of code letter indi-
14.2 10 cates that factor is at its high level.
5.7 4

Note: 1F = 1.8 C + 32; 1 stoke = 0.0001 m?/s; 1 psi = 6890 Pa; 1 ksi = 6.9 Pa.

Figure 6. Typical permanent strain, compression series.
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Table 3. Measured axial strain

> y y Test Sample Gradient

gradients/log N, compression series. Item No. No. Condition ~ Percent/Log N

Main factorial 1 20 ac 5.80

2 02 b 0,00

3 38 c 3.10

4 40 abe 0.10

5 01 a 1.81

6 23 a 0.56

7 27 (1) 0.11

8 26 ab 0.17

9 42 b 0.10

10 06 be -0.13

11 09 c 1.50

12 1% 1) 0.19

13 08 abe 0.14

14 14 ac 6.80

15 44 be -0.27

16 12 ab 0.05

Center and 17 34 G0 0.21

star points 18 30 Center 0.14

19 33 Center 0.04

20 36 Ta 0.16

21 18 o1 0.15

22 21 Center 0.11

23 03 031 0.07

24 41 To 0.07

25 07 Ga0 0.11

Note is as given in Table 2.

Tabl_e 4. Meas.ured Ia'teral strain Test  Sample Gradient Percent/
gradients, tension series. Item No. No. Condition  10° Cycles
Main factorial 1 59 abc 7.00
2 69 b 0.38
3 64 c 1.23
4 61 c 2.10
5 72 abe 6.58
6 49 ac 0.63
| 58 b 0.40
8 50 (1) 0.20
9 60 a 0.84
10 47 ab 1.23
11 74 a 1.36
12 54 1) 0.26
13 48 ab 2.10
14 55 be 2.00
15 53 be 1.50
16 45 ac 0.70
Center and 1 62 Center 1.60
star points 18 67 a3 2.14
19 66 O30 1.00
20 68 Center 1.74
21 73 Center 1.40
22 51 o1 2.60
23 71 T10 0.47
24 65 To 0.70
25 56 T: 2.90
Note is as given in Table 2.
Table 5. Tension results for 85/100 Rir Berpentage
penetration asphalt. Test oy ou T Voids of €, per
No. (psi) (psi) (C) (percent) Treatment 10° Cycles
1 40 15 21 10 acd 2.1
2 20 35 16 10 bd 0.4
3 20 15 16 2.5 I 0.2
4 40 15 16 10 ad 1.35
5 40 35 21 10 abed 9.75
6 20 35 16 2.5 b 0.6
i 40 15 16 2.5 a 1.0
8 20 15 21 10 cd 0.35
9 20 15 21 2.5 c 0.3
10 40 35 16 10 abd 2.0
11 40 35 16 2.5 ab 1.1
12 20 35 21 2.5 be 0.4
13 20 35 21 10 bed 2.1
14 20 15 16 10 d 0.2
15 40 15 21 2.5 ac 2.1
16 40 35 21 2.5 abc 2.2

Note: 1 psi = 6890 Pa.



variables such as those considered in this investigation. This requires the use of a
number of assumptions, for purposes of simplification, as discussed by Davies (14),

Yates (15), and others (8, 13). _
If a good correlation between the outputs of the model and the observed data is not

evident, a transformation may be necessary. Many such transformations are available,
and several procedures can be found (18). In this investigation, a logarithmic transfor-
mation was satisfactory in phase 1 and phase 2,

The final models adopted from the analysis of data were as follows:

1. Compression mode, asphalt concrete with 85/100 penetration asphalt

i4ny = - 1.7602 + 0.70, - 1.428103 + 0.4359T

- 0.679005T ()

where

y = predicted, accumulated permanent strain, in percent, per log number of load

applications,
coded vertical stress [ -1 for 45 psi (310 kPa) and +1 for 60 psi (414 kPa)],

o1 =
o3 = coded lateral stress [ -1 for 20 psi (138 kPa) and +1 for 80 psi (552 kPa)], and
T = coded temperature [-1 for 65 F (18 C) and +1 for 90 F (32 C)].

2. Tension mode, asphalt concrete with 85/100 penetration asphalt

tny = -0.1305 + 0.84040s + 0.3963T + 0.32610.

+ 0.2830AV + 0.2217A Vg3 (3)
where
y = predicted, accumulated permanent strain, in percent, per 10° load applications,
o1 = coded vertical stress [ -1 for 20 psi (138 kPa) and +1 for 40 psi (276 kPa)],
as = coded lateral stress [ -1 for 15 psi (103 kPa) and +1 for 40 psi (276 kPa)],
T = coded temperature [-1 for 60.8 F (16 C) and +1 for 69.8 F (21 C)], and
AV = coded air voids (-1 for 2.5 percent and +1 for 10 percent).

3. Compression mode, asphalt concrete with 300/400 penetration asphalt

tnly + 0.1) = - 1.5424 + 0.67820: - 0.34720s
+0.2881AV - 0.26680sT - 0.249005 AV + 0.2286T

+0.20780:T ~ 0.19260sT AV + 0.1906¢: AV (4)
where
y = predicted, accumulated permanent strain, in percent, per 10° load applications,
o1 = coded vertical stress [ -1 for 30 psi (207 kPa) and +1 for 55 psi (379 kPa)],
os = coded lateral stress [ -1 for 20 psi (138 kPa) and +1 for 35 psi (241 kPa)],
T = coded temperature [-1 for 64.4 F (18 C) and +1 for 78.8 F (26 C)], and
AV = coded air voids (-1 for 2.5 percent and +1 for 10 percent).
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Equation 2 was derived from phase 1 in which air voids were not included as a variable;
equations 3 and 4 come from the phase 2 results. The plausibility of these models was
extensively evaluated in terms of lack of fit checks (8, E). An examination of the
residuals showed no patterns of inconsistency (i.e., the variances were relatively con-
stant). Additionally, the standard error of the predicted value of y was about 0.89 for
equation 2 and about 0.33 for equations 3 and 4 with an R® value of 0.94.

The models are reasonable in that an increase in y occurs for the following:

1. In tension, ¢: increase, T increase, gs increase, and AV increase; and
2. In compression, o, increase, T increase, gs decrease, and AV increase.

The models represented by equations 2 and 3 are relatively simple. Equation 4 is
somewhat more complex, but this may be due to the effect of loading a material of
lower stiffness (i.e., with softer asphalt). A tension model was not developed for the
softer mix (with 300/400 penetration grade asphalt) because of the very low tensile
stresses that would occur in a layer constructed with this material.

Field Comparisons

The basic steps required to predict permanent deformation in asphalt concrete pave-
ments by using the models developed in this investigation are shown in Figure 8. The
procedure is briefly detailed below.

1. Obtain the average temperature distribution throughout the asphalt concrete
layer during those hours of the day when traffic is likely to cause permanent deforma-
tion. Depending on the degree of sophistication required and the sensitivity of the
analysis, either a daily, weekly, or monthly average temperature may be selected.

2. Calculate the maximum vertical and horizontal stress distributions throughout
the pavement at points immediately below the center of the wheelpaths. These can be
reliably predicted by nonlinear elastic procedures such as finite element or iterative
elastic multilayered solutions (E). The stiffness of the asphalt concrete is varied in
accordance with the temperature distribution obtained in step 1.

3. Test the materials under simulated field conditions by using a statistically de-
signed experimental program, and derive cyclic creep models of the form shown in
Equation 1.

4, Calculate the total permanent deformation in the pavement after N load applica-
tions by dividing the layers into sublayers and summing the permanent deformations of
the elements in each sublayer immediately below the center of the wheelpath. This can
be expressed mathematically as

n
4, = X (€;)(an) (5)
i=1
where
A, = total permanent deformation in the pavement system,
€,, = average permanent strain in the ith sublayer,

A,; = height (or thickness) of the ith sublayer, and
= total number of sublayers in the pavement.

=
|

These steps were used to calculate the cumulative permanent deformations of the
full-depth asphalt concrete sections at the Brampton Test Road. The following sim~
plifying assumptions were made.
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Figure 10. Vertical and horizontal stresses for

Figure 11. Vertical and horizontal stresses for
85/100 penetration fuil-depth asphalt concrete.

300/400 penetration full-depth asphalt concrete.
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1. Traffic data—Classification surveys including counts have been conducted on the
average four times annually since the test road was constructed. Axle weight studies
have also been conducted, and data on the accumulated equivalent single axle loads have
been obtained. The daily variation of these loads has been shown to be relatively con-
stant, based on this data (8).

2. Pavement temperatures—These were analyzed by the Barber method (18). The
average temperature and number of load repetitions should be calculated over that in-
terval when permanent deformation is most likely to occur. This requires considera-
tion of the truck traffic pattern, and the temperature below which little or no permanent
deformation is likely to occur. A careful review of the Brampton data led to the as-
sumptions that permanent deformation (a) occurs daily between 7:30 a.m. and 5:30 p.m.,
(b) occurs only in the period from April to October, and (c) can be ignored at tempera-
tures below 50 F (10 C). Based on these assumptions, the average monthly tempera-
ture distributions shown in Figure 9 were obtained.

3. Stress analysis—Stresses were analyzed by means of a finite element program,
FEPAVE II (20). The following assumptions were made: (a) The surface was stressed
to 70 psi (482 kPa) uniformly over a circular area, 12.8 in. (322 mm) in diameter; (b)
the temperature in the asphalt was distributed as shown in Figure 9; (c) the resilient
modulus M; of the subgrade was a function of the deviator stress o4 as determined by
repeated-load triaxial tests; (d) the stiffness-temperature relationship for the asphalt
concrete was given by McLeod's indirect method (20) at a loading time of 0.04 sec; and
(e) Poisson's ratio was 0.38 and 0.43 for the asphalt concrete and subgrade respectively.
Typical stress distributions for full-depth sections 7.5, 11.5, and 15.5 in. (190.5, 292.1,
and 393.7 mm) thick at Brampton for the maximum summer temperatures are shown in
Figures 10 and 11 for mixes with 85/100 and 300/400 penetration grade asphalt (only
the 7.5- and 11.5-in. thicknesses with 85/100 penetration grade were actually con-
structed; other values used are for comparative purposes).

The calculated values of accumulated permanent deformation for the 11.5-in.~thick
section with 85/100 penetration grade asphalt are shown in Figure 12. Comparison
with actual measured values, shown in the same figure, indicates a very good agree-
ment. If a 300/400 penetration asphalt had been used in this section, the total ac-
cumulated permanent deformation would be estimated (using equation 4) at about 0.9 in.
(23 mm).

A detailed examination of these results suggests that the major amount of permanent
deformation in the harder asphalt layer actually occurs because of lateral flow in the
tension zone (8), i.e., below the neutral axis.

CONCLUSIONS
The major points of this paper may be summarized as follows:

1. A reliable, predictive method for estimating cyclic creep in bituminous materials
is a key aspect of a permanent deformation design subsystem.

2. An approach based on simulating field loading-temperature conditions in the
laboratory is a practical way of developing cyclic creep models. The necessary equip-
ment has been developed and briefly described in this paper.

3. Cyclic creep models of acceptable reliability have been developed by using a
statistically designed experimental program. The models are relatively simple and
they incorporate interactions of variables as well as estimates of error.

4. The models were able to predict permanent deformation for the full-depth sections
at the Brampton Test Road in close agreement with actual measured values.
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FATIGUE BEHAVIOR OF
CONVENTIONAL AND RATIONALLY DESIGNED
BITUMINOUS MIXES ON SIMULATED SUBGRADE

R. L. Sharif, Ministry of Public Works, Amman, Jordan

Three dense bituminous mixes were designed by a method that takes into con-
sideration the shape, size, size distribution, and surface texture of mineral
aggregates and boundary condition of the mold. Laboratory investigation
intothe fatigue properties ofthese mixes was carriedout on slab specimens
having a thickness of the same order of the wearing course. A simulated
subgrade, based on the Westergaard assumption, was designedto support the
slab specimens subjected to a constant nonreversed stress type of loading.
The effect of variables such asthe binder content, shape of coarse aggregate,
rate of deformation, and initial vertical deflection onthe fatigue life of slab
specimens was investigated. Life of the mixes canbe predicted from either
the initial deflection of the specimen, the rate of increase inthis deflection,
or both, Fatiguelife correlated very well withthesetwo variables combined.
The experimental results showedthat the fatigue strength of the three ratio-
nally designed mixes was superior tothat ofthe B. S. 594 wearing course mix
made of the same type of stone.

eDESIGN of a bituminous mix should take into consideration not only rutting, plastic
flow, Marshall stability, durability, and skid resistance but also fatigue cracking (1,
2, 3, 4.

There is a great need for detailed information on the bending characteristics of bi-
tuminous mixes, their fatigue behavior, and the effect of many variables on this be-
havior (5, 6, 7, 8)

To gain knowledge on the fatigue behavior of bituminous mixes, a laboratory inves-
tigation was carried out on four mixes to determine the effect of varlables such as
binder content, shape of coarse aggregate, and rate of vertical deflection on their
fatigue behavior and to establish the relative merits of these mixes against the conven
tional British Standard 594 rolled asphalt wearing course mix.

TEST AND MODE OF LOADING

Previous researchers mainly used either controlled stress (9) or controlled strain (7)
loadm(g c)ond1t1ons Some few, however, employed constant deflection loading condi~
tions (10).

Some researchers applied the stress or strain as reversed or partially reversed to
limit the magnitude of accumulated deformation in the viscoelastic materials; others
did not reverse the loading conditions.

Some researchers supported tested beams (10) or slab specimens (11, 12, 13) on
springs to simulate, to some extent, actual road conditions or worked d1rect1y on
tracks (9). Others dealt with the more fundamental approach to the problem and worked
on cylindrical and beam specimens without any simulation.

Publication of this paper sponsored by Committee on Characteristics of Bituminous Paving Mixtures to Meet
Structural Requirements.

15
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In summary, there have been many variations in the type of tests, mode of loading,
and shape of specimens used. All of these variations have a great influence on the
fatigue behavior of the bituminous mix, and they present a great deal of difficulty in
interpreting the results.

It is believed, however, that this difficulty can, to some extent, be decreased and
controlled if a test that simulates actual road conditions is used. With this in mind, a
slab specimen prepared in a realistic way (rolling), having a thickness of the same
order of the wearing course, simply supported by a simulative subgrade, and subjected
to constant repeated loading was conceived.

This type of test has the following advantages:

1. Provides an improvement over cylindrical specimens whose preparation or
testing is far from realistic;

2, Provides an improvement over beams tested with unidirectional bending by al-
lowing plane bending in the slab;

3. Reveals the effect of mix and test variables in the most realistic way;

4, Allows the mixes to be compared and arrayed in roughly the same order both in
the laboratory and on the road; and

5. Yields considerable information on the likely performance of that mix on the
road.

DESIGN OF SIMULATED SUBGRADE

In analyzing stresses in a rigid pavement, Westergaard (14) considered the subgrade
to be a discontinuous medium (similar in action to a mesh of closely spaced springs)
in which the vertical deflection at any point is proportional to the pressure at that point
and independent of pressure elsewhere. Burmister (15), on the other hand, assumed
the subgrade to be an elastic solid that is completely continuous.

