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ABSTRACT

Yeager, Larry L. MSCR, Purdue University, December 1973. Dynamic
Modulus of Bituminous Mixtures as Related to Asphalt Type. Major
Professor, Leonard E. Wood.

The fundamental properties of asphaltic concrete are important to

researchers as input to new design procedures being developed. The

dynamic modulus of bituminous mixtures becomes a rational part of this

new design procedure as a predictor of a pavement's performance in

service. A review of current literature indicated that many research-

ers are active in determining fundamental properties of bituminous

paving mixtures under a wide variety of conditions.

The main objective of this study was to determine 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 proce-

dure was developed incorporating the above mentioned variables.

Material and sample preparation included a stud;y on compaction

procedures of fcur by eight inch high cylindrical specimens. A compac-

tion technique was developed that yields uniform bulk density of the

four by eight inch high specimen.

A secondary objective of this studv attempted to correlate a

physical property of the asphalt cement to the dynamic modulus of the

bituminous paving mixture.



Such a correlation was established between the dynamic modulus

and the slope of the log kinematic viscosity versus
l

°Ktemperature

plot, the cyclic loading rate, and the temperature of the test. This

correlation maj not be valid for mixtures using different aggregate

types, gradations, and asphalt contents.



INTRODUCTION

For purposes of continuity and clarity the introduction of this

paper has been divided into four separate sections:

1. ) Scope

2. ) Background

3.) Literature Review

U.) Statement of Problem

This particular format was chosen so that repetition of material

would be held to a minimum and still be given full consideration.

Scope

This study was initiated in order to examine the extent of a corre-

lation (if one exists) between the dynamic modulus of an asphaltic con-

crete mixture and some physical property of the asphaltic cedent. The

common practice in use today utilizes properties of the bulk asphalt

and mixture parameters to design bituminous pavements. Although these

methods have been adequate in the past, new technology enables one

to make a better prediction of the pavements' performance when the

parameter of dynamic modulus is taken into consideration. Advanced

technology also contributes to complex problems when one sets out to

determine the thickness design of a bituminous pavement and is unable

to measure the dynamic modulus because of the lack of certain equipment

necessary for its measurement. If there exists a correlation between

the dynamic modulus of the bituminous paving mixture and some physical



property (viscosity
, ductility, penetration, etc.) of the asphalt, a

simple and less complex measurement of the physical property would

enable one to predict the dynamic modulus with certain precision. The

thickness design of the bituminous pavement would be facilitated.

Background

The dynamic modulus of a bituminous paving mixture has been id- n-

tified with numerous names by as many different investigators perform-

ing research in the area. Throughout this paper when the term "dynamic

modulus" appears it will describe the relationship of a stress to

strain in dynamic loading. The stress as well ^s the strain are time

and temperature dependent which in turn indicates that the dj namic

modulus depends upon:

a) loading pattern (dynamic, square wave, sine wave, etc.)

b) time of loading (frequency)

c

)

temperature

Shook k Kallas (1) conducted an extensive study to determine the

principal factors that influence the dynamic modulus of a bituminous

paving mixture. They reported the results of their study at the Asso-

ciation of Asphalt Paving Technologists (MPT) meeting in 1%9. No

attempt was made to establish any correlation between the dynamic mod-

ulus of a bituminous paving mixture and some material property of the

binder.

Heukelom and Klomp (2) made a presentation before AAPT in 196y

that verified to some extent the prediction of mixture stiffness from

a measured stiffness of an asphaltic cement. Numerous others (3, k, 5)

have correlated or measured some factors that affect the dynamic



modulus. Additional coverage of this area is discussed in the litera-

ture review section. Prediction of a dynamic modulus of a bituminous

paving mixture from a physical property of the asphalt cement should

obviously be the goal of continuing research for the determinations of

factors that correlate to and influence the dynamic modulus.

Literature Review

The literature that is being written about dynamic modulus, its

measurement, and factors influencing it has become voluminous. Refer-

ence to earlier authors (1 through 5) show a varied approach to both

the problem and the solution.

As early as ±9i?U Van der Poel (6,7) demonstrated a correlation

between input and response for a visco-elastic material, showing that

a simple extension of Young's modulus as a solution to elastic behavior

can be applied to visco-elasbic materials provided certain conditions

of time, temperature, and loading are met.

Konismith and Deacon (8) studied compound loading as the method

of solving a design problem of bituminous pavement thickness. Others

(9, 10) have investigated the relationship of a cyclic loading to a

given stiffness of a mixture and have termed this relationship

"dynamic response".

McLeod (11) investigated the problem of relating oaramrters

obtained from the Marshall stability test to a value which he called

the modulus of stiffness and obtained the relation:

M = JjO stability
flow 1



where

M = Modulus of Stiffness

Stability = Marshall stability measured in pounds

Flow = Marshall flow measured in units of .01 incn.

Bazin and Saunier (12) studied factors that influence dynamic

modulus and noted that air voids have a noticable effect on stiffness

modulus of dense mixes. Temperature susceptibility was also reported

to have a marked influence upon stiffness modulus. The last two re-

ports (11 and 12) are indications that there is a nf>e d to continue the

research that is attempting to correlate a physical property of an

asphalt cenent to the dynamic modulus of a bituminous paving mixture.

Goetz (13) made use of the fundamental frequency of vibration of

asphaltic concrete beams to evaluate the influence of certain mixture

papameters upon a "sonic modulus". He founo no consistent relationship

existed between sonic modulus and asphalt content. There was an inverse

relationship between temperature and sonic modulus (i.e. higher temper-

atures indicated a lower modulus) and between asphalt penetration and

sonic modulus (i.e. again higher penetration indicates a lower modulus).

Work reported by Pagen (lu) and Pagen and Ku (15), using creep

tests, suggests that asphalt type as well as other mixture properties

could be utilized in the prediction of time -dependent and temperature-

dependent behavior of asphaltic concrete.

Heukelom and Klomp (2) and Heukelom (16) havr attempted to relate

mixture stiffness and bitumen stiffness.

q .

mix
S bit

2.5 c
v

1 +
n-TITGj



where

mix Stiffness of mixture (modulus)

S. • . = Asphaltic stiffness from Van der Poei's nomograph

G
v

= Vol. of aggregate (cone, of solids)

_ vol. of aggregate
vol. (agg. + asphal L

)

n - .Rjlog 1L2Ll^
Sbit

(Note: ~}>t air voids were used and Cv = 0.7 to 0.9)

Utilizing equation {?.) in conjunction with Van der Poei's nomograph,

one interrelationship among mixture properties is defined that could

be used to predict the dynamic modulus.

Of all of the reported studies, the efforts of Shook & Kallas (1)

most closely resembles the direction of the author's investigation.

However, the author intends to extend the study in the hope of estab-

lishing a correlation between trie dynamic modulus of a bituminous pav-

ing mixture and a material property of the binder.

Schmidt (17) in a report presented at the Highway Research Board

meeting in January 1972, predicted a resilient modulus by measurement

of the deformation of a diametrally loaded specimen and obtained the

relationship:

v = P (/* + 0.273M 3
t &

where

;

MD = resilient modulus

P = load (dynamic)

fJ- = Pois son's ratio

t = thickness of the disk



A = total deformation

Values of l± of .20, .36, and .50 were used. When the vrlue of

0-35 was used for poisson's ratio* close correlation was found

with the calculated values of M^. Load duration of 0.1 seconds re-

prated twenty times each minute wis used to simulat> as nearly as

possible the Brnkleman Beam method of measuring pavement defections.

(See pages 11R-16?, ref. 17).

Evaluation of the fundamental relationship between stress and

strain of an asphaltic paving mixture has been of great interest to

many researchers (1). ^ form of relationship known as "complex

modulus" has been researched extensively. The complex modulus is

a complex number which defines the relationship betv^een stress and

strain for a linear vi sco-elastic material subjected to a sinusoidal

loading. When a linear visco-elastic material is subjected to a load-

ing stress of the former = O" sin (cut), the resulting strain re-

sponse is of the i'orm E =F sin (cut-0) which lags the stress by the

phase angle, 0. The Complex modulus E""" is defined by;

E* = E 1 + j F" h

where

E'
r

= complex modulus

mi = Ofo cos
[,

'o

E" = Go sin
>' ;

Q

j = imaginary number

O~ = maximum stress applied - psi



F. = maximum strain experienced during
test - in/in.

i) = phase lag angle - degrees

Leased on this definition the absolute value of the cpmplex

modulus, E""" , is a measure of the materials elasticity while the

phase lag angle, 0, 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 by the equation;

/E
;7 = °J& 5

wriere

/E'V = dynamic modulus - psi

<T = maximum stress applied - psi

EQ
= maximum strain experienced

during test - in/in.

The procedure for determining the dynamic modulus and the results

obtained from those tests are the main concern of this research.

Shook and Kallas (1) have conducted research which most closely

resembles the goals of this study exceot an attempt will be made to

establish a correlation between the dynamic modulus and a physical

property of the binder whereas Shook & Kallas (1) only listed those

factors that influence the dynamic modulus.

No doubt a further search of the current literature would provide

ample background, however, the concept of correlating a physical prop-

erty to the dynamic modulus is still not prevalent in the literature.

Investigators have primarily concerned themselves with isolating those

factors which influence the dynamic modulus.



Statement o f Problem

The primary objective of this study is to evaluate and select

a procedure for determining the dynamic response (modulus) of Indiana

State Highway- surface mixtures.

Since special equipment is currently needed to adequately evaluate

dynamic modulus, a different approach to design could ensure if a

correlation between physical characteristics of the asphalt cement

and dynamic modulus of the asphaltic pavinp mixture exists.

Thus, a secondary objective of this project will be to quantify

physical and rheolopical properties of an asphalt cement for the

purpose of establishing the above mentioned correlation (if one exists)

between an asphalt property and the dynamic modulus of the mixture.



MATERIAL AND SAMPLE PREPARATION

This section of the renort describes all details relating to the

tests performed including a description of the materials used, char-

acterization test results, and the findings of a study concerning the

best compaction procedures that would be utilised for forming four

inch by eight inch cylinders of bituminous concrete.

Aggregates

I

Sources and Type

Aggregates for this study consist of 100 per cent crushed lime-

stone obtained from the Pipe Creek Stone Company of Swf;etser, Indiana.

This producer is listed as quarry Number 162 by the Indiana State

Highway Commission (18, 19).

Geologic setting for tnis material is the Liston Creek Limestone

member (Huntington Litheface) of the Wabash formation of the Silurian

period (20). A typical section of this formation contains a bluish

gray to tan limrstone that is cherty, fine grained, and slightly

fossiliferous and usually thin bedded. It is generally accepted

that the Liston Creek member is tough and can pass soundness and

abrasion tests but it contains abundant chert with a specific gravity

less than 2.16 (21, 22).
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Preparati on

Material for this study originated from the i'ar north extremes

of the quarry and received the normal commercial processing of crush-

ing and sizing. Indiana State Highway Commission gradation sizes of d

and 5>3 (23) were obtained from the producers stockpiles and trans-

ported to the Purdue Bituminous Materials Laboratories where they

were re -sized to logarithmic sieve series fractions and washed.

Summary of Specification Tests and Physical Properties

Unless otherwise stated or required by standard methods, all tests

were performed on r ach of the fractions. Results rcaj be reported as

weighted values for the gradation to be used for project mixes. The

gradation chosen for this study meets the requirements of an Indiana

State Highway surface mixture U9h (2h) and a type TVb (2$) mixture of

the Asphalt Institute and is presented belcw.

Table 1. Sieve Analysis

Sieve % Passing

3/U 100

1/2 82

3/8 70

h SI

8 hO

16 30

30 20

50 12

100 7

200 3
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Los Angeles Abrasion, (per cent wear), (ASTK)

grading (AJTI-'i) Wear after 100 rev. We ar after £00 rev.

B 7.1% 27.8$

C 6.9% 27. Bt

n e.s% 31.7?

Deleterious Materials:

A. Friable particles, ocher, and shells by visual inspection of

hand specimens: None

D. Soft or nondurable particles (AASHO T1R9). Soft particles

retained on 3/8" sieve - 3.%%

C. Chert (less than 2.k$ specific gravity):

Visual count of particles that contain chert (particles nay

include both chert and limestoie)

% Chert % Chert
Size (Count) (wt)

3/h - 1/2 29 29

1/2 - 3/R 22 10

3/R - h 16 15

U - 8 19 lU

D. Material with specific gravity less than 2.h$ (bulk saturated

surface dry). All material placed in heavy liquid media (1,

1, 2, 2 - Tetrabromoethane (acetylene Tetrabromide ) and

carbon tetrachloride; all material that floated is included in

the per cent with specific gravity less than 2.1;!?.



1?

% , b} wt . w i th
S .G. less than ?.h%

3/ii - 1/2 6Jj

1/2 - 3/n 6.9

3/fl - '4 6.9

li - A 6.0

Coarse agg. (Ret //A). Jg by wt. with S.G. less than 2.hb • . 6.62

F.. Specific Gravity and Absorption (ASTM C127, Cl?«, pR^li ) •
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Table 2. Specific Gravities of Individual Fractions 4 Test Mix

3ize Obulk r'bssd Oanp % Abs

Individual Fractions

Vh - 1/2 2.522 2.601 2.7U9 3.136

1/2 - 3/8 2.522 2.5P« 2.701 2.639

3/P - i-i 2.518 2.5RR 2.706 2.732

a - r 2.U&0 2.56U 2 . 709 3.a?p

P - 16 ?.).|6P 2.51j6 2.675 3.12lt

16 - 30 2.khk 2.53^ ?.6B5 3.6PO

30 - 50 2.3R2 2.U69 2.610 3.6Uli

5o - loo 2.UP2 2.551 2.666 2.766

100 - 200 2.52R 2.561j 2.61R 1.392

Killer __ — 2.7?6 __

Test Mix Gradation

CA 2.518 2.5RP 2.70R 2.7PB

R 2.h97 2.560 2.666 2.514U



Ill

Asphalt

Three penetration gradf s of asphalt were us- d in this study;

hard asphalt - 60/70

normal asphalt - "5/100

soft asphalt - 120/150

A set of standard acceptance tests were run on each of the as-

phalts to characterize them. Results of these tests apuear in Table 3

and typical data sheets may be seen in Appmr'ix A.

The asphalt was produced by the American Oil Co. at the rrfining

plant in Whiting, Indiana.

Table 3- Results of Asphalt Cenent Characterization Tests

Asphalt Designation 101 102 103
Specification Tests

Penetration 77°F, 100 gm. S sec. 5'6 «5" 122

Ductility 77°?, 5cm/min 100+ 100+ 100+

Sp. Gravity f 77°F 1.02P 1.027 1.022

Thin Film Oven Test
325°F, 5 Hrs.

Penetration on Residue
77° F, 100 gm, $ sec.