Inasmuch as the major portion of elastic deflection on the road was found to occur in
the subgrade, many researchers assumed its behavior to be elastic, and they simulated
it with steel compression springs (Winkler support) over which they laid the bituminous
beam or slab specimens (4, 11). The results with this type of subgrade were easier to
interpret than those with Burmister's type of subgrade,

Based on this information, a similar approach was adopted for this research, and a
simulated subgrade was designed.

Compression springs, 150 mm long and 25 mm in diameter, that deflect 256 mm
under a load of 250 kg were used. To install the springs, half-depth, 25-mm-diameter
holes were drilled in a steel plate measuring 800 by 500 by 50 mm and spaced at 65-mm
centers in both the longitudinal and transverse directions. The springs were fitted
into these holes and were kept upright and prevented from lateral movement by means
of a 25-mm-~deep steel grid having 26.5-mm-~square openings (a clearance of 1.5 mm
was allowed for each spring).

Each spring is covered by 50-mm-square by 12.5-mm steel plates bearing on 15-
mm-diameter balls to allow for the free movement of these plates. This movement
was intended to keep the plates in contact with the bituminous slab resting on them
during the deflection of the slab under the action of the load. The keying or stress con-
centration likely to be produced by fixed top plates was thereby eliminated.

LOADED AREA AND TESTING MACHINE

Specimens were tested by the Instron machine while simply supported on the simulated
subgrade. The load was applied by a 75~-mm-~diameter steel disk faced with a thin
piece of solid rubber.

To ensure that the behavior in the horizontal direction of the slab would be as infinite
as possible, the slab thickness and the plunger area were chosen to be the practical
minimum, the stiffness ratio between the slab and the support was kept low, and the
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testing temperature was relatively high (around 20 C),

MIXES AND SPECIMENS

Four mixes of gritstone (as coarse aggregate), leighton buzzard sands (as fines), port-
land cement (as a filler), and 50/60 penetration binder were prepared in 450 by 450 by
50-mm slab specimens at four binder contents each (6, 7, 8, and 9 percent by weight
of aggregates). A total of 64 specimens were prepared.

Each specimen while confined in the slab mold was subjected to twelve 1-metric
ton roller passes.

The first three mixes were designed to the rational method of mix design (_1_6) that
takes into consideration the shape, size, size distribution, and surface texture of
mineral aggregates and boundary condition of the mold.

The top three sizes of the coarse aggregates (18, 12, and 9 mm) were not sorted by
shape (as produced) in the first mix (mix O), flaky in the second mix (mix F), and non-
flaky in the third mix (mix q).

The resulting gradings of these mixes and of the B.S. 594 specification are given in
Table 1.

FATIGUE TEST AND RESULTS

In the test, the slab was placed on the top of the simulated subgrade, and a central load
of 70 kg was applied repeatedly by the Instron plunger moving at a 3-cm/min rate of
deformation. A dial gauge was mounted just beside the edge of the plunger to record
the vertical instantaneous elastic deformation and the cumulative permanent deforma-
tion,

The test was carried out at room temperature, which varied from 19 to 23 C. The
four mixes were tested at each binder content in an order that minimized the effect of
temperature variations on fatigue life.

Each specimen was subjected to 10 load cycles so that it could embed itself into the
top plate. Then, the effect of rate of deformation on the deflection of the slab was in-
vestigated by subjecting each specimen to the following cycle rates: 5, 3, 2, 1, 0.5,
0.3, 0.2, and 0.1 em/min. Subsequently, a 3-cm/min rate was applied repeatedly until
failure.

FAILURE CRITERION

In this type of test, the slab did not fracture completely but continued to act as an in-
tact specimen under the load for a very long time.

Figure 1 shows a typical trace of the permanent deformation per cycle, the cumula-
tive permanent deformation, and the instantaneous elastic deformation of a slab spec-
imen. The two curves of elastic deformation are parallel, but the former exhibits
higher values than the latter. This is mainly because the chart records the instanta-
neous elastic and plastic deformations in the slab together with the deformation in the
rubber pad and the instantaneous compaction in the slab area under the piston. The
dial gauge, on the other hand, records in a single reading the instantaneous elastic de-
formations only.

The elastic deformation in both cases shows a continuous gradual increase with the
increase in the number of cycles; other researchers (17) found that the elastic deforma-
tion was constant.

As can be seen in Figure 1 the elastic deformation and the cumulative permanent
deformation curves follow one general trend: During the first few cycles, the plots
show a rapid initial increase in the deflection mainly because of the embedment of the
slab in the top plates. Afterward, the plots start out as straight lines having very small
rates of increase in deflection with an increase in the number of cycles. At some state
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Table 1. Gradings of mixes (percentage by

weight).

Mix
Sieve
Size o F q B.S. 594
% in. 100 100 100 100
Y% in. 95.4 96.4 94,4 98
% in. 88.6 92.3 87.4 84
i in. 78.4 84.1 75.8 67
No. 7 68.5 73.5 65.9 67
No. 14 48.8 53.5 44.9 64
No. 25 39 41.2 35.5 58
No. 52 27.9 28.5 25.7 41
No. 100 17.5 16.1 16.4 22
No. 200 8.2 7.4 8.1 8.5

Note: 1in.=25.4 mm,

Figure 1. Vertical deflection versus number of load repetitions.
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the plots show a deviation upward from the straight lines.

The permanent deformation curve, on the other hand, is different from the other
three curves. It shows a very large deformation at the beginning and decreases con-
tinuously until it reaches a minimum, where it starts to increase again very slowly.

The permanent deformation curve reaches its minimum at roughly the point at which
the other three curves deviate from the straight line. This is considered the failure
point of the slab,

A close examination of the underside of the slab after failure showed that dry slabs
had cracks similar to the surface alligator cracking observed in actual pavements (g).
The rich slabs, on the other hand, did not show these cracks although their curves
deviated from the straight line.

CYCLES VERSUS BINDER CONTENT

Results of the average values of the number of eycles to failure of the four mixes are
shown plotted against binder content in Figure 2. In that figure, each mix shows a peak
value of fatigue life, the maximum exhibited by mix O followed by mix F, B.S. 594, and
mix ¢ at 7.2, 7.2, 7.7, and 7.5 percent OBCs respectively. The OBC of mix q appears
to be the least critical, which suggests that fatigue life of this mix would not vary much
if the binder content was changed well above or below the OBC in order to satisfy other
requirements.

Moreover, the fatigue life of B.S. 594 mix is well below that of any of the other
mixes at low binder contents. At high binder contents, however, the difference was
considerably reduced, suggesting that dry mixes depend more on their interlocking
structure in their response to the load. Accordingly, continuously graded mixes (O, F,
q) should exhibit higher fatigue life than the gap-graded B.S. 594 mix, At high binder
contents, on the other hand, the particles were pushed away (dilated) by the excess
binder (above the OBC), and their interlock was reduced. At this stage the four mixes
became very similar, consisting mainly of a matrix with stone particles dispersed
therein.

That mix F exhibited higher life than both mix ¢ and the B. S. 594 would indicate that
flaky particles improved the fatigue life, The propagation of cracks is more frequently
through the particles in the flaky mix and around them in the nonflaky mix.

Mix F, however, is still exhibiting lower fatigue life than mix O, indicating that
flakiness of the particles benefits life up to a certain limit, beyond which this flakiness
might become harmful. Economically, using a limited amount of flaky particles in a
bituminous mix would mean fewer restrictions on aggregates incorporating them, and
nonflaky particles could be saved for jobs that need them most (e.g., surface dressings).

INCREASE AND RATE OF DEFORMATION
OF ELASTIC DEFLECTION

The initial elastic deflection of the specimen is read from the dial gauge elastic curve
at the 50th cycle (Figure 1) after the slab has embedded itself into the support. The
slope of the straight portion of this curve is the rate of increase in the elastic deflection
with the number of cycles. The rate of deformation is the vertical speed of the cross
head of the Instron machine.

Average values of the initial vertical deflections in the slab at the 50th cycle (70-kg
load at a 3-cm/min rate of deformation) and the increase in deflection per 100 cycles
for all the mixes are shown plotted against binder content in Figures 3 and 4.

In Figure 3, each mix shows a minimum value of initial vertical deflection, the
lowest of which is exhibited by mix q followed by mixes O, F, and B.S. 594 at 7.3, 7.5,
7.4, and 7.5 percent OBCs respectively.

Figure 4 shows a minimum value of increase in vertical deflection for each mix; the
lowest minimum was exhibited by mix F followed by mixes q, O, and B.S. 594 at 7.6,
7.2, 7.3, and 7.7 percent OBCs.



20

Figure 2. Number of load repetitions to failure versus
binder content.
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Figure 4. Rate of increase in vertical deflection versus binder

content.
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It is apparent from these figures that, whereas the B.S. 594 mix retained its order
of merit in both cases, the ihree dense mixes changed their orders of merit from one
figure to another. This was most probably because the initial vertical deflection and
increase in vertical deflection are not influenced by the mix properties in exactly the
same way.

Mix F, for instance, shows less interlocking than mix q or mix O. Under the action
of the load, mix F would suffer more deflection and compaction during the first 50
cycles than the other two mixes. Afterward, the increase in vertical deflection was
found to be the lowest (at the OBC) because of the effect of the beam action of the flaky
particles and the larger surface area, which would inevitably increase the adhesion.

The orders of merit and OBCs of the four mixes interchanged according to the prop-
erty analyzed or presented. This means that there is no one unique OBC that gives the
maximum fatigue life (Figure 2), minimum initial vertical deflection (Figure 3), and
minimum rate of increase in vertical deflection (Figure 4). In the design of a mix,
therefore, the binder content should comprise all these properties as well as other
requirements such as skid resistance and Marshall stability,

EFFECT OF INITIAL VERTICAL
DEFLECTION ON LIFE

Figure 5 shows number of load applications to failure plotted against the corresponding
initial vertical deflections (at the 50th cycle of the 3-cm/min rate of deformation) for
the four mixes at all binder contents. There is a linear increase in life with the de-
crease in the initial vertical deflection for each mjx; significant correlation coefficients
0.84, 0.94, 0.85, and 0.72 were obtained for mixes O, F, q, and B.S. 594 respectively.
No correlation was observed when the results of either the three dense mixes or all
four mixes were pooled together.

It is reasonable to infer, however, that the initial vertical deflection could be used
to roughly predict the fatigue life of the mix without carrying out the test to failure.

EFFECT OF THE INCREASE IN VERTICAL
DEFLECTION ON LIFE

The number of cycles to failure is shown pletted against the corresponding rate of in-
crease in vertical deflection in Figure 6, Linear relationships were obtained with cor-
relation coefficients of 0.87, 0.91, 0.82, and 0.89 for mixes O, F, ¢, and B.S. 594
respectively. Pooling the results of mixes O, F, and g slightly reduced the correlation
to 0.81. When the results of the four mixes were pooled, however, a low (but more
significant because of the larger number of results) correlation coefficient of 0.62 was
obtained.

This indicates that the increase in vertical deflection bears more relation to the
fatigue life than the initial vertical deflection itself. Consequently, this increase in de-
flection could be used to roughly predict the fatigue life of the mix and to compare mixes
without fatigue testing to failure.

In a multiple linear regression analysis, however, life correlated very well with both
the initial deflection and the increase in deflection combined. Correlation coefficients
of 0.9, 0.996, 0.9, and 0.995 were obtained for mixes O, F, q, and B. S, 594.

Pooling the results of mixes O, F, and q in a similar analysis produced a correlation
of 0.84, and it was 0.63 when all four mixes were pooled.

This confirms the view that the three-variable model is superior to the two-variable
model as an estimating equation. It also suggests that the combination of initial deflec~
tion and the increase in deflection could be used to predict the life better than either of
the two variables individually.



Figure 6. Number of load
applications to failure versus
rate of increase in vertical
deflection.

Figure 7. Vertical deflection
versus binder content.
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SLAB DEFLECTION VERSUS BINDER CONTENT AT DIFFERENT
RATES OF MACHINE DEFORMATION

As mentioned earlier, each slab was first subjected to eight cycles (70-kg load) at 5, 3,
2, 1, 0.5, 0.3, 0.2, and 0.1 rates of deformation, after which the load was applied re-
peatedly at 3 em/min until failure,

Slab deflections at each rate versus the corresponding binder content are shown in
Figure 7. Minimum values of slab deflection at different OBCs are shown for each rate.
The OBC shifted to the dry side as the rate was decreased. An average total decrease
in OBC between the two extremes of rates was 0.4, 0.5, 0.4, and 0.3 percent for mixes
F, O, q, and B. S. 594 respectively.

It is suggested that high rates of deformation would not give the binder as much time
to flow and be mobilized as would low rates. Consequently, more binder was needed
at high rates than would be needed at low rates to produce the minimum slab deflection,
and this was observed in the OBC shift.

High rates produced sharper curves than low rates, suggesting that the former would
be more appropriately used in comparing mixes at different binder contents. Lower
rates, on the other hand, appear to be more suitable to investigation of the behavior of
the mixes at one binder content than the OBC.

CONCLUSIONS
The results can be summarized as follows.

1. The failure in a slab tested under a repeated load of constant magnitude was de-
fined as the number of cycles at which both the elastic and cumulative permanent de-
formation curves drawn on a semilog scale deviate from the straight line.

2. A peak value of fatigue life was obtained for each of the four mixes, O, F, ¢, and
B.S. 594, at OBCs of 7.2, 7.2, 7.5, and 7.7 percent by weight of aggregate. The max-
imum fatigue life at the OBC was exhibited by mix O followed by mixes F, B.S, 594,
and q, which suggests that it is beneficial to use a limited amount of flaky particles in
the mix. Results also revealed the inferiority of the B.S. 594 mix to the two dense
mixes O and F.

3. A minimum value of initial vertical deflection (70-kg load and 3-cm/min rate of
deformation) was obtained for each mix; the lowest minimum initial deflection was ex-
hibited by mix q followed by mixes O, F, and B.S. 594 at 7.3, 7.5, 7.4, and 7.5 per-
cent OBCs respectively.

4. For each mix a minimum value of rate of increase in vertical deflection (increase
in deflection at '70-kg load and 3-cm/min rate of deformation) was observed, the lowest
of which was exhibited by mix F followed by mixes q, O, and B.S. 594 at 7.6, 7.2, 7.3,
and 7.7 percent OBCs respectively.

5. There is no one unique OBC that gives the maximum density, maximum fatigue
life, minimum initial vertical deflection, and minimum rate of increase in deflection.