% of Criminal

Solubility (001^) Per Cent

Vi scosi ty

Absolute 1)40°^ Poise

Kinematic ?75"°F Cst

Softening Point R % B °F

P.I. (By Equati on; See Appendix A)

5«.2 66.0 66.7

99.61; 99.7£ 99.7*

2213 1236 67°.

36R 305 229

129.2 121.3 113.3

+ .03 + .06 -.00B

A plot of the kinematic viscosity versus temperature for the three

asphalts may be observed in Fipure 1.
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10,000

u

8 iooo

100
0.23

J I I L

0.25 0.27 0.29

* (Degrees Kelvin"
1

x I0"
2
)

0.31

( 275° F ) (140° F )

FIGURE I. RELATIONSHIP BETWEEN KINEMATIC
VISCOSITY AND TEMPERATURE.
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Mix Design

The Centrifuge Kerosene Fquivalrnt method as described in Asphalt

Institute Manual Series 2 was used to determine an estimated asphalt

content for each of the three asnhalt types.

American Society for Testing & Materials (ASTK) Designation D

15 60, Resistance to Deformation and Cohesion of Bituminous Mixtures

by Means of Hveem Aparatus, and ASTM Designation D1561, Preparation

of Test Specimens of Bituminous Mixtures by Means of California

Kneed ing Compactor (26), were used to finalize the asphalt contents

for the various bituminous paving mixtures included in this study.

Design data and the density -voids analysis may be found in Appendix

"B". Design asphalt contents for the dense graded bituminous surface

paving mixture are as follows]

Dense mix - hard asphalt (101)
s

A.C. = 6. 7i

Dense mix - medium asphalt (102) ' A.C. = 6.5t

Dense mix - soft asphalt (103)"" A.C. = 6.3$

All asphalt contents are based on weight of dried aggregate.

---Asphalt Designation from Table 3-

Compaction Methods

Specimens for this study were prepared according to procedures

given in ASTM Designation D l56l except for certain modifications in

comnacted height of the specimen, specific foot pressure, and number

of tamping blows.

Numerous variations of ASTM Dl56l were tried so that the best

method of compaction yielding the greatest uniformity could be uti-

lized in this study. Consideration was given to foot pressure and
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number of blows needed to compact-, an eight inch i;ru ciir.cn yet still fel-

low as closely as possible ASTM method D15'6l. \ summary of mnthods

and results of th' se various methods follows;

Method A - ASTM Dl$6l was used for this method except that an

eight inch high specimen was compacted rather than

a two -and -one -half inch specimen. The mixture was

heated to 230°F (110°C), placed in a filling trough,

fed into the mold, and rodded. One-half of the mater-

ial is placed into the mold and rodded forty times

(twenty around the edge and twentj in the center).

The other one-naif is than added and rodded in the pre-

scribed manner. \ leveling type kneeding con.paction

at 2^0 psi foot pressure is applied for thirty tamps

at which tirre the foot pressure is increased to 500

psi and applied for 130 tamps (five minutrs).

Method B - ASTM Dl$6l was followed except for specimen height

and addition of mixture to the mold. Four layers at

two inches per layer were used instead of the ordin-

ary two layer compaction method. One quarter of the

total amount of mix was placed into the filling trough

and then loaded into the mold. Fach layer was rodded

forty times (twenty around the edge and twenty in the

center) and them compacted four to ten tamps with a

foot pressure of 2$0 psi. Once the top layer was com-

pacted at 2^0 psi, the higher corr.pactive effort ($00 psi)

was applied for 1$0 tamping blows.
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Method C - ASTf D15>6l was used except for variations in specimen

height, specific foot pressure and m ir.be r of tamping

blows. The mixture was placed into the filling trough

and added continuously to the mold. The tamping foot

was allowed to compact the mixture at 25>0 psi 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 from

start to finish takes two minutes or 60 tamping blows.

Cnce this amount of compaction is achieved the foot

pressure is increased to 5>00 psi and continued for

15)0 tamping blows. There was no rodding of the mater-

ial in this method.

Kethod D - All of the material was introduced into the mold at

one tire and rodded in the usual maimer (twenty times

around the edge and twenty times Ln the center). The

high compactive effort of 5>00 psi was placed on the

specimen for a total of 200 tanping blows.

Kethod 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 .05?" per minute, reaching

an ultimate load of 1000 psi.



19

being compacted. A 1000 osi double plunder static load was applied

at the rate of .0$"/min. after the kneedin-.; compaction was completed

and the specimen cooled in a lhO°F oven for l'g hours.

After cooling was complete, the sprcimens were weighed in air and

water and the bulk specific gravities were c^lculitrd. The sppcirrens

were then cut into right one inch slices by nrans of a diamond ee'ged

masonry saw. Bulk specific gravities of thr cnr inch slices were

determined. The complete analysis of compaction technique and section

of the method to br used in this study follows;

Table U. Results of Compaction Study

He thod

A

B

C

D

E

Avg. Absolute Val.ue Standard

% Variation Deviation

2

.

90$% U.9B

?.033# 3.7P

.9W% 1.R6

1.313$ 2.2U

2.611% h.n

The standard deviations for the various compaction methods used

wer<~ calculated from the equation;

S.D.

1/2

_L (Xi-X)'
N-l !

'/[here :

S.D. = standard deviation

N = number of slic s

l
density of each slice
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X = average density of N slices

The per cent variation win calculated from the equation;

( X-X.)

Var.

Where

% Var. = per cent variation

X. = density of each slice

X = average density of the N number of slices

The absolute value of the percent variation was added for each

of the slices and then divided by the number of slices. This value

was termed the "avg. absolute value percent variation", and appears

in Table I4

.

The choice of method "C" as a compaction technique was based on

analysis of the data in Table h as well as previous investigation on

techniques of compaction. Method "C" gives the best uniform bulk

density throughout the specimen as well as a bulk density that closely

resembles the bulk density of a 2lg" compacted Hveem specimen at thr

design asphalt content using A.3TM D15>6l. This fact can be seen in

comparing the standard deviation values and avg. absolute value %

variation values. Typical data sheets appear in Appendix C.
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DYMAMC MODULUS KEASURTC'ENT PROCFPimF,

In the dynamic modulus tests, unconfined cylindrical specimens of

a dense grad r d bituminous concrete surface mixture were compacted

and cured in a manner previously described. The four inch diameter by

eight inch high specimens were subjected to sinusoidal stresses of

differing amplitudes, frequencies, and temperatures, and the resulting

axial strains were studied in terms of their amplitudes and phase lag

angle differences. The loading of the specimens was accomplished

with a Research Incorporated, HIS Division, electric-hydraulic testing

system. For the dynamic modulus tests, the sinusoidal loads were

applied with the testing systems hydraulic actuatcr thrcugh hardened

steel platform loading disks placed at either end of the specirren. A

sulfur based cement compound was utilized in capping the four by eight

inch cylindrical specimens to insure parallel planes of loading. A

Baldwin-Lima-IIamilton (BLH) type T2G1 load cell (50,000 lb. capacity)

was used to measure the loads applied. Two independent methods of

measuring strain were utilized. Baldwin-Lima- Hamilton SRJ4 Type A-l

strain gauges were cemented vertically to the specimen at the

mid-point of the 8 in. length with Bean BR 10U epoxy adhesive in

accordance with manufacturer's recommended procedure.

Temperature compensation gauges were incorporated into the cir-

cuit. The output from the half-bridge strain gauge set-up was re-

corded by a Sanborn type 321 dual channel recorder. Duplicate strain
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gauge set-ups were prepared on opposite sides (lRO apart) of each

of the specimens and the output from each s< t of gauge's was recorded

simultaneously. An average value was determined from the duplicate

gauges to calculate the strain response.