In the design of a mix, the binder content should comprise all these requirements as
well as other properties such as skid resistance and Marshall stability.

6. In a simple linear regression analysis, initial vertical deflection and rate of in-
crease in vertical deflection (increase in deflection) correlated very well with the fatigue
life.

7. Mix life could roughly be predicted from either initial deflection or increase in
vertical deflection. Increase in deflection can also be used to predict the life of a group
of mixes and to compare these mixes without fatigue testing to failure.

8. In a multiple linear regression, life correlated very well with both initial deflec~
tion and increase in deflection combined. Correlation coefficients obtained were higher
than the corresponding coefficients obtained in a simple regression analysis, indicating
that the combination of initial vertical deflection and increase in deflection predicted
life better than either of the variables individually.

9. The three rationally designed mixes were generally superior with regard to
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fatigue strength to the B. S. 594 wearing course mix made of the same type of stone.

REFERENCES

1.

B W

10.
11,
12.
13.
14,
15.
16.
17.

W.J. Kari, C.S. Hughes, and R.V. LeClerc. Compaction of Asphalt Concrete.
Symposium, Proc., AAPT, Vol. 36, 1967,

P, S, Pell, Fatigue Characteristics of Bitumen and Bituminous Mixes. First In~-
ternational Conference on Design of Asphalt Pavements, Ann Arbor, Mich., 1962.
J.A. Deacon, Fatigue of Asphalt Concrete, Univ, of California, PhD thesis, 1965.
F. Moavenzadeh and R, A, Carnaghi. Viscoelastic Response of Sand-Asphalt
Beams on Elastic Foundations Under Repeated Loading. Proc., AAPT, Vol. 35,
1966.

J. A, Deacon and C.L. Monismith. Laboratory Flexural-Fatigue Testing on
Asphalt-Concrete With Emphasis on Compound-Loading Tests. Highway Research
Record 158, 1967.

R.A. Jimenez and R, M. Galloway. Behavior of Asphalt Concrete Diaphragms to
Repetitive Loading. Proc., First International Conference on Design of Asphalt
Pavements, Ann Arbor, Mich., 1962,

J.M. Kirk. Resulis of Fatigue Tests on Different Types of Bituminous Mixtures.
Second International Conference on Design of Asphalt Pavements, Ann Arbor,
Mich., 1967.

J.A. Epps and C, L. Monismith. Influence of Mixture Variables on the Flexural
Fatigue Properties of Asphalt Concrete. Proc., AAPT, Vol. 38, 1969,

P. Bazin and J. B. Saunier, Deformability, Fatigue and Healing Properties of
Asphalt Mixes. Second International Conference on Design of Asphalt Pavements,
Ann Arbor, Mich., 1967.

R. Baker and H. Papazian. The Effect of Stiffness Ratio on Pavement Stress
Analysis. HRB Proc., Vol. 39, 1960.

K. E. Secor and C. L. Monismith. Viscoelastic Response of Asphaltic Paving Slabs
Under Creep Loading., Highway Research Record 67, 1965.

C.L. Monismith, R.L. Alexander, and K. E, Secor. Rheologic Behavior of As-
phaltic Concrete. Proc., AAPT, Vol. 35, 1966.

J.P. Nielsen and R.J. Lowe. Design of Parameter for a Layered Pavement
System. Proc., AAPT, Vol, 34, 1965.

H.M. Westergaard. Stresses in Concrete Pavements Computed by Theoretical
Analysis. Public Roads, Vol. 7, No. 1, 1926.

D. M. Burmister. The Theory of Stresses and Displacements in Layered Systems.
HRB Proc., Vol. 23, 1943.

G. Lees. The Rational Design of Aggregate for Dense Composition. Presented
at Annual Meeting of AAPT, Feb. 1970.

L. E. Wood and W.H. Goetz. Strength of Bituminous Mixtures and Their Behavior
Under Reported Loads. HRB Proc., Vol. 36, 1957.



RECOMMENDED PROCEDURE FOR DETERMINING
THE DYNAMIC MODULUS OF ASPHALT MIXTURES

Larry L. Yeager, Martin Marietta Cement, Baltimore; and
Leonard E. Wood, School of Civil Engineering, Purdue University

The fundamental properties of asphaltic concrete are important to re-
searchers as input to new design procedures. The dynamic modulus of bi-
tuminous mixtures is a rational part of this new design procedure as a pre-
dictor of in-service pavement performance. Much research is under way
to determine the fundamental properties of bituminous paving mixtures
under a wide variety of conditions. The objective of this study wasto select
a method for evaluating the dynamic modulus of an Indiana state highway
surface mixture. The main variables used in this study were stress level,
cyclic loading rate, temperature, and asphalt type. A final procedure was
developed that incorporatesthese variables. Material and sample prepara-
tion included a study on compaction procedures of 4 by 8-in.-high (102 by
203-mm) cylindrical specimens. A compaction technique was developed
that yields uniform bulk density of the specimen. Another objective of the
study was to correlate a physical property of the asphalt cement to the dy-
namic modulus, Such a correlation was established between the dynamic
modulus and the slope of log kinematic viscosity versus 1/temperature, the
cyclic loading rate, and temperature. This correlation may not be valid
for mixtures of different aggregate types, gradation, and asphalt contents.

eEVALUATION of the fundamental relationship between stress and strain of an asphal-
tic paving mixture has been of great interest to many researchers (1). A form of the
relationship known as the complex modulus has been studied extensively. The complex
modulus is a complex number that defines the relationship between stress and strain
for a linear viscoelastic material subjected to a sinusoidal loading.

When a linear viscoelastic material is subjected to a loading stress of the form
o = 0o sin (wt), the resulting strain is € = ¢, sin (wt - ¢), which lags the stress by the
phase angle ¢. The complex modulus E* is defined as

Ex=E’ + jE* (1)
where
E* = complex modulus,
T
E/= N cos ¢,
E" =% gin g,
i= ir?naginary number,
0, = maximum stress applied in psi (kPa),

Publication of this paper sponsored by Committee on Characteristics of Bituminous Paving Mixtures to Meet
Structural Requirements.
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€, = maximum strain experienced during test in in./in. (mm/mm), and
¢ = phase lag angle in deg.

Based on this definition, the absolute value of the complex modulus |E*| is a mea-
sure of the material's elasticity and ¢ is a measure of the viscous response.

The absolute value of the complex modulus is commonly referred to as the dynamic
modulus and is defined as

B+ =22 @

o

The procedure for determining the dynamic modulus and the results obtained from
those tests are the main concern of this research.

Current literature (1) provides ample background on isolating those factors that in-
fluence the dynamic modulus; however, the concept of correlating a physical property
of the asphalt cement to the dynamic modulus is still not prevalent in the literature.

The primary objective of this study was to evaluate and select a procedure for de-
termining the dynamic modulus of surface mixtures used by the Indiana State Highway
Commission (ISHC).

Currently, special equipment is needed to adequately evaluate dynamic modulus.

If a correlation between the physical characteristics of the asphalt cement and the dy-
namic modulus of the asphaltic paving mixture is established, a different approach to
design might ensue.

Thus a secondary objective of this project was to quantify physical and rheological
properties of asphalt cement to establish a correlation between an asphalt property and
the dynamic modulus of the mixture.

AGGREGATES

Sources and Types

The aggregates in this study were 100 percent crushed limestone obtained from the
Pipe Creek Stone Company of Sweetser, Indiana. This producer is listed as quarry
162 by the Indiana State Highway Commission (2, 3).

The geologic setting for this material is the Liston Creek limestone member (Hunt-
ington litheface) of the Wabash formation of the Silurian period (4). A typical section
of this formation contains a bluish gray to tan limestone that is cherty, fine grained,
slightly fossiliferous, and usually thin bedded. Generally, the Liston Creek member
is tough and can pass soundness and abrasion tests, but it contains abundant chert with
a specific gravity less than 2.45 (5, 6).

Preparation
Material for this study originated from the far north of the quarry and received the
normal commercial crushing and sizing. ISHC gradation sizes 8 and 53 were obtained

‘from the producer's stockpiles and transported to the Purdue Bituminous Materials
Laboratories where they were resized to logarithmic sieve fractions and washed.

Specification Tests and Physical Properties

Unless otherwise stated or required by standard methods, all tests were performed
on each of the fractions. The gradation chosen for this study meets the requirements
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of ISHC surface mixture 9A and mixture IVb of the Asphalt Institute (7). The sieve
analysis is as follows: =

Percentage
Sieve Size Passing
% in. 100
Y4 in, 82
% in. 70
No. 4 51
No. 8 40
No. 16 30
No. 30 20
No. 50 12
No. 100 7
No. 200 3

ASPHALT

Three penetration grades of asphalt were used: 60/70 for hard asphalt, 85/100 for
normal asphalt, and 120/130 for soft asphalt.

A set of standard acceptance tests was run on each of the asphalts to characterize
them. Results of these tests are given in Table 1. The asphalt was produced by the
American Oil Company. Figure 1 shows the relationship between kinematic viscosity
and temperature for this asphalt.

MIX DESIGN

The centrifuge kerosene equivalent method described in Asphalt Institute Manual Series
2 was used to estimate asphalt content for each of the three asphalt types.

ASTM Designation D 1560 and Designation D 1561 were used to finalize the asphalt
contents for the bituminous paving mixtures included in this study. Design asphalt
contents for the dense-graded bituminous surface paving mixture were as follows:

Asphalt Content
Asphalt (percent)

Hard, type 101 6
Medium, type 102 6.
Soft, type 103 6

w w3

All asphalt contents are based on weight of dried aggregate.

COMPACTION METHODS

Specimens for this study were prepared according to ASTM Designation D 1561 except
that the compacted height of the specimen, specific foot pressure, and number of
tamping blows were modified.

Numerous variations of ASTM D 1561 were tried so that the best method of compac-
tion yielding the greatest uniformity could be used. Consideration was given to foot
pressure and number of blows needed to compact an 8-in. (203-mm) specimen yet still
follow as closely as possibie ASTM method D1561. A summary of methods and results
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of these various methods follows.

1. Method A—ASTM D 1561 was used for this method except that an 8-in.-high (203-
mm) specimen rather than a 2%-in. (64-mm) specimen was compacted. The mixture
was heated to 230 F (110 C), placed in a filling trough, fed into the mold, and rodded.
Half of the material was placed into the mold and rodded 40 times (20 around the edge
and 20 in the center), The other half was then added and rodded in the prescribed
manner. A leveling type of kneeding compaction at 250-psi (1720-kPa) foot pressure
was applied for 30 tamps at which time the foot pressure was increased to 500 psi
(3445 kPa) and applied for 150 tamps (5 minutes).

2. Method B—ASTM D 1561 was followed except for specimen height and addition
of mixture to the mold. Four 2-in. (50-mm) layers were used instead of the ordinary
two layers. One-quarter of the mix was placed in the filling trough and then loaded
into the mold. Each layer was rodded 40 times (20 around the edge and 20 in the cen-
ter) and then tamped 4 to 10 times at a foot pressure of 250 psi (1720 kPa). Once the
top layer was compacted at 250 psi, 500 psi (3445 kPa) was applied for 150 tamping
blows.

3. Method C—ASTM D 1561 was followed except that specimen height, specific
foot pressure, and number of tamping blows were varied. The mixture was placed in
the filling trough and added continuously to the mold. The tamping foot compacted the
mixture at 250-psi (1720-kPa) foot pressure throughout the filling process. This
method of compaction causes the tamping foot to raise as more material is added,
thus forcing the foot to walk out of the specimen mold. The entire process takes 2 min
or 60 tamping blows, After 60 blows, the foot pressure was increased to 500 psi (3445
kPa) and was continued for 150 tamping blows. There was no rodding of the material
in this method.

4, Method D—All of the material was introduced into the mold at one time and
rodded 20 times around the edge and 20 times in the center. A compactive effort of
500 psi was placed on the specimen for a total of 200 tamping blows.

5. Method E—The effectiveness of the double plunger method of compaction was
also studied. All of the material was placed into the mold and the double plunger
method was used to compact the specimen. The load was placed on the specimen at
the rate of 0.05 in./min (1.27 mm/min) to an ultimate load of 1,000 psi (6.9 MPa).

In all five methods, the mixture was heated to 230 F (110 C) before it was compacted.
A 1,000-psi (6.9-MPa) double plunger static load was applied at the rate of 0.05 in./min
(1.27 mm/min), after the kneading compaction was completed and the specimen cooled
in a 140 F (60 C) oven for 1'4 hours.

After cooling, the specimens were weighed in air and water, and the bulk specific
gravities were calculated. The specimens were then cut into eight 1-in. (25-mm)
slices with a diamond-edged masonry saw. Bulk specific gravities of the slices were
determined. The complete analysis of compaction technique and selection of the method
to be used in this study is given in Table 2.

The standard deviations for the compaction methods used were calculated from

s.0. = [y & - %)% 3)

where

N = number of slices,
X, = density of each slice, and

X = average density of N slices.

The percentage of variation was calculated as
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Table 1. Results of asphalt cement
characterization tests.

Figure 1. Kinematic viscosity versus
temperature.

Table 2. Results of compaction study.

Asphalt Designation

Specification 101 102 103
Penetration at 25 C, 100 g, 5 sec 56 85 122
Ductility at 25 C, 5 cm/min 100+ 100+ 100+
Specific gravity at 25 C 1.028 1.027 1.022
Thin film oven test at 163 C for 5 hours,

percentage of original penetration 58.2 66.0 66.7
Solubility in CCls, percent 99.6 99.7 99.7
Viscosity

Absolute at 60 C, poises 2,213 1,236 678

Kinematic at 135 C, stokes 3.68 3.05 2.29
Softening point, F 129.2 121.3 113.3
Penetration index +0.03 +0.06 -0.008

Note: 1 poise = 0.1 Pa:s; 1 stoke =0.0001 m2/s; 1 F=1.8C + 32,

10,000 |-

> 101

[

2

2 02

Loonlh

$ 103

100 i TR " M N " i N
023 025 027 029 o3
4 (Degrees Kevin™' x (079
T T

(275°F) (140°F )
Average Absolute
Value of the
Percentage of Standard

Method Variation Deviation
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B 2.033 3.78

C 0.988 1.86

D 1.313 2.24

E 2.617 4.81
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Percentage of variation = -(}(—}'_{—X‘l x 100 (4)

The absolute value of the percentage of variation was added for each of the slices
and then divided by the number of slices. This value was termed the average absolute
value of the percentage of variation (Table 2).

Method C was chosen as the compaction technique because it gives the best uniform
bulk density throughout the specimen and one that closely resembles the bulk density
of a compacted Hveem specimen at the design asphalt content using ASTM D 1561. This
fact can be seen in comparing the standard deviation and average absolute value of the
percentage of variation.