The second method of measuring strain involved the use of a linear

variable differential transformer (LVDT) built into the actuator of

the electric-hydraulic testing machine. The output from the LVDT as

well as from the load cell was recorded using a Brush Kark 280 two-

channel recorder.

Specimens were brought to test temperatures b;y p:eans of a walk-in

freezer (for I4O F specimens) and a forced-air oven (for 70°F <V 100 F

specimens). Care was taken to assure the fastest possible testing of

the specimen so that only a very minimum change in temperature would

occur. The temperature in the laooratorj was held at a constant

temperature of 70 F.

Tn order to determine the temperature change one micjht experience

in testing the specimens at temper tures other than 70GF, a study of

temperature change versus time was made. A four inch by eight inch

high specimen was drilled in the center of the diameter and at the

mid-height point. A temperature probe was placed in the hole and the

specimen was brought to the test temperature (J4.O F or 100°F). An

average of six tests gave the result that it takes 12 minutes to

change the temperature one degree Fahrenheit. The testing of the

specimen lasted from two to seven minutes total time.

Recorder settings, sample numbers and other needed information

was placed on each trace for purposes of identification. Sample
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numbers were placed on specimens after capping to identify them.

There were two stress levels ($0 ^ lOOpsi), three loading;

frequencies (1, 6 <v 12 cyc/sec), three temperatures at which tests

weie run (U0°, 70° and 100°F), and three asphalt cements ($6, P£ "-

12? pen). The a'rr.regate gradation was the same "or ill tests.

Table 5 summarizes the testing program for measurement of those

variables needed to calculate the dynamic modulus.

Table $. Testing Sequence

Load i ng Fre que ncy

.Stress Level

Temp 1 CPS 6 OPS 12 CPS
Asphalt

degree SO 100 £0 100 £0 100
Cement F. psi psi psi psi psi psi

601 (^6 pen) hO X X X X X X

70 X X X X X X

IOC) X X X X X X

60? (R$ pen) UO X X X X X X

70 X X X X X X

100 x x x x y x

603 (12? pen) hO X X X X X X

70 X X X X v X

100 v X X X X X

In addition to tb/ tests performed that, are listed in Table 5, two

additional tests were made for a comparison basis. Soaking three sp< c-

iemns for four days at 1?2°F allowed a test to be made that would indi-

cate qualitatively the effect that soaking has on the dynamic modulus

value

.



2U

The use of strain gauges was made in orri^r that a comparison could

be made between that type of strain measurement and use of LVDT

.

Consistent data was obtained for each tyre of strain measurement

indicating that either method is equally adequate for measuring

stTain. Typical data sherts for calculating the dynamic modulus may

be found in Appendix D. 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.
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Results of the Dynamic Modulus Test

The primary objective of this study was to evaluate and select

a procedure for determin'ng the Dynamic Modulus of Indiana State Highway

surface mi x turf s. The results of the numerous dynamic modulus tests

appear in Table 6 and are useful in fulfilling tlv secondary objec-

tive of this study.

The dynamic modulus measurements were made on one or two specimens

at each indicated load stress level, temperature, cyclic loading rate,

and asphalt type. Those tests usin.j only one specimen were replicate

tests performed using the procedure of Kallas £,- Riley (27) for testing

specimens in renlicate tests. The data taken from a dynamic modulus

test may be seen on a typical data sheet in Appendix D.

The phase lag angle is not used in the dynanic modulus calculation,

but is useful when calculating the complex modulus. The phase lag

angles (0) were calculated from the tests run on the specimens purely

for the basis of quantitative comparison. These values appear

in Table 6 with the dynamic modulus measurements.

Table 7 lists the data taken in two special tost conditions. The

first set of data was calculated from results of tests using SR-U

strain gauges instead of the LVTD to measure specimen deformations.

Tn the strain gauge measurements no phase lag angle was recorded.

The second set of data was recorded for tests performed on speci-

mens in a "soaked" condition. Each of the three specimens were placed

in a water bath for four days, held at a constant temperature of

122 F. The other variables (temperature of test, cyclic rate, etc.)

remained the sane.



26

Table 6. Dynamic {''odulus and t Values

60? 100

603 100

ao 2.000 3'.7lU 11.Ua 10.fi 7.2 3.(1

70 1.320 5 .h35 b.rpo 13.5 10.1.1 6.8

100 0.U09 3.333 R.000 19.fi l r;.3 10. h

/?,"/, PST x 10? gf Phas e /Vn;',l r , Degrees

°F
"

'"roup Load Temp 1 cpa 6 cos 12 c ps 1 cps 6 cp:; 12 cps

601 50

602 50

100 0.297 3.000 7.2^0 2P.R 19.3 13.fi

603 50 J4O 3. bOO 8.000 9.1$fi Vj.U 12. li 7.2

70 2.927 3'.3'30 P.RRO ?6.9 20.1 I3.3

100 0.306 3.25'Q fi.000 30. U 27. p
' 19.6

601 100 ).t'J 3.20U 6.163 10.666 16.).) l'j.3 12.6

70 2.26$ 5.917 8. 860 21.6 20.1 15.7

ho 3.300 8.6U9 10.68a 18.0 8.6 5.6

70 2.UU5 5.721 R.RP.Q 23. lj 13.8 9.3

100 1.250 U. 500 7.596 26.6 21. a 21.0

ao a. 105 6.660 10.666 19.

a

15.5 13. a

70 2.680 5.570 fi.fiflO 26.3 20.8 17.8

100 0.903 a. 306 7.958 28.1 25.3 2a.

ao a. 567 6.538 10.666 23.9 20.1 15.7

70 2.320 5.319 8.RB0 29.8 28.

a

21.6

100 1.00a a.a59 8.000 36.5 3a. 3 3^.0
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Table 7. Dynamic Modulus of Special Tests

Load Frequency
Group (psi ) Temp (cps ) /?, /, psi x 10

1.6U5

2.083

3.333

601 50 70 1

602* 50 70 1

603
"

50 70 1

601"""' 50 70 1

602 ** 5o 70 1

603 ** 5o 70 1

.Uoo 18.0°

.Uoo 21.6°

.3h 9 18.8°

Strain Gauge Measurement

"""" Soaked Specimens (h days <* 122°F.) LVDT measurement

Typical data sheets and traces of the test load and deformation

recorded on the chart recorder appear in Appendix T).

Test data appears in Figures 2-7 and shows the relationship of

the Log Log (dynamic modulus) versus Log-^Q (loading frequency). The

dynamic modulus is measured in psi and the loading frequency is in

cycles/sec. Each graph is plotted at one load stress level and for

one asphalt type. The three lines represent the relationship between

Log Log (dynamic modulus) and Log-,Q (frequency) at one, six and

twelve cps for temperatures of h0°, 70°, and 100°F. The "least-

squares fit" was used in plotting the data.



2P

UJ (

.72
o a
o
_l c

o *~ .70

a
UJ

0.2 0.4 0.6 0.8
Log Loading Frequency

1.0 6.0

Loading Frequency, Cycles /Sec.

12.0

FIGURE 2. RELATIONSHIP BETWEEN L0G, L0G,

DYNAMIC MODULUS AND L0G, FREQUENCY.



29

.78

76

74

72

*
UJ
""" **-*»

o & 70

I c

o
UJoJ *—* .68

.66

Cyclic Stress * 50 psi

Asphalt Type 102

0.2 0.4 0.6 0.8

Log - Loading Frequency

1.0

1.0 6.0
Loading Frequency , Cycles /Sec.