PROCEDURE FOR MEASURING DYNAMIC MODULUS

In the dynamic modulus tests, unconfined cylindrical specimens of a dense-graded bi-
tuminous concrete surface mixture were compacted and cured as described. The 4-
in.-diameter by 8-in.-high (102 by 203-mm) specimens were subjected to sinusoidal
stresses of differing amplitudes, frequencies, and temperatures, and the amplitudes
and phase lag angle differences of the resulting axial strains were studied. Loading

of the specimens was accomplished with an electric-hydraulic testing system. For

the dynamic modulus tests, the sinusoidal loads were applied with the testing systems
hydraulic actuator through hardened steel platform loading disks placed at either end
of the specimen. A sulfur-based cement compound was used to cap the cylindrical
specimens to ensure parallel planes of loading. A Baldwin-Hamilton type T2G1 50,000-
1b capacity (222 400-N) load cell was used to measure the loads applied. Strain was
measured according to two independent methods. Baldwin-Lima-Hamilton SR4 type
A-1 strain gauges were cemented vertically to the specimen at the midpoint of the 8-
in. (203-mm) length with Bean BR 104 epoxy adhesive in accordance with manufacturer's
recommended procedure.

Temperature compensation gauges were incorporated into the circuit. The output
from the half-bridge strain gauge setup was recorded by a dual-channel recorder. Du-
plicate strain gauge setups were prepared on opposite sides (180 deg apart) of each of
the specimens, and the output from each gauge set was recorded simultaneously. An
average value was determined from the duplicate gauge to calculate the strain response.

Strain was also measured by a linear variable differential transformer (LVDT) built
into the actuator of the electric-hydraulic testing machine. The outputs from the LVDT
and from the load cell were recorded on a two-channel recorder.

Specimens were brought to test temperature by means of a walk-in freezer for 40 F
(4.4 C) specimens and a forced-air oven for 70 and 100 F (21 and 38 C) specimens.
Care was taken to ensure the fastest possible testing of the specimen so that only a
minimum change in temperature would occur. The temperature in the laboratory was
held at a constant temperature of 70 F (21 C).

To determine the temperature change that might result from testing the specimens
at temperatures other than 70 F (21 C), a study of temperature change versus time
was made. An ‘4-in. (3.2-mm) hole was drilled to the center of a 4 by 8-in.-high (102
by 203-mm) specimen at midheight. A temperature probe was placed in the hole, and
the specimen was brought to the test temperature. An average of six tests gave the
result that it take 12 min to change the temperature 1 deg F. The testing of the speci-
men lasted from 2 to 7 min.

The stress levels were 50 and 100 psi (345 and 689 kPa); loading frequencies were
1, 6, and 12 cps; the tests were run at 40, 70, and 100 F (4.4, 21, and 38 C); and the
three asphalt cements were 56, 85, and 122 penetration. The aggregate gradation was
the same for all tests.

Two additional tests were made for comparison. Three specimens were soaked for
4 days at 122 F (50 C) to determine qualitatively the effect of soaking on the dynamic
modulus value.
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A set of specimens instrumented with strain gauges was tested to compare strain
gauge and L VDT resuits. Consistent data were obtained for both types of strain mea-
surement, indicating that either method is equally adequate for measuring strain at
the stress level used in this investigation. The stress-strain relationship was calcu-
lated at the point in time when the amplitude of the steady-state recoverable axial
strain in sinusoidal loadings becomes constant. This usually was between 100 to 300
cycles.

Results of the Dynamic Modulus Test

The primary objective of this study was to evaluate and select a procedure for deter-
mining the dynamic modulus of ISHC surface mixtures. The results of the modulus
tests are given in Table 3.

Dynamic modulus measurements were made on one or two specimens at each indi-
cated stress level, temperature, loading rate, and asphalt type. Tests of only one
specimen were replicate tests performed by using the procedure of Kallas and Riley

(9).
" The phase lag angle is not used in the dynamic modulus calculation, but is useful

in the calculation of the complex modulus. The phase lag angles were calculated from
the tests used for quantitative comparison. These ¢ values are also given in Table 3.

Table 4 gives the data taken in two special test conditions. The first set of data
was calculated from results of tests using SR-4 strain gauges instead of the LVDT to
measure specimen deformations. In the strain gauge measurements, ¢ was not re-
corded.

The second set of data was recorded for tests performed on soaked specimens.

Each of the three specimens was placed in a water bath for 4 days and held at a con-
stant temperature of 122 F (50 C). The other variables remained the same. For com-
parison purposes, the reader is directed to examine Tables 3 and 4 for the similar cir-
cumstances concerning the test conditions.

Test data (Figures 2 through 7) show the relationship of the logilogi (dynamic mod-
ulus) versus log;, (loading frequency). Each graph is plotted at one load stress level
and for one asphalt type. The three lines represent the relationship between logclogio
(dynamic modulus) and logy (frequency) at 1, 6, and 12 cps for temperatures of 40, 70,
and 100 F (4.4, 21, and 38 C).

Influence of Variables on the Dynamic Modulus

The values of the dynamic modulus may be influenced by a number of variables. The
four controlled variables were temperature, frequency, stress level, and asphalt type.

Temperature

|E*| and ¢ are a function of the temperature at which the test is performed. Figures
2 through 7 show that, for a given set of conditions, the dynamic modulus value de-
creases with an increase in temperature. For a stress level of 50 psi (345 kPa) and
a loading rate of 1 cycle/sec (Figure 2), the modulus decreases from 200 ksi (1380
MPa) at 40 F (4.4 C) to 40.9 ksi (282 MPa) at 100 F (38 C). Similar results may be
seen at other stress levels, cyclic loading rates, and asphalt types. At 12 cycles/sec
and a load stress level of 50 psi (345 kPa), the value of the dynamic modulus varied
from 1,141 ksi (7860 MPa) for 40 F (4.4 C) to 800 ksi (5520 MPa) for 100 F (38 C).

In all cases, the trend of a higher dynamic modulus at a lower temperature was not
unexpected because of the viscoelastic character of the bituminous paving mixture.



Table 3. Values of

. |E*| (ksi) ¢ (deg)
dynamic modulus Load  Temperature
and phase angle. Group (psi) (F) 1 cps 6 cps 12 cps 1 cps 6 cps 12 cps
601 50 40 200.0 571.4 1,144.1 10.8 7.2 3.4
70 133.3 546.5 888.0 13.5 10.4 6.8
131.0 540.5
100 40.9 333.3 800.0 19.8 15.3 10.4
100 40 320.4 680.2 1,066.6 16.4 14.3 12.6
552.4
70 226.5 591.7 888.0 21.6 20.1 15.7
591.7
100 125.0 450.0 759.6 26.6 21.4 21.0
602 50 40 330.0 864.9 1,068.4 18.0 8.6 5.6
70 246.5 592.4 888.0 23.4 13.8 9.3
242.5 551.8
100 29.7 333.0 728.0 28.8 19.3 13.8
100 40 410.5 666.6 1,066.6 19.4 15.5 13.4
653.5
70 268.0 561.7 888.0 26.3 20.8 17.8
552.4
100 90.3 430.6 795.8 28.1 25.3 24.0
603 50 40 340.0 800.0 915.8 19.4 12.4 7.2
70 320.5 553.0 888.0 26.9 20.1 15.3
265.0
100 30.6 325.0 800.0 30.4 27.8 19.6
40 456.7 666.6 1,066.6 23.9 20.1 15.7
641.0
70 232.0 531.9 888.0 29.8 28.4 21.6
531.9
100 100.4 445.9 800.0 36.5 34.3 33.0
Note: 1psi=6.9 kPa; 1 F=1.8C +32; 1 ksi =6.9 MPa.
Table 4 Dyna|.n|c |E*| (ksi)
moduli of special Load  Temperature Frequency
tests. Group  (psi) (F) (cps) SR-4 LVDT  Soaked®  Dry
601 50 70 1 164.5 132 40.0 132
602 50 70 1 208.3 245 40.0 245
603 50 70 1 333.3 293 34.9 293
Note: 1psi=6.9kPa; 1 F=18C+32.

*Specimens were soaked for 4 days at 122 F (50 C).

Figure 2. Logsg logqo dynamic modulus versus logqo
frequency (type 101 asphalt, 50-psi stress).
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Figure 4. Logqg logip dynamic modulus versus logy
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Frequency

The variation of the dynamic modulus value with the frequency of load application is a
basic property of an asphaltic concrete mixture. The response of a viscoelastic mix-
ture directly depends on the time of loading and the temperature at which the test is
made. Similar results of the dynamic modulus value may be obtained at two different
temperatures by simply changing the rate of loading at one of the temperatures. This
is known as the time-temperature superposition principle (10). The frequency of load
application has a direct effect on the response.

A rapid frequency of loading (e.g., 12 cps) does not allow the specimen enough time
to flow, and thus the specimen acts more elastically. Slower rates of loading (e.g.,

1 cps) allow the specimens to flow, which, in turn, yields a larger total strain. The
modulus value becomes less at the slower rates of loading because of the larger total
strain.

For a stress level of 50 psi (345 kPa), a temperature of 40 F (4.4 C), and asphalt
type 101, the modulus value increases from 200 to 1,144 ksi (138 to 7880 MPa) as the
rate of loading increases from 1 to 12 cps.

All asphalt types, stress levels, and temperatures resulted in an increase in dy-
namic modulus value with an increase in cyclic rate. That the dynamic modulus in-
creased as the frequency of loading increased was not unexpected because of the visco-
elastic character of the bituminous paving mixture.

The importance of frequency has already been established. The range of frequencies
used in this study can be related to studies that correlate vehicle speed to frequency of
load application. Coffman (11) concluded that a vehicle acts as a cyclic load with a
wavelength of 6 ft (1.8 m). Therefore, vehicle speed can be related to test frequencies
by

V= f (5)

where

V = velocity in ft/sec (m/s),
f = frequency in sec™, and
) = wavelength of a car in ft (m).

Based on this relationship, the loading frequencies of 1, 6, and 12 cps used in this
study represented speeds of 0.5, 25, and 50 mph (0.8, 40, and 80 km/h) respectively.

Stress Level

By definition, a linear material is one whose stress-strain ratio (a modulus value) is
independent of the level of stress applied. It is commonly accepted that an asphaltic
concrete mixture is not a linear material. However, it is possible to characterize an
asphaltic concrete mixture at low stress levels when its behavior approximates that of
a linear material. Stress levels of 50 and 100 psi (345 and 690 kPa) were chosen to
approximate tire pressures experienced by the pavement in service. It is accepted by
many researchers that linear results of the dynamic modulus test may be obtained in
total compression tests up to a maximum value of 70 psi (480 kPa) for temperatures
of 40, 70, and 100 F (4.4, 21, and 38 C). It can be seen in Table 3 that, for tempera-
tures, asphalt contents, and cyclic loading rates, the dynamic modulus values are
similar at 50 and 100 psi (345 and 690 kPa) except at a cyclic stress of 100 psi (690
kPa) at the extreme conditions of 100 F (38 C) temperature and 1-cps loading rate.
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Asphalt Type

The assumption is that the higher penetration asphalts used in asphaltic concrete mix-
tures tend to lower the dynamic modulus, all other factors remaining the same. How-~

ever, the significance of asphalt type on dynamic modulus values was minimal in this
study.

Correlation Between Dynamic Modulus and an Asphalt Property

A secondary objective of this study was to establish a correlation between the dynamic
modulus and some physical property of the asphalt cement. The slope of the log kine-
matic viscosity versus 1/temperature curve for the asphalt cements was chosen as the
index to quantify the various binders. The temperature at which the dynamic modulus
test was conducted and the frequency of loading were other variables incorporated into
the correlation equation. The form of the equation is

Log |E*| = log (x)(X2) + %3 (6)

where

X, = slope of log kinematic viscosity versus 1/T curve,
log T - log 40
0.710 ?
x3 = log frequency of loading in cps, and
T = test temperature in F (C).

xZ=logT—(

These variables were selected because they affected the dynamic modulus more sig-
nificantly in this study than any of the other variables. The variables represent a
viscous character, a temperature, and a loading rate.

Table 5 gives the logarithms of the dynamic moduli from the experimental tests
and from equation 6. The comparison in Table 5 is for asphalt type 101, tested at a
stress level of 50 psi (345 kPa). A comparison of the experimental and calculated
values of the log;; | E*| versus the log;, loading frequency is shown in Figure 8. Closest

correlation may be seen for these data at 1, 6, and 12 cps at 100 F (38 C).

Effect of Moisture on Dynamic Modulus

The effect of moisture due to field exposure on the dynamic modulus of bituminous
mixtures could be of importance to the flexible pavement designer. It was the intent
of this study to determine the effect of moisture on dynamic modulus values. The
mixtures were moistened by soaking the specimens for 4 days in a water bath at 122 F
(50 C). The dynamic modulus values at 70 F (21 C), 50 psi (345 kPa), and 1 cps are
considerably less for the soaked specimens than for the unsoaked specimens (Tables

3 and 4). This reduction is probably a function of the aggregate type as well as grada-
tion and asphalt content and type. However, reducing the dynamic modulus value of

a soaked specimen is significant and could be of great importance to the flexible pave-
ment designer if it could be correlated to field exposure.

A RECOMMENDED PROCEDURE FOR DETERMINING THE
DYNAMIC MODULUS OF ISHC SURFACE MIXTURES

A testing device capable of measuring small strains and recording load and deforma-
tion simultaneously is essential to determining the dynamic modulus of an asphaltic
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Table 5. Calculated and experimental values Figure 8. Calculated and experimental values of
(in ksi) of dynamic modulus. dynamic modulus versus cyclic loading rate.
Temperature 704
(F) cps Experimental Calculated
40 1 5.301 5.206
6 5.757 5.945 60}
12 6.058 6.285
70 1 5.120 4.884 v
6 5.735 5.662 =< 50
12 5.948 5.963 R
100 1 4.612 4.680 -
6 5.522 5.458 g
12 5.903 5.759 .
= Experimental
Note: 1F=1.8C+32. S Calculated
g B
= o 100°F
Q Asphalt Type 10l
5 Cyclic Stress = 50 psi
201
10}
o
Log Looding Frequency
10 ] 20

€0
Loading Frequency , Cycles/Sec.

concrete mixture. An electro-hydraulic testing machine with a dual-channel recorder
is widely used in the area of dynamic modulus measurements.

A compaction technique for 4 by 8-in. (102 by 203-mm) specimens that yields uni-
form bulk density throughout the specimen is very important in the dynamic modulus
measurement test and is recommended for compaction of specimens of ISHC surface
mixtures. The technique follows ASTM D 1561 except for specimen height, specific
foot pressure, and number of tamping blows. The mixture is placed into the filling
trough and added continuously to the mold. The tamping foot compacts the mixture at
250 psi (1720 kPa) foot pressure throughout the filling process. This causes the tamp-
ing foot to raise as more material is added, thus forcing the foot to walk out of the
specimen mold. This process takes 2 min or 60 tamping blows. Then the foot pres-
sure is increased to 500 psi (3445 kPa) and continued for 5 min or 150 tamping blows.
The material is not rodded. The molded specimen is then placed in a 140 F (60 C)
oven for 14 hours at which time a 1,000-psi (6.9-MPa) double plunger static load is
applied at the rate of 0.05 in./min (1.3 mm/min).

The number of specimens needed to evaluate the dynamic modulus depends on the
number of variables being considered. There should be one specimen for each com-
bination of variables. These specimens may be tested twice at the same conditions to
replicate the results.

Inasmuch as the relationship between dynamic modulus and a reasonable stress
level is linear, a single stress level of 50 psi (345 kPa) is recommended. This stress
level tends to simulate the pattern of traffic on an asphaltic pavement.

Temperature and rate of loading are the two most important variables of the dy-
namic modulus test. Therefore, it is recommended that three rates of loading and
three temperatures be used in a test program. The three rates of loading recommended
are 1, 6, and 12 cps, which is equivalent to speeds of 0.5, 25, and 50 mph (0.8, 40, and
80 km/h) and closely resembles speeds experienced on many bituminous pavements.
Temperatures of 40, 70, and 100 F (4.4, 21, and 38 C) are recommended. Although
these temperatures do not cover the entire range of temperatures experienced in the
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field, they are attainable in laboratory testing.

CONCLUSIONS

This study developed a procedure for determining the dynamic modulus of an ISHC sur-
face mixture. Within the framework of this study, which was limited to a specific ag-
gregate type, gradation, asphalt type, and asphalt content, the following conclusions
were drawn:

1. The relationship between the dynamic modulus of an ISHC surface mixture and
certain variables (temperature, loading rate, and a function of original asphalt viscos-
ity versus temperature plot) is

Log |E*| = log (x,)(x2) + X3 (8)

2. Soaking a 4 by 8-in. (102 by 203-mm) specimen for 4 days in a 122 F (50 C)
water bath markedly reduced the dynamic modulus value for the particular aggregate
type used in this study and minimized the role of the asphalt.

3. A stress level of 100 psi at a temperature of 100 F (38 C) and cyclic rate of
1 cps resulted in nonlinear values of dynamic modulus.
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TEMPERATURE DISTRIBUTIONS
IN ASPHALTIC CONCRETE PAVEMENTS

H. F. Southgate and R. C. Deen, Bureau of Highways,
Kentucky Department of Transportation

The straight-line relationshipderived from Maryland data betweentemper-
atures ata given depth and the surfacetemperatures plus 5-day average air
temperatures is as valid for upper New York State and Arizona as for Mary-
land. The maindifferences were in the annual ranges and annual meantem-
peratures. The concept for estimating pavement temperature distributions
appears tobe valid and may be used with confidence for estimating pavement
temperatures at all latitudes and longitudes.

eASPHALTS are susceptible to temperature change. Similarly, the structural re-
sponses of bituminous concrete pavement systems to traffic loadings vary with tem-
perature fluctuations. Surface deflection or rebound is a readily measurable response
of a pavement system to a load. The correlations between loads and deflections may be
improved by adjusting measured deflections to an equivalent deflection at a common
(or base) temperature to reduce the effect of the temperature variable. Under normal
conditions of measuring surface deflection, only the surface temperature at the time
of measurement can be conveniently determined. Previous analyses indicated that
the long-term influences on pavement temperature could be reasonably accounted for
by using a 5-day air temperature history. Accordingly, a technique (l) for adjusting
pavement deflection measurements to a reference mean pavement temperature was
developed. Mean pavement temperatures were estimated from the measured pave-
ment surface temperature at the time of the deflection measurement and the mean
daily air temperatures for the previous 5 days as an indication of the air temperature
history. This method was simplified by the Asphalt Institute (2).

The method of estimating pavement temperatures at depths raised several questions:

1. What is the effect on the accuracy of the temperature estimating system of such
variables as altitude, latitude, longitude, and solar exposure?

2. Does the straight-line relationship (1) based on Maryland data (3) hold true for
data from other locations ? -

3. If other data sets are combined with the Maryland data, does the accuracy of the
estimate increase?

4. Can graphs developed from the Maryland data set be used with confidence for
other locations?

To answer these questions required that additional data sets be acquired and analyzed.
Straub (4) of Clarkson College in upper New York and Jimenez (5) of the University of
Arizona, Tucson, supplied data sets for this analysis. Their cooperation is greatly
appreciated.

Publication of this paper sponsored by Committee on Characteristics of Bituminous Paving Mixtures to Meet
Structural Requirements.
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Table 1. Temperature distributions in asphaltic Table 2. Temperature distributions in asphaltic

concrete pavements at 8:00 a.m. concrete pavements at 10:00 a.m.
Depth Depth
(in.) Data Set A B R S.E. (in.) Data Set A B R S.E.
2 Maryland -3.6 0.533 0.985 3.0 2 Maryland -3.5 0.532 0.987 3.1
New York -0.5 0.520 0.985 2.8 New York -1.1 0.531 0.984 3.3
Arizona -1.9 0.525 0.995 2.0 Arizona -6.4 0.540 0.995 2.2
Combined -2,2 0.527 0,988 2.9 Combined -1.8 0.522 0.988 3.3
Adjusted -2.3 0.627 0.988 3.0 Adjusted -2.1 0.527 0.988 3.3
4 Maryland -1.4 0.528 0.987 2.8 4 Maryland -2.2 0.501 0.978 3.8
New York 0.3 0.523 0.986 2.8 New York 1.3 0.489 0.979 3.5
Arizona 2.3 0.504 0.994 2.0 Arizona -4.2 0.502 0.991 2.8
Combined 0.0 0.520 0.989 2.7 Combined 0.0 0.485 0.982 3.7
Adjusted 0.5 0.516 0.990 2.7 Adjusted 0.2 0.486 0.984 3.6
6 Maryland 0.3 0.531 0.988 2.7 6 Maryland -1.0 0.488 0.970 4.3
New York 1.0 0.530 0.986 2.8 New York 3.0 0.467 0.968 4.3
Arizona 5.2 0.497 0.994 1.9 Arizona -1.9 0.485 0.988 3.0
Combined 1.5 0.523 0.990 2.7 Combined 1.2 0.472 0.977 4.1
Adjusted 1.7 0.519 0.989 2.7 Adjusted 1.2 0.473 0.978 4.1
B Maryland 1.6 0.535 0.987 2.9 8 Maryland 0.2 0.484 0.967 4.5
New York 1.4 0.537 0.986 2.9 New York 3.8 0.462 0.962 4.6
Arizona 7.9 0.494 0.994 2.0 Arizona 0.6 0.474 0.987 3.1
Coumbined 2.5 0.529 0.989 2.8 Combined 2.2 0.468 0.975 4.2
Adjusted 2.9 0.523 0.990 2.7 Adjusted 2.8 0.464 0.976 4,2
10 Maryland 2.7 0.536 0.985 3.1 10 Maryland 1.4 0.482 0.966 4.6
New York 2.0 0.540 0.985 2.9 New York 4.2 0.465 0.963 4.5
Arizona 10.5 0.489 0.992 2.2 Arizona 3.1 0.463 0.985 -3.2
Combined 3.4 0.532 0.987 3.0 Combined 3.5 0.465 0.975 4.3
Adjusted 3.8 0.526 0.988 2.9 Adjusted 3.9 0.463 0.975 4.3
12 Maryland 4.3 0.532 0.983 3.3 12 Maryland 2.8 0.479 0.965 4.6
New York 3.8 0.532 0.982 3.2 New York 5.8 0.456 0.960 4.7
Arizona 11.3 0.486 0.992 2.2 Arizona 4.7 0.457 0.986 3.1
Combined 5.1 0.526 0.985 3.2 Combined 4.9 0.460 0.974 4.3
Adjusted 5.5 0.520 0.986 3.1 Adjusted 5.4 0.457 0.974 4.3
Note: 1in, =25 mm. Note: 1in.=25 mm,
Table 3. Temperature distributions in asphaltic Table 4. Temperature distributions in asphaltic
concrete pavements at noon. concrete pavements at 2:00 p.m.
Depth Depth
(in.) Data Set A B R S.E. (in.) Data Set A B R S.E.
2 Maryland =245 0.548 0.08¢ 3.2 2 Maryland -2.7 0.574 0.988 4.0
New York -2.4 0.565 0.986 3.8 New York -3.2 0.595 0.984 4.4
Arizona =7.4 0.563 0.993 2.7 Arizona -5.6 0.580 0.992 3.1
Combined -1.4 0.541 0.988 3.8 Combined -1.7 0.569 0.987 4.3
Adjusted -1.7 0.547 0.988 3.7 Adjusted -2.1 0.576 0.987 4.3
4 Maryland 0.1 0.482 0.983 3.6 4 Maryland 1.1 0.501 0.987 3.5
New York 11 0,493 0.985 3.4 New York 1.4 0.514 0.988 3.4
Arizona -9.3 0.524 0.986 3.6 Arizona -7.1 0.539 0.987 3.6
Combined 0.6 0.480 0.982 4.0 Combined 1.1 0.503 0.986 3.8
Adjusted 0.1 0.486 0.985 3.8 Adjusted 0.4 0.511 0.989 3.5
[ Maryland 1.7 0,447 0.966 4.8 6 Maryland 3.6 0.451 0.976 4.2
New York 3.8 0.444 0.969 4.4 New York 4.9 0.452 0.977 4.1
Arizona -9.1 0.498 0.980 4.2 Arizona -7.4 0.508 0.983 3.9
Combined 1.9 0.446 0.971 4.8 Combined 3.0 0.457 0.979 4.4
Adjusted 1.4 0.453 0.984 4.6 Adjusted 2.1 0.467 0.981 4.2
8 Maryland 2.8 0.430 0.952 0.6 8 Maryland 5.2 0.422 0.962 5.1
New York 5.3 0.421 0.954 5.1 New York 6.8 0.417 0.961 5.0
Arizona -6.5 0.473 0.976 4.4 Arizona -6.9 0.484 0.979 4.1
Combined 3.2 0.427 0.963 6.3 Combined 4.4 0.428 0.969 5.0
Adjusted 3.4 0.429 0.965 5.1 Adjusted 4.1 0.433 0.972 4.7
10 Maryland 4.0 0.422 0.944 5.8 10 Maryland 6.3 0.406 0.950 5.6
New York 6.0 0.415 0.948 5.4 New York 7.9 0.400 0.952 5.3
Arizona -3.2 0.451 0.972 4.5 Arizona -5.7 0.466 0.974 4.4
Combined 4.7 0.415 0.958 5.5 Combined 5.6 0.410 0.961 5.4
Adjusted 4.4 0.419 0.959 5.4 Adjusted 4.8 0.418 0.963 5.3
12 Maryland 5.5 0.413 0.937 6.1 12 Maryland 7.4 0.392 0.937 6.2
New York 7.8 0.398 0.937 5.8 New York 10.0 0.375 0.935 5.9
Arizona -2.3 0.447 0.971 4.5 Arizona -4.5 0.457 0.973 4.5
Combined 5.8 0.408 0.953 5.7 Combined 6.4 0.399 0.953 5.8
Adjusted 5.7 0.411 0.955 5.6 6.0 0.405 0.956 5.6

Adjusted

Note: 1in, =25 mm. Note: 1in.=25 mm,
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ANALYSES AND RESULTS

The same computer program was used to separately analyze the New York and Arizona
data sets as was used to analyze the Maryland data set (1). The analyses indicated that
a straight-line relationship, y = A + Bx, was equally valid for all data sets; however,
the equations were not identical (Tables 1 through 6). The major differences among the
data sets were in the annual temperature ranges and annual mean temperatures. In-
spection of the data and least squares fits showed that, for a given hour, depth, and
surface temperature plus 5-day average air temperature history, temperatures differed
by as much as 10 F (5.6 C) in the upper (extrapolated) ranges (Figure 1). Closer in-
spection showed that, when the equation was solved for temperatures within the temper-
ature range for the respective sites, the discrepancies were minimal and generally
within the limits of scatter of the Maryland data set.

The scatter (standard error of estimate) for the New York and Arizona data sets was
generally less than the scatter for the Maryland data for corresponding depths. How-
ever, there were fewer observations. Figure 2 shows the data for 1:00 p.m. and a 4~in.
(102-mm) depth. Slight rotational and horizontal shifts were observed in the New York
and Arizona data as compared to the Maryland data.

From the standpoint of longitudes, the New York site was 8 clock minutes earlier
than the Maryland site; the Arizona site was 16 clock minutes behind the equivalent
Maryland clock time. To adjust for these longitudinal effects, New York and Arizona
clock times were determined for the appropriate Maryland sun times. Interpolated
pavement temperatures for those adjusted clock times were plotted. Figure 3 shows
the same data as in Figure 2 but adjusted for longitudinal differences. A threefold net
effect of the longitudinal adjustment was noted:

1. The rotational shifts in the fitted straight lines were less,

2. The horizontal shifts between the data sets were less, and

3. Longitudinal adjustments for depths from the surface down to the 2-in. (51-mm)
depth were very slight and are likely to be unnecessary [longitudinal adjustments appear
to begin to be significant for depths equal to and greater than 4 in. (102 mm)].

The adjustments for longitude resulted in a closer grouping of the data, which fell within
the outer limits of the Maryland data. The increased number of observations within the
same limits reduces the standard error of estimate and increases the correlation coef-
ficient.

Whether the scatter of pavement temperature data could be reduced by analyzing the
data on the basis of daytime exposure to solar radiation was investigated. Analyses
were made for sunrise, midmorning, midday, midafternoon, and sunset.

Sunrise = SR

Midmorning = SR + 0.25 (SS - SR)

Midday = SR + 0.50 (SS - SR)

Midafternoon = SR + 0.75 (SS - SR)

Sunset = SS
where SR = sunrise clock time and SS = sunset clock time, obtained from tables pre-
pared by the Nautical Almanac Office, U.S. Naval Observatory.