12.0

FIGURE 3 RELATIONSHIP BETWEEN L0G, L0G|0
DYNAMIC MODULUS AND L0G, FREQUENCY.



30

*
LU

O

f 1
c

.70

Q 4T

5? UJ

_j «^ 68

.66 •

0.2 0.4 0.6 0.8
Log |o Loading Frequency

1.0 6.0

Loading Frequency, Cycles /Sec.

12.0

FIGURE 4 RELATIONSHIP BETWEEN L0G, L0G,

DYNAMIC MODULUS AND LOG
|0

FREQUENCY.



31

.78 o

.76

40^F^^^
74 <

•72

* ^iOO°F
Cyclic Stress -100 psi

2'g. Asphalt Type 101

V

IS
.68

.66

1 1 I u

10

0.2 0.4 0.6 0.8
LogiO Loading Frequency

6.0
Loading Frequency , Cycles /Sec.

12.0

FIGURE 5 RELATIONSHIP BETWEEN LOG, LOG,

DYNAMIC MODULUS AND LOG, FREQUENCY.



32

t—
1.0

Cyclic Stress « 100 psi

Asphalt Type 102

0.2 0.4 0.6 0.8
Log

|o
Loading Frequency

6.0

Loading Frequency, Cycles /Sec.
12.0

FIGURE 6 RELATIONSHIP BETWEEN LOG, L0G,

DYNAMIC MODULUS AND L0G
|0

FREQUENCY.



33

o" y
-3 3 .68

1.0

Cyclic Stress 100 psi

Asphalt Type 103

0.2 0.4 0.6 0.8
Log

!0
Loading Frequency

6.0
Loading Frequency , Cycles /Sec.

1.0

120

FIGURE 7. RELATIONSHIP BETWEEN LOG|0 LOG,

DYNAMIC MODULUS AND LOG, FREQUENCY.
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DISCUSSION Of.1 ' RESULTS

The fundamental objective of this study was to establish a

procedure for determining the dynamic modulus of a bituminous paving

mixture. In order to accomplish this objective it was necessary to

determine the influence of certain variables upon the dynamic mod-

ulus. The four variables investigated were temperature, frequency

of load application, stress level, and asphalt type. Discussion

concerning the influence of these variables is covered in the sec-

tion entitled "Influence of Qprtain Variables upon the Dynamic

Modulus of Paving Mixtures."

A secondary objective of this study was to establish a corre-

lation between a property of the asphalt cement and the dynamic

modulus of an asphalt paving mixture. The discussion of this mater-

ial is covered in the section entitled "Establishment of a Corre-

lation Between Dynamic Modulus and a Property of the Asphalt".

A limited study concerning the influence of moisture on the

dynamic modulus of asphaltic paving mixtures is discussed in the

section entitled "Effect of Moisture Upon Dynamic Modulus."
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Influence of Certain Variables Upon The 1 ly namic

Modulus of Paving Mixtures

The values of the dynamic modulus may be influenced by a number

of variables. The following four controlled test variables are dis-

cussed and summarized in this section: temperature, frequency,

stress level, and asphalt type.

Temperature

The dynamic modulus, /E*/ and phase lag angle, $ are a func-

tion of the temperature at which the test is performed. Figures 2

through 7 indicate for a given set of conditions that the dynamic

modulus value decreases with an increase in temperature, ^or a stress

level of 5>0 psi and loading rate of 1 cycle/sec. (See Fig. 2) the

modulus decreases from 2.00x10'' psi at kO°F to O.hOS'xlO-' psi at

100°F. Similar results may be seen at other stress levels, cyclic

loading rates and asphalt types. At twelve cycles per second and a

load stress level of 5>0 psi the value of the dynamic modulus varied

from ll.UilxHr psi for U0°F to B.OOxlO5 psi for 100°F.

In all case^ of loading, cyclic rate, and asphalt type; the trend

of realizing a higher dynamic modulus value at a lower temperature

was not unexpected because of the viscoelastic character of the bitu-

minous paving mixture.

Frequency

The variation of the dynamic modulus value with the frequency of

lead application is a basic property of an asphaltic concrete mixture.

The response (in this case the dynamic modulus) of a viscoelastic
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mixture depends directly upon the time of loading and the tempera-

ture at which the test is made. Similar results of the dynamic mod-

ulus value may be obtained at two different temperatures bj' simply

changing the rate of loading at one of the temperatures. This is

known as the time -temperature superposition principle (28). The

frequency of load application to a viscoelastic material has a di-

rect .effect upon the response.

A rapid frequency of loading (12 cps) does not allow the spec-

imen enough time to flow and thus the specimen acts more elastically.

Slower rates of loading (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 $0 psi, a temperature of hO°F, and as-

phalt tjpe 101, the modulus value increases from 2.00xl(P psi to

H.IiUlxlO psi as the rate of loading increases from one to twelve

cycles per second.

All asphalt t^pes, stress levels and temperatures gave similar

results of an increase in dynamic modulus value with an increase

in cyclic rate, as can be seen in Figures 2-7. The trend of an in-

crease in dynamic modulus value with an increase in frequency of load-

ing was not unexpected because of the viscoelastic character of the

bituminous paving mixture.

The importance of frequency has already been established. The

range of frequencies used in this studv can be related to studies that

correlate vehicle speed to frequency of load application. Coffman (29)

concluded that a vehicle acts as a cyclic load with a wave length of
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six feet. Knowing this allows one to relate vehicle speed to test

frequencies using the equation;

V = fX A

wnere
;

V = velocity (ft/sec)

f = frequency (sec
-

-'-)

X = wave length of a car (ft)

Using the above relationship, the loading frequencies of 1, 6,

and 12 cycles per second used in this studj represented speeds of

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 were

chosen for this study 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 for temperatures of

hO, 70, and 100°F. It can be seen in Table 5 that for temperatures,

asphalt contents and cyclic loading ntf s, the dynamic modulus val-

ues are similar at $0 and 100 psi, with exception occurring whcn one

uses a cyclic stress of 100 psi at the extreme conditions of

temperature (l00°F)and loading rate (1 cps).
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Asphalt. Type

The classic response one would expect concerning asphalt type

and dynamic modulus is that the higher penetration asphalts used in

an asphaltic concrete mixture tend to lower the dynamic modulus, all

otner factors regaining the same. The dynamic modulus values re-

corded for the three asphalt types 101, 102, anri 103 are 2.0x10
,

3.3x10'', and 3.hxl0') psi i'or tests conducted at U0OF, leps, and

50 psi. The dynamic modulus values record f d for other test levels

compare with the ordering of the above values for differing sets of

conditions

.

Establishment of a Correlation Between Dynamic i odulus

and a Property of the Asphalt

A secondary objective of this 3tudy was to establish if possi-

ble a correlation between the dynamic modulus and some physical prop-

erty of the asphalt cement. The slope of the log kinematic viscos-

ity versus l/T°K 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 two other variables that were incorporated into the correlation

equation. The form of the equation is:

log ft / = log (xx ) (x
?

) + x
3 9

where

/?"/ = Dynamic r,odulus

x, = slope of log kinematic viscosity
versus 1/T°|(curve

x - log 1 - log T - log UP
2 77Io
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x Lofi (frequency of Loading in cycles/sec)

T = temperature at which test will be made in °['\

These variables were selected on the basis that they affected the

dynamic modulus more significantly in this study than any of the

othpr variables. The variables rrpresent a viscous character, a

temperature, and a loading rate. Other variables may affect the dy-

namic modulus in a pronounced manner but were not included within

the scope of this study

.