After clock times for these five points in time were determined for each day, pave-

ment temperatures were interpolated, recorded, plotted, and analyzed. The results

are given in Tables 7 through 11. The scatter of data decreased for the sunrise, mid-
morning, and sunset times but increased for midday and midafternoon. The wider
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Table 5. Temperature distributions in asphaltic Table 6. Temperature distributions in asphaltic
concrete pavements at 6:00 p.m.

concrete pavements at 4:00 p.m,

Depth Depth

(in.) Data Set A B R S.E. (in.) Data Set A B R S.E.
2 Maryland -2.7 0.595 0.985 4.4 2 Maryland -5.0 0.619 0.984 4.6
New York -3.7 0.613 0.982 5.0 New York -3.9 0.621 0.979 5.2
Arizona -0.2 0.577 0.991 3.1 Arizona -2.1 0.603 0.989 2.9
Combined -2.1 0.593 0.986 4.5 Combined -4.3 0.618 0.982 4.8
Adjusted -2.8 0.600 0.985 4.6 Adjusted -4.7 0.619 0.982 4.9
4 Maryland 2.5 0.526 0.988 3.6 4 Maryland 0.6 0.570 0.985 4.1
New York 1.2 0.542 0.987 3.8 New York 0.2 0.577 0.983 4.3
Arizona 0.5 0.544 0.988 3.7 Arizona -0.8 0.594 0.984 3.3
Combined 1.4 0.537 0.988 3.7 Combined 0.1 0.577 0,984 4.2
Adjusted 1.2 0.539 0.989 3.5 Adjusted 0.3 0.574 0.985 4.0
6 Maryland 5.8 0.474 0.987 3.4 6 Maryland 4.9 0.523 0.986 3.6
New York 4.9 0.482 0.984 3.6 New York 3.7 0.531 0.986 3.6
Arizona 0.0 0.519 0.982 4.1 Arizona 0.0 0.576 0.982 3.5
Combined 3.8 0.491 0.986 3.7 Combined 3.7 0.534 0.985 3.1
Adjusted 3.4 0.496 0.986 3.7 Adjusted 3.6 0.532 0.986 3.7
8 Maryland 7.5 0.441 0.981 3.8 8 Maryland 7.4 0.488 0.986 3.3
New York 7.1 0.442 0.977 4.0 New York 6.0 0.492 0.987 3.2
Arizona 0.3 0.493 0.978 4.3 Arizona 0.5 0.557 0.980 3.6
Combined 5.5 0.458 0.980 4.1 Combined 5.9 0.500 0.985 3.5
Adjusted 5.3 0.460 0.981 3.9 Adjusted 5.9 0.498 0.986 3.4
10 Maryland 8.5 0.420 0.972 4.3 10 Maryland 8.6 0.465 0.985 3.4
New York 8.5 0.416 0.970 4.4 New York 7.6 0.461 0.986 3.1
Arizona 1.7 0.468 0.973 4.5 Arizona 1.1 0.538 0.976 3.8
Combined 6.6 0.434 0.974 4.5 Combined 7.2 0.474 0.982 3.6
Adjusted 6.4 0.437 0.973 4.5 Adjusted 7.4 0.470 0.982 3.6
12 Maryland 9.9 0.399 0.961 5.0 12 Maryland 10.2 0.439 0.979 3.7
New York 10.7 0.386 0.955 5.0 New York 9.8 0.429 0.980 3.5
Arizona 2.6 0.456 0.969 4.7 Arizona 2.7 0.518 0.974 3.8
Combined T 0.416 0.964 5.1 Combined 9.0 0.448 0.975 4.0
Adjusted .1 0.417 0.963 5.1 Adjusted 9.0 0.444 0.976 4.0
Note: 1in.=25mm. Note: 1in. =25 mm.

Figure 1. Temperature at 2-in. (57-mm) depth at 11:00 a.m.
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Figure 2. Temperatures at 4-in. (102-mm) depth at 1:00 p.m.
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Figure 3. Temperatures at 4-in. (102-mm) depth at 1:00 p.m.
adjusted to equivalent Maryland longitude.
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Table 7. Temperature distributions in asphaltic
concrete pavements at sunrise.
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Table 8. Temperature distributions in asphaltic
concrete pavements during midmorning.
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Depth Depth

(in.) Data Set A B R S.E. (in.) Data Set A B R S.E.

2 Maryland -5.2 0.561 0.988 2.8 2 Maryland -3.1 0.525 0.980 3.3
New York -0.7 0.532 0.982 3.1 New York -0.1 0.516 0.983 3.0
Arizona -2.0 0.534 0.993 2.2 Arizona -6.0 0.544 0.994 2.1
Combined -3.1 0.547 0.985 3.0 Combined -2.0 0.521 0.985 3.1

4 Maryland -2.8 0.573 0.990 2.6 4 Maryland -4.4 0.541 0.983 3.2
New York -0.3 0.555 0.982 3.3 New York -0.8 0.525 0,983 3.1
Arizona -0.2 0.546 0.996 1.8 Arizona -5.2 0.530 0.992 2.4
Combined -1.5 0.563 0.987 2.9 Combined -1.6 0.518 0.983 3.3

6 Maryland -1.7 0.579 0.988 2.9 8 Maryland -5.2 0.553 0.982 3.4
New York 0.5 0.565 0.981 3.5 New York -0.7 0.534 0.982 3.2
Arizona 1.4 0.554 0.995 1.8 Arizona -4.3 0.529 0.991 2.5
Combined -0.5 0.571 0.986 3:1 Combined -1.6 0.525 0.982 3.5

8 Maryland -0.3 0.585 0.987 3.1 8 Maryland -4.5 0.562 0.984 3.3
New York 1.4 0.565 0.980 3.6 New York -0.3 0.537 0.983 3.1
Arizona 3.3 0.557 0.994 2.1 Arizona -2.1 0.526 0.990 2.6
Combined 0.6 0.576 0.985 3.2 Combined -0.9 0.531 0.984 3.4

Note: 1in.=25mm. Note: 1in.=25mm.
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Table 9. Temperature distributions in asphaltic

Depth
Aancrata navamante sicina middow fis ook Aoa A n - am
CONOIVIL POVUiiiUiico Winar iy 1eaiasaay « \ifi. / Lsaird wel n D I D Las
2 Maryland -2.4 0.548 0.986 3.7
New York -2.7 0.571 0.984 4.0
Arizona -6.8 0.563 0.993 2.8
Combined -1.3 0.543 0.986 4.0
4 Maryland 0.4 0.482 0.982 3.7
New York 1.1 0.493 0.984 3.5
Arizona -9.9 0.531 0.988 3.5
Combined 0.4 0.484 0.983 4.0
6 Maryland 1.5 0.451 0.970 4.5
New York 3.8 0.448 0.972 4.2
Arizona -9.7 0.506 0.981 4.1
Combined 1.7 0.451 0.973 4.7
8 Maryland 2.8 0.434 0.957 5.2
New York 5.0 0.427 0.960 4.8
Arizona -6.1 0.473 0.977 4.3
Combined 34 0.429 0.965 5.1
Note: 1in.=25 mm.
Table 10. Temperature distributions in asphaltic Depth
concrete pavements during midafternoon. (in.) Data Set A B R S.E.
2 Maryland -4.9 0.603 0.984 4.6
New York -4.5 0.618 0.981 5.1
Arizona -5.9 0.599 0.992 3.0
Combined -3.4 0.595 0.984 4.7
4 Maryland -1.4 0.536 0.985 4.0
New York -0.8 0.548 0.985 3.9
Arizona -8.4 0.574 0.987 3.7
Combined -1.4 0.540 0.986 4.1
6 Maryland 0.7 0.491 0.982 3.9
New York 2.7 0.491 0.982 3.8
Arizona -9.3 0.547 0.981 4.2
Combined 0.4 0.497 0.982 4.2
8 Maryland 2.9 0.458 0.975 4.3
New York 4.8 0.452 0.974 4.4
Arizona -8.1 0.514 0.975 4.6
Combined 2.6 0.460 0.975 4.6
Note: 1in. =25 mm.
Table 11. Temperature distributions in asphaltic Depth
concrete pavements at sunset. (in.) Data Set A B R S.E.
2 Maryland -4.4 0.613 0.979 4.7
New York -2.6 0.607 0.972 5.3
Arizona -2.6 0.596 0.987 2.8
Combined -3.4 0.607 0.977 4.8
4 Maryland -2.4 0.602 0.983 4.0
New York -1.9 0.603 0.977 4.8
Arizona -5.7 0.616 0.988 2.7
Combined -2.1 0.600 0.981 4.3
6 Maryland -1.2 0.578 0.985 3.7
New York -0.1 0.576 0.981 4.1
Arizona -8.1 0.622 0.986 3.0
Combined -1.0 0.578 0.983 3.9
a8 Maryland 0.0 0.557 0.987 3.3
New York 1.2 0.548 0.984 3.6
Arizona -9.7 0.614 0.983 3.2
Combined 0.2 0.555 0.985 3.5

Note: 1in.=25 mm.
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variations at midday and midafternoon may be caused by summer afternoon showers
and variable cloud covers. Although this last analysis was of interest and needed to be
investigated, the system is very awkward to use, does not provide greater accuracy,
and is not recommended for general use. It does, however, lend credence to the orig-
inal system.

DISCUSSION AND IMPLEMENTATION

Air temperature history adequately accounts for differences in latitude and altitude.
Adjustments can be made for differences in longitude by interpolating between hourly
graphs, which can be prepared from data given in Tables 1 through 6. If the purpose

of estimating pavement temperatures is to determine the magnitude of the asphaltic
tensile strain, longitudinal adjustments may well be worth the effort. If the objective
is to adjust deflectlon data (1, 2), such refinements may not be justified. The Asphalt
Institute (2) has proposed using one graph for estimating temperatures at various depths
to calculate an average pavement temperature that can be used to adjust measured de~
flections to equivalent deflections at a standard temperature. The discrepancies due to
use of one temperature distribution graph are greater than those caused by not adjusting
for longitude. Furthermore, the choice of adjustment curves for deflection measure-
ments will have a more pronounced effect than making no adjustment for longitude or
exposure to solar radiation. Therefore, the set of equations based on Maryland data

(1) may be used with confidence for other latitudes and longitudes.

SUMMARY

1. The addition of a 5~-day average air temperature history to the surface tempera-
ture results in a straight-line correlation with temperature at a given depth. This re-
lationship appears to be equally valid for data sets from upper New York State,
Maryland, and Arizona.

2. The equations originally developed from the Maryland data set appear to be rea-
sonably accurate for other locations.

3. The effects of changes in latitude are accounted for in the air temperature
history. The net result is a shift up or down the temperature scale, reflecting the an-
nual temperature range at a particular site.

4. Combining data from Maryland, New York, and Arizona resulted in slightly more
scatter than the Maryland set alone.

5. Longitudinally adjusting the New York and Arizona data to equivalent Maryland
times reduced the scatter and slightly improved the accuracy.

6. Analyzing all data sets in terms of daytime exposure to solar radiation also re~
sulted in a straight-line correlation between surface temperature plus air temperature
history and temperature at a given depth. The graphs for sunrise, midmorning, and
sunset were more accurate than the Maryland graphs, whereas those for the midday
and midafternoon were less accurate.

7. Analysis of the effect of daytime exposure to solar radiation validated the method
of analysis used for the Maryland graphs but is too cumbersome.

8. Graphs derived from the Maryland data are recommended for use in other lati-
tudes and longitudes. More accurate results may be obtained if the clock time at any
site is adjusted to a longitude within the time zone equivalent to the College Park, Mary-
land, longitude of 76° 56' within the Eastern Standard Time zone.
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A PRELIMINARY INVESTIGATION OF THE FEASIBILITY
OF SPENT OIL SHALE AS ROAD
CONSTRUCTION MATERIAL

Gerald J. Gromko, University of Colorado at Denver

The use of spent oil shale material as aggregate for flexible pavement con-
struction was investigated, and its suitability for use both in base courses
and in bituminous surface courses is discussed. To assess the aggregate
and asphalt-aggregate characteristics of spent shale the following tests
were performed: the Los Angeles abrasiontest, the dry sieve analysis, the
specific gravity test, the Atterberg limits test, and the Hveem method of
mix design. The results of thetesting showed that the spent shale aggregate
was well-graded, flat, angular, highly absorbent, friable, and nonplastic,
has a rough surface texture, and wears relatively easily. The aggregate
mixes tested by the Hveem stabilometer yielded high strength values and
were relatively lightweight. The asphalt-spent shale mixtures studied
showed very high total resistance (combination of stability and cohesiometer
values) values, i.e., more than adequate load-carrying capability. How-
ever, the asphalt contents necessary for these very high strengths were
also high. Based on the results of the tests performed, it seems apparent
that this particular type of spent shale material might perform very well in
flexible pavement structures. Although the material showedmore than ade-
quate strength and stability, it may not stand up as well to the abrasive
action of traffic on high-capacity roads and may be expensive because of
the seemingly large amount of asphalt needed. However, this mixture might
perform very wellas a surface course layer for lower capacity roads (e.g.,
secondary roads).

o AS SOURCES of proven aggregates are depleted throughout the country, more use
will be made of aggregates that do not have a known service record. A new source of
aggregate for Colorado may be the by-products of the oil shale industry. One of the
major environmental problems facing this rapidly developing industry is the disposal
of enormous amounts of spent shale from the oil extraction processes. Most research
in this area has focused on revegetation efforts. However, spent shale has no organic
material nor nutrients necessary for the growth of plants. Filling small canyons and
other natural depressions with spent shale has also been proposed but has received
less than favorable support. In view of this, the use of this material as aggregate for
flexible pavement construction was investigated. Tests were performed tb determine
the suitability of one particular type of spent shale aggregate for possible use as base
course material or in bituminous surface courses. Successful results could lead to an
economic solution for both the processors of the raw oil shale and the users (construc-
tion agencies) of the seeming waste, spent shale.

Publication of this paper sponsored by Committee on Characteristics of Bituminous-Aggregate Combinations
to Meet Surface Requirements.
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CHARACTERISTICS AND PROPERTIES OF SPENT SHALE

Generally, raw oil shale is a fine-grained, compact sedimentary marlstone, which may
consist of dolomite, quartz, clay, calcite, and other minerals and which contains an
organic substance called kerogen. Kerogen is only slightly soluble in known petroleum
solvents but is readily converted to shale oil when subjected to temperatures between
700 and 950 F (371 and 510 C). As each particle of kerogen in the raw oil shale reaches
its decomposition temperature in the retorting process, it vaporizes, leaving a void
area in the shale. As heat continues to penetrate the shale, successive kerogen par-
ticles are vaporized and escape from the shale through pore spaces previously occupied
with kerogen. The vapors are then condensed to yield the crude shale oil.

The spent shale is the solid waste remaining after retorting and other processing
have removed hydrocarbon values and possibly associated mineral values from raw
oil shale (1). The spent shale varies in particle size and chemical properties depending
on the grade of raw oil shale and type of processing method used (2). Spent shale can
range in size from a very fine ash (minus No. 200 sieve) to relatively large chunks (9
in., 229 mm, or more). The chemical analysis of Fischer assay spent shales obtained
from raw Colorado oil shale samples is given in Table 1(3). The constituents of burned
shale are as follows:

Average
Constituent Percentage

N

N =
R NDWE DN

Si02
Fe:0s3
Al203
CaO
MgO
SO;
Na:z0
K20

Except, perhaps, for its particle size, spent shale from the Fischer assay is generally
representative of spent shale from any indirect heated retorting process.

In Table 2, Dinneen (4, 5) has reported the compressive strength of core samples of
Green River oil shale before and after retorting. Samples of raw oil shale displayed
high compressive strengths whether determined perpendicular or parallel to the bedding
planes of the shale, After heating to 950 F (510 C), the lean spent oil shale retained
relatively high compressive strength values in both horizontal and vertical planes, in-
dicating a high degree of inorganic cementation between the mineral particles making
up each lamina and between adjacent laminae. It is also evident from Table 2 that the
compressive strength of rich (high oil yield) spent oil shale is quite low after the or-
ganic matter (kerogen) is removed.

A study (6) conducted by the Denver Research Institute (DRI) in 1966 discussed the
disposal and uses of spent shale ash (material passing No. 200 sieve). A significant
result of this study was the development of cohesion in the shale ash, when it was sub-
jected to burning temperatures from 1,150 to 1,700 F (521 to 927 C) and burning times
from % sec to 2 hours, and the resulting high compressive strengths of the shale ash
test specimens. However, most processing methods are conducted with burning tem-
peratures ranging from 700 to 950 F (371 to 510 C), resulting in spent shale that is non-
plastic and noncohesive, e.g., the material investigated by the author. Another DRI
study (7) on spent oil shale ash showed that this material can possibly be used as fines
in asphaltic concrete, as a soil-cement additive for road base and subbase material,
and as lightweight aggregate for highway use.

Other researches (8,9, 10) have obtained data on spent shale (particle size ranging
from plus No. 4 through minus No. 200 sieves, with the majority passing the No. 200
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sieve) in the form of compaction characteristics, Atterberg limits, consolidation, and
triaxial characteristics. Their conclusions (10) are given below.

1. The spent shale material loses strength significantly upon saturation. For par-
tially saturated spent shales (moisture content between 5 and 20 percent), the strength
increases with an increase in dry densities. However, upon saturation, the strength
seems to be independent of magnitude of dry densities in the range tested.

2. The angle of internal friction of saturated spent shales is on the order of 20 deg;
that for the partially saturated spent shales was 35 deg.

These relatively high angles of internal friction usually indicate a material that may
exhibit a relatively high frictional component of shear strength (a characteristic that is
very desirable in flexible pavement structures).

It is readily apparent from this discussion that much of the research reported to
data has concentrated on so-called spent shale ash material. This research has shown
that this material does possess some of the desirable characteristics of the more tra-
ditional forms of aggregate in construction use. However, the use of large quantities
of material with such small particle sizes and limited particle size range is not very
practical for large construction operations, e.g., earth embankments, and flexible
pavements. Little if any research has been conducted on larger sizes and a wider
range of sizes of spent shale. Consequently, the remainder of this paper is devoted
to an evaluation of a limited number of physical characteristics of relatively coarser
material (with only 10 percent of it, classified as ash, passing the No. 200 sieve).

EVALUATION AND DISCUSSION OF SPENT SHALE
AGGREGATE AND MIXES

Methodology

The spent shale investigated in this study was obtained from the U.S. Bureau of Mines,
Laramie Energy Research Center (LERC), in Wyoming. The raw oil shale in use at
LERC originated from the Green River formation in which the Colorado shale field is
located (11). The retorting process in use at LERC is the Nevada-Texas-Utah (NTU)
process, which uses very large pieces of raw oil shale. Approximately 20 percent of
the raw oil shale used is larger than 20 in. (508 mm) in size. Some typical chemical
properties of the spent shale from the NTU retort at LERC are given in Table 3 (12).

To evaluate the suitability of this material for use in road construction, the following
tests were performed with the cooperation of the Materials Division of the Colorado
Division of Highways (CDH): the Los Angeles abrasion test, dry sieve analysis, spe-
cific gravity, Atterberg limits, and the Hveem method of mix design. These tests were
used to determine the following aggregate characteristics: size and grading, toughness,
particle shape, surface texture, absorption, and affinity for asphalt. These basic ag-
gregate characteristics combine to yield the desirable properties that asphalt-aggregate
and aggregate mixes must possess to perform satisfactorily as pavement mixtures.

The desirable properties of pavement mixtures (13) include stability, durability, flex-
ibility, fatigue resistance, skid resistance, impermeability, and workability.

Size, Grading, and Atterberg Limits

The material received from LERC ranged in size from approximately 9 in. (229 mm)
to less than 0.0029 in. (0.07 mm, minus No. 200 sieve); the majority was less than 1 in.
(25 mm). For convenience in handling, the material was passed through a small rock’
crusher set at a maximum size of % in. (19 mm) before the dry sieve analysis was
performed. The gradation curve shown in Figure 1 conforms to the Asphalt Institute's
type 4-B (14) and CDH's E grading for asphalt-concrete surface course mixtures. This
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assays conducted on Colorado oil shale samples. treated oil shales (in psi).
Grade of Original Oil Shale Sample Qil Shale Heated Oil Shale Heated
Oil Yield Raw Oil Shales to 510 C to 816 C
Constituents 17.8 19.5 22.3 29.8 36.6 38.0 51.8 (liters/
metric ton) A B A B A B
Carbon (total) 7.26 7.62 8,56 8,12 10.27 10.07 10.32
Carbon {organic) 1.81 1.69 2.49 2.57 3.53 4.20 4.55 4.2 22,168 19,382 19,979 19,084 15,489 14,892
Hydrogen 0.26 0.22 0.15 0.24 0.27 0.22 0.26 27.1 31,177 28,377 28,1786 26,175 17,080 13,585
Nitrogen 0.11 0.10 0.18 0.21 0.24 0.27 0.33 56.3 26,573 23,375 13,286 6,196 10,487 3,695
Sulfur 0.37 0.29 0.50 0.61 0.47 0.66 1.06 104.3 18,388 18,587 412 384 171 156
125.2 9,890 10,586 355 284 114 114
164.8 11,496 13,770 T1 114 85 114
244.1 12,988 2,889 28 28 57 28
Note: A = campressive strength perpendicular to the bedding planes; B = compressive strength
parallel to the bedding planes. 1 psi = 6900 Pa
Table 3. Properties of spent shale.
Experiment
Shale Analysis 1 2 3 4 5 6 1 8 9 10 11 12 13 14 15 16 17 18
Fiacher assay
0il, gal/ton 162 1.8 492 0.1 [} 0.3 0.8 0 0 1.2 131 0 0 0 0 0.95 0.3 0
Oil, wt per-
cent 6.2 2.9 1.81 0.05 0 0.1 0.32 0 0 0.47 0 0 0 [ 0 0.38 0.1 0
Water, gal/
ton 1.3 1.1 0.63 0.9 0.8 1.9 2.0 0.08 0 1.7 0.38 0.2 1.1 1.4 1.4 0.5 2.2 0.8
Hydrogen, wt
percent 1,17 0.5 051 015 0.14 0.14 034 011 0.06 031 0.24 0.14 0.18 0.22 0.17 0.23 0.20 0.14
Carbon
Total wt
percent 13.23 8.78  8.04 4.87 499 553 514 404 285 6.3¢ 536 400 602 7.2 433 119 241 3.62
Mineral wt
percent 5.02 476 299 3.20 3.34 346 3.09 270 113  3.40 252 267 405 3.99 286 348 159 2,19
Organic wt
percent 8.21 402 505 1.67 1.85 2.07 205 1.34 1.70 294 283 1,33 197 3.14 146 3711 0.82 1.43
Carbon dioxide,
wt percent 18.39 17.46 10.97 11.73 12,27 12,67 11.14 9.88 3,72 12.46 9.26  9.77 14.83 1461 10.49 12,12 5.84 8,02
Ash, wt percent 71,71 7T7.46 83.69 86,87 87.30 84.33 85.82 88.77T 95.61 83.04 88.34 88.67 82.91 82.29 B87.62 83.95 92.82 90.61
Nitrogen, wt
percent’ 0.32 0.17 0.21 0.12 0.12 0.10 0.12 0.09 0.06 0.19 0.13 0.v8 0.12 0.14 0.08 0.21 0.08 0.09
Sulfur, wt per-
cent 0.52 0.54 0,97 1.28 093 0.5 075 094 0.86 0.60 082 066 070 0.67 0.73 0.82 0.88 0,74
Mineral car-
bon dioxide,
wt percent 25,08 23.81 14,96 1599 16.73 17,27 15.19 13.47 4.88 16,99 12,63 13.32 20.22 19.92 14,30 16.49 7.96 10.94
Water soluble
carbonates,
wt percent 0.23 1.21 4,53 343 221 095 0.99 1.40 3.88 123 209 0 1.82 0.22 1.31 1.14 1.44 1.40
Water soluble
bicarbonates,
wt percent 0.32 0.17 0.23 0.07 0.94 0.08 0.07 008 0.1} 0.07 0.6 1.60 0.08 052 074 007 008 0.12
Heat value,
Btu/lb (gross) 1,30 610 490 90 150 300 170 40 160 300 380 140 160 410 0 500 0 140
Note: 1 gal/ton = 3800/907 cm? /kg; 1 Btu/Ib = 2326 J/kg
Figure 1. Gradation curve for spent shale aggregate. Table 4. Hveem test results.
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gradation can be described as a relatively dense, well-graded, aggregate blend that
should exhibit high strength characteristics.

The Atterberg limits tests (liquid and plastic limits) were performed on a portion
of the material passing the No. 40 sieve. The results from these tests showed that the
material was nonplastic and thus noncohesive.

Toughness

The Los Angeles abrasion test was conducted to determine the toughness or the abra-
sion resistance of the spent shale particles. The wear was 48.5 percent. This is
slightly higher than the maximum allowable limit (45 percent) reported in the CDH
standard specifications. Consequently, this material may not stand up so well as
tougher aggregates (such as traprock) to the repeated abrasive action of traffic. There-
fore, the spent shale particles should probably be used in the lower pavement layers
(binder, base, and subbase courses).

Particle Shape and Surface Texture

Particles retained on the No. 50 sieve are dark gray, friable, flat, angular, and sharp-
cornered and have a relatively rough surface texture. Microscopic examination of
smaller sizes (minus No. 200) similar to those of this study was reported by Heley

and Terrel (8), who found that

1. The particles were crystalline and bulky;

2. Individual particles varied in size, and the larger particles were created by a
fusion together of many smaller particles; and

3. The particles are not honeycombed in structure, but large amalgamations do
contain many interstices that, because of their fused structure, are possibly isolated
from surface fluids.

These characteristics are typical of aggregates that result in relatively high angles
(35 to 45 deg) of internal friction. Although a determination of this angle was not per-
formed for the material from LERC, recent research (10) indicates that this angle for
spent shale ash can vary from 20 deg for saturated triaxial specimens to 35 deg for
partially saturated specimens [ moisture contents ranging from 5 to 20 percent and
dry densities from 85 to 95 lb/ft* (1360 to 1520 kg/m®)].

Absorption

The centrifuge kerosene equivalent (CKE) test was performed on the spent shale ag-
gregate to determine the estimated oil ratio to use for the subsequent Hveem mixtures.
Both the kerosene and oil used to determine the degree of absorption showed a rela-
tively high percentage of porosity; approximately 15 percent of each (kerosene and oil)
was retained. The probable reason for this high porosity is the high temperatures
used in the retorting process on the raw oil shale as mentioned previously. This char-
acteristic will more than likely necessitate adding an extra amount of asphalt to the
paving mix to satisfy the aggregates' seemingly high absorption capacity.

Affinity for Asphalt

Stripping, the separation of asphalt film from the aggregate through the action of water,
may make an aggregate unsuitable for asphalt paving mixtures. Immersion-
compression tests were performed on asphalt-spent shale mixtures containing 13 per-
cent asphalt. The results were as follows:
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Ttem Value
Wet strength, psi 359
Dry strength, psi 3517
Percentage of absorption by weight 1.36
Percentage of swell by volume 0.00
Index of retained strength 100

These results show a negligible loss of strength, indicating that the spent shale ex-
hibits very high resistance to stripping.

Strength of Spent Shale Aggregate Mixtures

In general, soil strength depends on density, moisture content, and texture of the soil
(15). The Hveem stabilometer test was performed to evaluate the shear strength (fric-
tional component) of typically prepared spent shale aggregate specimens.

The stabilometer R-value, expressing the measure of a soil or aggregate's ability
to resist the transmission of vertical load in a lateral or horizontal direction, was de-
termined for moist spent shale aggregate specimens and was found to be 85 (average
of three tests, all of which were the same value). The associated density and moisture
content were 93 1b/ft® (1488 kg/m®) and 18.1 percent. The main reasons for this high
strength have been previously discussed. An R-value of 85 significantly exceeds the
minimum value of 78 (16) for aggregate base course layers. This indicates that use
of spent shale as conventional base course material should be highly recommended.
Because of its relatively high strength, more of this material could be used to provide
thicker base course layers, probably resulting in thinner asphalt-concrete surface
courses for many roads,

In summary, the spent shale is well graded yielding dense mixtures; is flat, angular,
and of rough surface texture yielding a relatively high angle of internal friction and
therefore high strength in compaction specimens; exhibits very high resistance to
stripping; and is a highly absorbent and friable material that appears to wear rela-
tively easily.

Hveem Asphalt-Spent Shale Mixtures

The Hveem method of mix design, typically used to determine the probable optimum
asphalt content for pavement mixtures, was used to evaluate the suitability of asphalt-
spent shale mixtures. The principal features of this method are (13) the CKE test on
the aggregates, a stabilometer test, a cohesiometer test, a swell test, and a density-
voids analysis on compacted paving mixtures. The CKE test was performed on samples
of spent shale (both plus No. 4 and minus No. 4 sieve sizes) to determine the estimated
optimum asphalt content, which was 14 percent. Four Hveem samples ranging in as-
phalt content from 11 to 14 percent were then made. The results given in Table 4 in-
dicate some interesting characteristics. First, it appears that the optimum asphalt
content for maximum stability is slightly greater than 11 percent. This at first seems
high when compared to a more normal value of 6 percent for most surface course
mixes. However, when the specific gravities of spent shale and normal aggregate
are compared (1.85 versus 2.35 respectively) the seemingly high asphalt content of
11 percent for the spent shale aggregate is equivalent to 9 percent for normal aggre-
gate. Second, the total resistance value R, (combination of stability and cohesiometer
value) of approximately 100 is surprisingly high. This seems to indicate that the
asphalt-spent shale mix possesses very high strength, i.e., more than adequate load-
carrying capability.

It is evident from the results shown in Table 4 that the mixtures investigated possess
extremely high stability. This is due to dense aggregate gradation, angular shape, and
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rough surface texture, all of which contribute to a high angle of internal friction and
thus to a high frictional component of shear strength, and a relatively high value of
cohesion exhibited by the mixture.