Table 8. Calculated Values and Experimental Values

of Dynamic Modulus

Log1Q /E'YxlCP psi Loi'.q /EVxlo5 psi
Experimental Calculated

5.206

5.9U5

6.?85

h.RBU

5.662

5.963

li.680

5.U58

Table 8 lists the various values of the dynamic modulus from the

experimental t> sts as well as those values calculated from equation

The comparison in Table 8 is for asphalt type 101, tested at a

stress level of 50 psi and for temperatures of h0°, 70°, and 100°F and

I4OF 1 5.301

6 5.757

Sample 601 12 6.058

70F 1 5.120

50 psi 6 5.735

12 5.9U8

100 F 1 h.612

6 5.522

12 5.903
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cyclic loading rates of 1, 6, and 12 cycles per second. A comparison

of the experimental and calculated values of tlie log. /'• / versus

the loP-ir. loading frequency may be seen in Figure 8. Closest corre-

lation may be seen for this particular data at 1, 6, and 12 cps at

Effec t of Moisture on Dynamic Modulus

The effect of moisture due to field exposure uoon the dynamic

modulus of bituminous mixtures could be of importance to the flexible

pavement designer. Tt was the intent of this limited study to deter-

mine the effect of moisture on dynamic modulus values. The method

used to expose the mixtures to moisture was to soak tlie specimens

for four days in n water bath at 122 F. The dynamic modulus values

for the unsoaked condition at 70 F, 50 psi, and 1 cycle per second

(taken from Table 6) are 1.32 x 10 psi for group 601, 2 . A 6 5 x 10

5
psi for group 602, and 2.927 x 10 psi for group 603. The dynamic

modulus values for the soaked specimens at the same test conditions

as previously listed are .40 x 10 psi for group 601, .40 x 10 psi

for group 602, and .349 x 10 psi for group 603 (values are from

Table 7). As may be noted from Table 7 the three values listed for

the soaked specimens are considerably less than those values of the

dynamic modulus in the unsoaked condition. This reduction is probably

a function of the aggregate type as well as gradation, asphalt content

and type. However, the reduction in the dynamic modulus value of a

soaked specimen is significant and could be of great importance to the

flexible pavement designer if it could be correlated to field exposure.
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A RFCOMMWDED PROCEDURE FOR DFTFRI-'INIM3 TtIF, DYNAMO NCDI'LUS

OF INDIANA STATF HIGHWAY SURFAOF KTXTURFS

A testing device capable of measuring srr.all strains and record-

ing load and deformation simultaneously is essential to detc.ri: ining the

dynamic modulus of an asphaltic concrete mixture. /V Research Incor-

porated, ITS Division, electro-hudrn.ulic testing machine with a

Bruch f'ark 2^0 dual channel recorder is widely used in the area of

dynamic modulus measurements

.

A conpaction technique for four by eight inch high specimens that

yields uniform bulk density throughout the specimen is very important

in the dynamic modulus measurement test. Such a technique has been

developed by this investigator and is recommended for compaction of

four bj eight inch high specimens of Indiana State Highway surface

mixtures. The compaction technique consists of following ASTK D 15^1

except for variations in specimen height, specific foot pressure, and

number of tamping blows. The mixture is placed into the filling though

and added continously to the mold. The tamping foot is allowr d to

compact the mixture at 250 psi foct 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 from start to finish takes two

minutes or 60 tamping blows. Once this amount of compaction is
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achieved the foot pressure is increased to lj00 pai and continued

for i'ive minutes or 1^0 tan.pin/, blows. Then is no rodding of the

material in this method. The molded specimen is then nlaceri in a

lhO°F oven i'or one and one-hall hours at which time a 1000 ] si dou-

ble plunger static load is applied at the rate of .05"/min.

The nurber cf specimens needed to evaluate the dynamic modulus

depends on the number of variables being considered. There should bo

one specimen for each comoination of variables, These specimens may

be tested twice at the same conditions thus creating replicate speci-

men results which are acceptable in this t\pe of test.

Stress level is a less important variable to consider because

of the linear relationship between dynamic modulus and a reasonable

stress level. Kor this reason a single stress level of $0 psi is

recommended because it tends to simulate the pattern of traffic on

an asohaltic pavement.

Temperature and rate of loading are the two most important

variables of the dynamic modulus test. Therefore it is recommended that

three rates of loading and three temperatures be utilized in a test

program. The three rates of loading recommended are 1, 6, and 12

cycles per second which is equivalent to speeds of .£, 2$, and £0

miles per hour respectively and closely resembles speeds experienced

on many bituminous pavements. (See page 37, equation R. ) Three temp-

eratures of hO !'

1

, 70°P, and 100°F are recommended to include the vari-

ation of temperatures experienced by a bituminous pavement in service.

However, these temperatures do not cover the entire range of tempera-

tures experienced in the field but are those temperatures attainable

in laboratory testing.
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CONCLUSIONS AND SUFMRY

The irain objective of this study was to develop a procedure

for determining the dynamic modulus of an Indiana State Highway

surface mixture. Within the framework of this study which was lim-

ited to a specific aggregate type, gradation, asphalt type and as-

phalt content, the following conclusions seem warranted;

a) Dynamic modulus increases with an increase in the frequency

of load application.

b) Dynamic modulus decreases with an increase in temperature

for a given cyclic loading rate, asphalt type, and stress

level.

c) The following relationship was developed between the dy-

namic modulus of an Indiana State Highway surface mixture

and certain variables (temperature, loading rate, a function

of original asphilt viscosity vs temperature plot),

Log /E*/ = Log (xj_) (x
2 ) + xj

d) Soaking a four by eight inch high specimen for four days

in a 122°F water bath reduces markedly the dynamic modulus

value for the particular aggregate type used in this study.

e) A stress level of 100 psi at the extreme conditions of temp-

erature (100°F) and cyclic rate (1 cycle per second) re-

sulted in non-linear values of dynamic modulus.
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f) Varying the asphalt typo used in the bituminous surface

mixtures of this stud;y had a marked influence on the. dy-

namic modulus values. However, the different asphalt types

used in this study were mixed at different asphalt contents

and could have affected the observed differences.

Summary

Dynamic modulus and other variables from an Indiana State High-

way surface mixture were used to develop a relationship between

dynamic modulus and certain variables. A procedure was developed to

determine the dynamic modulus of an T ndiana State Highway surface

mixture. A comDaction technique was devised such that four by eight

inch high soecimens of bituminous concrete had a uniform density

throughout

.
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SUGGESTIONS TOR FUTURE RESEARCH

Future studies in the area of dynamic modulus measurements and

relationships to properties are listed below:

a) The dynamic modulus of the original asphalt should be deter-

mined. This value could possible be used in a correlation

equation that would attempt bo relate this particular phys-

ical characteristic of the asphalt to the dynamic modulus

value of the bituminous paving mixture.

b) An evaluation of the dynamic modulus of Indiana State High-

way surface mixtures using different asphalt contents at

constant mixture densities or using a fixed asphalt content

while varying densities could be performed. No attempt was

made in this study to quantify the effect of asphalt con-

tent on the dynamic modulus.

c) The influence of different types of mineral filler could be

measured to determine the role a filled bitumen has on the

dynamic modulus value of Indiana State Highway surface mix-

tures.

d) The effect of moisture on the dynamic modulus of bitumi-

nous paving mixtures could be quantified to simulate field

moisture conditions. This type of information could be

useful in more realistically designing flexible systems.
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Appendix A

so

101 SPPAB
= 5h.0°C (129. 2°F)

PTS _ log BOO - log Pen 77°F
S.P. non - 77 U F

RAD

_ 2.903 - 1.7UB
129.2 - 77.0

= .0221

PI 30 10
1 + 90 PTS

30 _ 10
1 + 90(.0?2l)

pr = + .03

102 SP
FAB

PTS

= h9.6°C (121. 3°F)

m log POP - lo-^ Pen 77°F
SP* - 77U F

_ 2.903 - 1.929
121.3 - 77

—

.0220

PT 30
1 + 90 PTS

- 10

30 . 10
1 + 90(.022o)

+ .06
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103 SP
R%B . U5.2°C (113. 3°F)

PI'S = lop; ^00 - log Pen 77°F
SP

P&B
77OP

2.903 - 2.0P6

113.3 - 77.0

.0225

PI 30 _ 10
1 + yo prs

30
1 + 90(. 022S

10

.008
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Appendix B

Table 1/V. HVF,EFi FIX DFSIGN

Dense Graded Mix 1200 gm.

Tot Tot Ret on wt. Com wt
Size % Pass £ Ret Sieve Ret. Ret

3A - 1/2 100 18 216 216

1/2 - 3/8 82 18 1? lhU 360

3/R - a 70 30 19 228 58«

li - 8 51 U9 11 132 720

8-16 Uo 60 10 120 8u0

16 - 30 30 70 10 120 960

30 - 50 20 80 8 96 1056

50 - 100 12 88 5 60 1116

100 - 200 7 93 h U8 H6h

Filler 3 97 3 36 1200

Bitumen Ratio
iix by CKE

601 (60/70) 5.9

602 (85/100) 5.7

603 (120/150) 5.5

% Asphalt Cement to be

evaluated by Hveem Stabilometer

5.U, 5.9, 6.U, 6.9

5.2, 5.7, 6.2, 6.7

5.0, 5.5, 6.0, 6.5
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Table 2A. Topical Mix Design Data

Trial Mix Series: 603 Sp. Gr. AC 1.022 Lab. No. for AC Used: 103

Agg. Used: I ariou Kf *l.tt$ K
r
.=l-5 K

n
- 1.)j3 Total SA 22-5 Sq.n./Lb

[,3timated $ AC using CK<\ Tests only 3.5 AC

Recommended # AC using Mix Design Criteria 6 .

3

AC

Snecirnen Identification A B C D

% AC by Wgt of Agg. 5.0 5.5 6.0 6.5

Wgt. in Air-grams 12U2.U l2bU.7 12U6.3 12U9.2 .

Wgt. in Water-grams 698.6 692.6 708.

1

709-5

Bulk Volumn-cc 55U.U 557.1 5U6.R 5U7.1

Bulk Density 2.2UO 2.23U 2.279 2.283

J
v:ax The or. Density 151.25 151.25 151.25 151.25

% Voids - Total Fix 7.3 7.5 5.7 5.5

Unit V;'gt. - pcf. 139.77 139. Uo 1U2.20 1U2.U5

Total
Load -lbs.

Unit
Load -psi

Stabilometer

500 1|0 10 12 13 9

1000 80 13 17 17 13

2000 160 18 22 23 18

3000 2h0 2)4 28 28 2h

Uooo 320 31 33 3k 31

5ooo Uoo 3S UO U2 Ul

6000 h*0 U6 U9 50 5k

Displacement -turns 3.1U 3.00 3.11 3.07

Corr. Stability Value U7.0 UU.O Uli.O h3.0



Table 2A, cont.

Cohesiometer

Temperature - °F. UlO 1U0 DiO

Pfi'ectivo Ileight-in. 2.7b' 2.75 2.75

ohot Weight - grams U13.2 336.2 307.k

Cohes i omfiter Value 116 .

9

95.1 P6.9

Gmm = 2.U16
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Rice

Table 3A. Density-Voids Analysis

A - 1997.7; B = 198h.8

KLask+
Wt. i'T.ask+ Wt. Sample

+

Sample Flask Empty Sample Sample 1I?0 Jmm

'.03/1 A 938. h lh57.h 519.0 2302.1 2.hl9

603 13 B 909.7 I62h.h 7lh.7 2h05.h 2.U30

602A A 8h6.6 lh25.3 578.7 233h.h 2.391

602 B B 817.9 lh79.9 662.0 237h.7 2.h32

601

A

A 8h6.h lh36.9 590.5 2jh2.8 2.U06

601

B

B 817.6 Hi55.U 637." 2359.7 2.h26

100
Sample Gran Ptac Ptac/Gac Pag r'v Gb

6 03A hi. 339 3.21 5.093 9h.79 2.615 2.225

603B hi. 152 $.21 5.093 9h.79 2.628 2.225

602A hi. 82J 5.39 5.2h8 9h.6l 2.588 2.219

602 13 hi. 118 5.39 5-2h8 9h.6l 2.638 2.219

601A Ul.562 5-57 5-hl8 9h.59 2.617 2.2h7

601

B

hi. 220 SSI 5.1*18 9h.59 2.6h2 2.2h7

13V (av/J

601 - 2.625

602 - 2.663

603 - 2.622
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Table 3A, Gont.

Absorbed Asphalt:

A qr. = G v-r'<iK 10ac G v Gag
"ac

Sample f-v r,ag *ac

601 2.625 2.507 1.8U

602 2.663 2.507 2.39

603 2.622 2.507 1.78

F,ffective Asphalt

:

•

peac
= ptac

100
pag

Sample ptac Pag p
rac

601 5.57 9U.59 3.83^

602 5.39 9U.61 3.13*

603 5.21 9U.79 3.53*

Voids:

Vv = 100 - Pgm VMA = 100-

Sample Vv Sampl'e

601 5.2J6 601

602 s.y% 602

603 5M bOi

"ag
V.M.A.

13.79$

13.8#

13.75$
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Appendix C. Table UA.. Compaction Stud^ , Fethod A

Slice Position
Dry Wt

(gm)

S.S.D. Wt

(gin)

Wet Wt

(gin)

Vol.

(cm 3
) Sp. Gr.

Density
(#/ft 3

)

1 Top U32.9 hU0.6 25^. 1 205.7 2.321 1UU.83

2 398.0 U03.0 227.1-1 180.0 2.267 na.ii6

3 397.5 U02.7 22U.3 205 .

7

2.228 139.02

h 3U8.9 353.U 198.8 167.2 2.258 1U0.P9

5 371.5 375.2 202.6 180.0 2.108 131.53

6 373.7 379.8 203.6 192.6 2.121 132.35

7 323.7 328.0 180.9 151.3 2.200 137.28

p 1*79.7 U83.8 257.2 2hh.L 2.117 132.10

Avg. 8 Slices = 137. U3 Bulk Densi ty 8" Compacted Specimen = 138.18

Variation from Avg. % Variation = -1:2Ll) x 100
X

Slice Density '£> Variation

1 HiU.83 +U.65'/,

2 1U1.U6 +2.93:?

3 139.02 1.1658

h 1U0.89 +2.52^

5 131.53 -U.29Z

6 132.35 -3.70/,

7 137.28 - .llg

fl 132.10 -3. D'8#

Motes : It seen.s as though the deeper one goes toward the bottom of

the specimen the less compaction one gets. A more uniform variition
would be desired.
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Table 5A. Compaction Study, Method B

Dry Wt S.S.D. Wt Wet Wt Vol. Density
Slice Position (i;m) (gm) (gm) (cm 3

) Sp. Gr . ( 7/f t
J

)

1 Top

2

3

h

5

6

7

P Bottom

A,vg. R Slices = 136.^3 Bulk Dencity P" Coiroactrd Speci.irrn = ljP.U

h 3)-i.9 U3B.P 2h9.1 1P9.7 2.292 1U3-02

U32.9 U36.3 2UU.R 191.5 2.260 11:1.02

37^.2 379.3 207.3 172.0 2.1*1 136.09

36U.5 369.