Only a partial evaluation can be made at this time of mixture durability, its ability
to resist disintegration from weathering and traffic. The results from the Los Angeles
abrasion test show that the spent-shale itself may not stand up so well to the repeated
abrasive action of traffic. The soundness test, which provides an indication of the re-
sistance to weathering of aggregate, was not performed. Traditionally, however, the
shale type of material is unsound because water enters it and, upon freezing, expands
and fractures it (ﬁ). Hence, based on this limited information the spent shale probably
should not be used for surface course paving mixtures.

Because of the limited testing, the property of flexibility cannot be fully assessed.
This property is, however, enhanced by high asphalt contents and relatively open-
graded aggregates. The asphalt contents tested were high, but the gradation was dense.
Because the spent shale is highly absorbent, it is not known how much of the asphalt is
absorbed nor how much effectively coats the aggregate. This question might be resolved
in a future study.

Fatigue resistance is also enhanced by high asphalt contents and well-graded aggre-
gates. The mixes studied conform to these criteria; consequently, they might exhibit
more than adequate fatigue resistance.

The cohesiometer test determines the cohesion properties and the tensile strength
of asphalt films. The cohesiometer values obtained in this investigation, near the es-
timated optimum, are relatively high and substantially exceed the minimum values re-
ported by most design criteria (13). The higher the tensile strength is, the greater are
the properties of flexibility and fatigue resistance. Thus, with the relatively high co-
hesiometer values obtained, it seems likely that the asphalt-spent shale mix might
possess more than adequate flexibility and fatigue resistance.

The same factors that govern high stability usually apply to high skid resistance.
From the preliminary testing conducted, it seems likely that the spent shale does pos-
sess the rough surface texture and angular particle shape necessary for adequate skid
resistance.

The results from the immersion-compression test provide an excellent indication of
the relative impermeability of the asphalt-spent shale mixture. The absorption of
water by weight was slightly greater than 1 percent. This indicates that the mix used
is relatively dense graded and impermeable.

Visual examination revealed that the asphalt-spent shale mixtures were difficult to
mix. The problem of adequate workability in the field, however, cannot accurately be
assessed at this time. This also might be considered in a future investigation.

Although the asphalt-spent shale mixtures possess many of the desirable properties
discussed above, its use as a surface layer for high types of roads is questionable.
However, these mixtures might perform very well in surface courses for lightly trav-
eled roads (e.g., secondary roads). It seems more likely that these mixtures might
be highly beneficial for use in binder layers and also in bituminous base layers.

RECOMMENDATIONS AND CONCLUSIONS

Even though this investigation was very limited in scope, it indicates the suitability of
this particular type of spent shale for use in binder layer, bituminous base, conven-
tional base, or subbase layers for flexible pavements. Although the spent shale showed
more than adequate strength and stability, its use as aggregate for asphalt concrete
surface course mixtures may be dependent on the traffic characteristics of the road
involved. Field installations using this material would have to be constructed to eval-
uate the performance of this material more completely.

Based on the results of the tests performed, the following conclusions are made.

1. Spent shale can be described as bulky, angular, rough, and highly absorptive
material capable of producing very high strength, relatively lightweight aggregate
mixtures,
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2. Asphalt-spent shale mixtures tested by the Hveem method show that very high
strengths can be obtained with this material. However, the asphalt contents required
to produce these strengths are high.

3. The results of stabilometer tests on aggregate mixtures also indicated very
high strengths, pointing to the possible use of this material for base and subbase
courses.

4. Based on this limited investigation, this particular type of spent shale material
might perform very well in flexible pavement structures.
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DESIGN CONSIDERATIONS FOR A DIRECT-FIRED
PROPANE HEATER TO PREHEAT THE BASE
FOR COLD-WEATHER PAVING

N. D. Shah and P. F. Dickson, Colorado School of Mines, Golden

A prototype direct-fired propane heater with variable gas rate and speed
was designed for preheating the base to study cold-weather paving of thin
mats. The results obtained were compared with those predicted by the
computer program. The computer program was then used to simulate
cold-weather paving. Statistical analysis of the data revealed that only
three of the eight variables were significant. The effect of these three
significant variables on the time available for compaction was found to be
linear. A nomogram was constructed to predict the time available for
compaction, From the results of this study, a 12 by 12-ft (3.6 by 3.6-m)
propane heater producing approximately 300,000 Btu/hr-ft* (9300 kW/m?)
and moving 2 min ahead of the paver at a speed of 20 to 80 ft/min (6.1 to
24 m/min) is recommended as a final design. Propane gas consumption
for such a heater is estimated to be 1,980 Ib/hr (890 kg/h), which will re-
sult in a fuel cost of $138/hr.

*COLD-WEATHER paving of a thin mat is hampered by rapid cooling. Preheating the
base is one method to retard this rapid cooling, and theoretical and practical aspects
of base preheating have been studied (1, 2).

This study was undertaken to design a variable-speed propane heater to preheat
the base before the thin mat is placed. The results of laboratory experiments were
compared with those predicted by the computer program developed by Corlew and
Dickson (2). The principal objective of the study was to determine the effect of some
of the variables on the time available for compaction. The ultimate goal was to de-
sign a propane heater that could be used in real practice.

Laboratory experiments have been conducted in which test specimens of asphalt
base were preheated with a direct-fired propane heater. These experiments were
restricted to preheating and subsequent cooling of the base. Placing of thin mat on
a preheated base was not considered. The capacity of the experimental heater was
90,000 Btu/hr~ft* (279 kW/m®). The heater was stationary, which is impractical be-
cause the openings for the burner and air intake could not be changed, which made it
impossible to adjust the flame. In the present study, most of these problems were
overcome, and the laboratory experiments investigated base preheating and the placing
of thin mat on the preheated base.

EXPERIMENTATION
The experimental setup is shown in Figure 1. The direct-fired propane heater was

fueled from a 100-1b (45-kg) liquefied petroleum gas (LPG) tank. The gas flow rates
were controlled by needle valves installed in the gas line just before the flow meter.

Publication of this paper sponsored by Committee on Flexible Pavement Construction.
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Figure 1. Experimental setup for base preheating.
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The gas was supplied from the flow meter to the variable-opening orifice of the burner.
The burner design (Figure 2) was similar to the conventional Bunsen burner. The
entire heater with four pulleys was mounted on two tracks, which were supported at
both ends by angle irons. The heater was connected with a thick cotton string to a
6-in.-diameter (152-mm) pulley, which was driven by a Yi-hp (186-W), 1,725-rpm motor
through a gear box. The lowest speed that could be obtained by using the gear box was
4 ft/min (0.02 m/s).

A detailed design of the heater is shown in Figure 3. The heater shell was made
from %ie-in.-thick (1.6-mm) stainless steel 303 sheets. The top inner half of the
heater was filled with asbestos paste to avoid heat loss. The heater was lined with
Ya=in.-thick (6.4-mm) refractory, which was held in place by 14 anchors. The entire
heater weighed approximately 10 1b (4.5 kg). The distance between the heater and the
base specimen could be adjusted by raising or lowering the base specimen.

The experimental procedure mainly consisted of the following four steps:

1. Preheating the cold base specimen by moving the propane heater above it at a
desired speed,

2. Cooling the base specimen during the stall period,

3. Placing the thin hot-mixed asphalt specimen on the base, and

4. Cooling the thin mat specimen from 300 to 150 F (149 to 66 C) on the preheated
base.

During this period all the temperatures were recorded as a function of time on a
24-channel Acco Bristol recorder.

COMPARISON OF EXPERIMENTAL AND COMPUTED RESULTS

Nine experimental runs were made by using different combinations of heat output, mat
thickness, preheat time, and initial base and mat temperature values. Comparison of
experimental temperatures with computed temperatures for a few typical runs is shown
in Figures 4, 5, and 6. Comparisons of only upper base points and all the points in
the mat are given. The temperature changes below a certain depth in the base are in-
significant during the preheating and stall periods. That is why the comparison at the
point 1 in. (25 mm) from the top in the base is not given during preheating and the stall
period. Also the comparison for the interfacial temperature is not given during these
periods because of the experimental difficulties encountered in accurately measuring it.

In Figure 4, computed results are shown for 10, 20, and 40 percent heat losses. The
computed temperature profile does not significantly change; hence, the effect of heat
loss is probably insignificant. The same conclusion will be reached later on the basis
of systematic statistical study of the variables.

Figures 4 and 5 show that there is a considerable difference between the experi-
mental and computed results. However, in all cases mat cooling was slower for the
experimental results than for computed results. This apparent disparity between the
experimental and computed results could be due to existence of a thin layer of air be-
tween the two samples. The layer of air between the samples acts as an insulation,
which retards the cooling of thin mat. For the run shown in Figure 6, the thin mat
specimen was hammered periodically after it was placed on the preheated base speci-
men. The close contact between the hammered samples resulted in greater agreement
between experimental and computed results.

To quantitatively explain the effect of a thin layer of air between two samples, the
computer program was modified to take into account this resistance. Computer runs
were made with 0, %o, Yo, and Yeo-in.-thick (0.3, 0.6, and 1.2-mm) layers of air be-
tween samples, and it was found that %o in. (0.6 mm) of air gave good agreement
between the experimental and computed results. The results in Figure 5 show that the
agreement between the experimental and modified computed result is considerably
improved.
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Figure 3. Detailed design of heater.
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SIMULATED COLD-WEATHER PAVING

The computer program developed by Corlew and Dickson (2) was used to simulate cold-
weather paving. For the purpose of preliminary study, eight variables were investi-
gated at two levels each (Table 1). The dependent variable was time to cool to 175 or
150 F (79.4 and 66 C). Initially 16 computer runs were selected. The detailed statis-
tical analysis for these 16 runs, together with confounding of some interactions, is
given by Shah (3). The following factors were found to be significant at the 5 percent
level (in decreasing order of importance):

1. Mat thickness,
2. Wind velocity, and
3. Preheat time.

The results were the same for time to cool to both 175 and 150 F. None of the second-
order interactions was found to be significant.

Mat thickness and wind velocity were found to be the most significant variables. The
same conclusion was reached by Shah and Dickson (4) in their study on use of insulation
in cold-weather paving. Surprisingly heat output was not found to be significant; how-
ever, a close examination would reveal that heat output is connected with preheat time,
and in this case preheat time is significant.

Stall period is not significant, which means that we can be flexible in setting the dis-
tance between the heater and paver. Initial base temperature or atmospheric tem-
perature is not significant, which means that minor changes or fluctuations in the en-
vironmental temperature would not appreciably change the design conditions. We can
be flexible in designing the heater capacity because heat losses and heat ouput are not
significant. Small changes in lay-down temperature do not significantly affect the time
available for compaction. Preheat time is found to be significant, and, depending on
the preheat time required, the heater speed should be adjusted. To synchronize the
various operations requires that the heater and paver move at nearly the same speed.

It should be remembered that these conclusions are strictly valid within the range of
the variables studied.

Based on the results of this analysis, 48 more computer runs were made. For these
runs preheat times of 9, 18, 27, and 36 sec; mat thicknesses of 7, 1, and 1% in. (12.5,
25, and 38 mm); and wind velocities of 0, 5, 10, and 15 mph (8, 16, and 24 km/h) were
used. These data were utilized to find a relationship among time to cool to 175 or 150 F
{79.4 or 66 C) and three significant variabies by using a step-wise muitipie iinear
regression program. The relationships were

Time (150) = 18.01 (A) - 0.80 (B) + 0.39 (C) - 2.33 (1)

Il

Time (175) = 12.88 (A) - 0.54 (B) + 0.30 (C) - 2.64 2)

where time is in min and

A = mat thickness in in. (mm),
B = wind velocity in mph (km/h), and
C = preheat time in sec.

A nomogram (Figure 7) was constructed to obtain the time available for compaction
by a graphical procedure. Point G on the scale of mat thickness is joined by a straight
line to point H on preheat time scale. Point I, which is the intersection of line GH with
scale A, is joined by another straight line to point K on the wind velocity scale. Point
J, which is the intersection of line IK with the time scale, gives the time available for
compaction.



Table 1. Variables used in computer simulation.

Table 2. Base preheating versus insulation in cold-

weather paving.

Factor Symbol High Value Low Value
Mat thickness, in. X1 1.5 0.5

Wind velocity, mph Xz 15 0

Preheat time, sec X3 38 9

Stall time, min X4 3 N

Initial mat temperature, F Xs 300 250

Initial base temperature, F Xe 40 10

Heat loss, percent X 40 20

Heat output, Btu/hr-£t® Xa 443,000 148,000

Note: 1in.=25mm; 1 mph= 1.6 km/h; 1 F =18 C+32; 1 Btu/hr-ft2 = 3.1 W/m?,

Figure 7. Nomogram for base preheating.
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Based on the results of this study and other data (4), 2 comparison of base preheating
and insulation is given in Table 2. ‘All data were obtamed for 25 F (-3.8 C) base tem-
perature and 10-mph (16-km/h) windvelocity. Based on heat transfer considerations,
both methods seem to be equally attractive and efficient. However, from practical
consideration, base preheating seems to be the more useful method.

From the results of this study, recommendations regarding the final design of the
heater could be made. The breadth of the heater should be the same as the breadth of
the paver. The length of the heater depends on preheat time required and the speed at
which it is moving. Assuming paver speeds of 20 to 80 ft/min (6.1 to 24 m/min) in
normal operations (5), a 12-ft-long (3.6-m) heater will give 36 to 9 sec of preheat time
depending on the Speed Thus a 12 by 12-ft propane heater producing approximately
300,000 Btu/hr-ft* (9300 kW/m?) and moving 2 min ahead of pavers at a speed between
20 and 80 ft/min could be recommended. Depending on the speed, the distance between
the heater and paver would be between 40 and 160 ft (12 and 48 m). I is further rec-
ommended that the heater be designed so that the vertical distance between the burner
and base surface can be changed as desired. The LPG consumption for such a heater
is estimated to be 1,980 1b/hr (890 kg/h). The estimated fuel cost for LPG would be
$138/hr based on the cost of LPG at $7/100 1b ($7/45 kg).

CONCLUSIONS

The results of this study suggest that a direct-fired, refractory-lined propane heater
can be effectively used for base preheating to achieve adequate time for compaction of
thin mats. Base preheating is the most useful method from practical considerations,
even in the face of today's energy shortage.

The experimental results establish the validity of the mathematical model for pre-
dicting base preheating and cooling of mat. Statistical analysis showed that mat thick-
ness, wind velocity, and preheat time are significant variables affecting the time avail-
able for compaction. The relationship among time available for compaction and these
three variables is linear within the range of the variables studied.

A 12 by 12-ft (3.6 by 3.6-m) propane heater with approximately 300,000-Btu/hr-ft?
(9300-kW/m?) capacity is needed to achieve adequate time for compactlon of thin mats.
The heater should move 40 to 160 ft (12 to 48 m) ahead of pavers at a speed between
20 and 80 ft/min (6.1 and 24 m/min) depending on the preheat time required. The
propane gas consumption would be 1,980 ib/hr (890 kg/h) at a fuel cost of $138/hr.
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