8

203.1 166.7 2.187 136. hi

306.? 310.3 16U.6 lh5.7 2.102 131.16

353. P 357.5 19U.1 163.1 2.165 135.09

U71.3 U75.6 261.9 213.7 ^.205 137.60

U26.5 U31.1 232.7 19P.U 2.150 13U.16

x 100Variation from <\vg. % Variation = liiZ^J
x

Slice Density % Variation

1 1U3.0P +h.52'^

2 1U1.02 +3.06*

3 136.09 - .bh%

h 136.1*7 - .26t

5 131.16 -U.ll$

6 135.09 -1..27*

7 137.60 + .53%

P 13L1.I6 -1.95*

Notes: The scatter in the variation shows lack of uniformity and a

poor copnaction technique.



Table 6/V. Compaction Studj , Method C

Dry Wt S.S.D. Wt Wet Wt Vol. Density
Slice Position (gin) (m) (gin) (

err ) Sp. Or. (Vft -*)

J. Top

?

3""'

1*

5

6

7

8 Bottom

*Bad Specimen—Lost Material

Avg. 8 Slices = II4I.P? Bulk Density P" Compacted Specinen = lUl.R2

Variation from Avg

.

% Variation = ^Z*!' x 100
x

Slice Density % Variation

1*70.7 1*76.8 271.0 9f )5. p 2.2^7 1U2.71

159.3 1*65-5 265.6 199.9 2.297 Hi 3. 33

31^.3 320.1 177.

B

1U2.6 2.211 137.96

1*18.3 U23.7 239.9 183.8 2.276 1U2.02

1*10.3 1*15.6 23U.7 180.9 2.268 1U1.52

1*12.9 1*17.3 235.1 181.9 2.29U ll*3.ll*

382.7 3BR.3 221. 8 166.5 2.298 1U3. 39

1*00.9 I4O5.O 226.9 178.1 2.251 11*0.1*6

1 11*2.71 + .^9%

2 11*3.33 +1.06%

3 137.96 -2.12%

h 11*2.02 * .lk%

5 ll*1.52 - .21*

6 11*3.11* + .92^

7 11*3.39 +1.1(#

8 1I4O.U6 - .95^

Notes: Fxcent for the one bad specimen, there seen a to be a fairly
good uniformity in this procedure.
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Table 7ft. Compaction Study , Method I)

Drj Wt S.S.D. Wt Wet Wt VoT Density
Slice Position (gin) (gin) (gin) (cm3) Sp. Gr. (///ft*)

1 Top

2

3

It

5

6

7

p Bottom

/Wg. 8 Slices = luO.lli Bulk Density R" Compacted Specimen = 139-52

g Variation = (*"x 3.) x 100

^72.7 1*79.3 273-5 205.8 2.297 1U3.33

353.6 356.7 196.7 160.0 2.210 137.90

1*35.* 1*1*1.6 251.2 190.li 2.2P9 1142.83

393.0 397. R 220.

u

177. h 2.215 13R .21

366.3 371.9 205.5 166.1* 2.201 137.31*

1*20.5 h26.6 23*. P 1P7.P 2.239 139.71

1*02.1 1*09.6 231. P 177.

P

2.262 lUl.lli

UlO.g an. .7 232.6 1P2.1 2 . 25h lbo.614

Variation from Avg.

Slice De ns i ty '.C Variation

1 11*3.33 +2.2R#

2 137.90 -1.60Jg

3 11*2.83 +1.92$

U 13 R .21 -1.37"?

5 137.31* -1.995?

6 139.71 - .30£

7 11*1 . 1)4 + .in

P IL1O.6I4 * ,3M

Notes: Mthour;h there serns to be more consistency in the vq-i^tion

from the averagf , these values are quite hi.'.h.
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Table RA. Compaction Stud}, Method Fl

Dry Wt S.S.D. Wt Wet Wt Vol"; Density
Slice Position (gm) (gm) (gin) (cm 3 ) Sp. Or. Of/ft-*)

1 Top

2

3

a

5

6

7

fl-::- Bottom
-^Specimen was not high enough for eight slices.

Avg. 7 Slices - 139. h6 Bulk Density 7" Compacted Specimen « 137.°6

t Variation = l*-*li x 100

aoo.7 kos.i 221.8 183.9 2.179 135.96

352.1 35a. 9 193.

a

161.5 2.180 136.03

361.0 363.

a

195.2 16P.2 2.1U6 133.91

aiB.a a22.a 2a?.

3

1P0.1 2.323 iaa.95

3U7.6 350.1 19a.

6

155.1 2.235 139J46

U35.1 a3R.6 253.6 185.0 2.352 ia6.76

\6S.l a59.o 25a. 9 2oa.i 2.230 139.15

Variation from Avg.

Slice Density Variation

1 135.96 -2.51#

2 136.03 -2.a5$

3 133.91 -3.9*%

a iaa.95 +3.93^

5 139. a6 0.00$

6 U6.76 +5.23*

7 139.15 - .22%

Notes: The scatter for this method indicates that the compaction

isn't uniform and that the compaction does not even come close to

a (J$% compaction of naximum theoretical.
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Table 9A. Calculated Standard Deviations of

Eiyht Inch Compacted Specimens

SD
1 N-1

Ui-X)
2 h

lice Density [xi-x] M2 Slice Density [x.-x] [x.-xp

Method A Method B

1 1UU.83 7.1*0 5U.76 1 11*3.02 6.19 38.32

2 1U1.U6 U.03 16. 2l* 2 11*1.02 I*. 19 17.56

3 139.02 1.59 2.53 3 136.09 .71* .55

1* 11*0.89 3.1*6 11.97 1* 136.1*7 .36 1.30

5 131-53 5.90 3U.81 5 131.16 5.67 32.15

6 132.35 5.08 25.81 6 135.09 1.71* 3.03

7 137.28 .15 .23 7 137.60 .77 .59

8 132.10 5.33 28.1*1 8 13)*. 16 2.67 7.13

Avg. 137.1*3 Sum. -17U.76 Avg. 136. P3 Sum. =100.63

S.D. -U.98 S.D. =3.78

Method C Method D

1 11*2.71 .89 .79 1 11*3.33 3.19 10. IP

2 11*3.33 1.51 2.28 2 137.90 2.2U 5.02

3 137.96 3.86 l!j.90 3 11*2.83 2.69 7.21*

a Dt2.02 .20 • Oil 1* 138.21 1.93 3.72

5 11*1.52 .30 .09 5 137.1*3 2.80 7.8b

6 lli3.ll* 1.32 1.7U 6 139.71 .1*3 .18

7 11*3.39 1.57 2.1*6 7 11*1.11* 1.00 1.00

fl 11*0.1*6 1.36 1.85 8 11*0.61* .50 .03

Avg. 11*1.82 Sum. = 21*. 15 Avg. 11*0. 11* Sum. = 35.21

S.D. =1.86 S.D. =2.21*
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Table 9A, Cont.

Slice Density M [x,-f

Method E

1 135-96 3.50 12.25

2 136.03 3.U3 11.76

3 133.91 5.55 30.m

14 1UU.95 5.h9 30.114

5 139. J46

6 II16.76 7.30 53.29

7 139.15 • 31 .10

Avg.

Specimen
for eight

139. h6

wasn't
slice*

Sum .

high e;

=13^.3U

s.n.=a. pi
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a TYPICAL DYNAMIC MODULUS TEST TRACE.
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