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pavement behavior and design. 

flexible pavements. 
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Introduction 

_thavior of flexible pavements is presented 

ithis article. During the 1945-1950 period, 

exandria, Va., by the Bureau of Public 

ads with the cooperation of the Asphalt 
stitute and the Highway Research Board. 

velopment of data on fundamental re- 

"Lions between load and the thickness of 

~ Xible pavement structures was one of the 

| Presented at the International Conference on Structural 

‘sign of Asphalt Pavement, University of Michigan, Ann 
490r, Mich., August 1962. 
Mr, Benkelman is now retired. During the study 
Sented in this article he was employed by the Bureau of 

blie Roads as a Highway Research Engineer and later 
ved as the Flexible Pavement Research Engineer for the 

‘SHO Road Test. 
Pia 
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tructural Behavior of Flexible Pavement 
Inalysis of Rigid-Plate Bearing 

Tests on Full-Size Test Sections 

'Y THE PHYSICAL RESEARCH DIVISION 

By! ALVIN C. BENKELMAN®? and STUART WILLIAMS, 

This article presents the first comprehensive analysis of the data collected 

during an investigation of the structural behavior of flexible pavement conducted 

during the 1945-1950 period at Hybla Valley, near Alexandria, Virginia. 

articles have been published on the objectives of the investigation and the pro- 

cedures, techniques, and equipment employed. 

been published and portions of these data have been analyzed by others. 

The investigation at Hybla Valley, initiated by the Bureau of Public Roads, 

is believed to have been the most comprehensive experiment of this type ever 

conducted. Although the original objectives of the study were not attained in 

their entirety, the project has stimulated further research related to flexible 

The new testing procedures and instrumenta- 

tion developed were subsequently used by State highway departments and staffs 

of the WASHO and AASHO Road Test projects. 

The comprehensive analysis presented in this article is expected to stimulate 

further interest in the application of the Hybla Valley test data to the design of 

Other 

Also, the refined data have 

Information relative to this study of flexible 

pavements has been published in articles 

appearing in previous issues of Pusiic Roaps 

magazine (1, 2) and publications issued by 

the Highway Research Board (3). Objectives 

of the investigation and the design and con- 

struction of the test sections, and the develop- 

ment of testing apparatus, techniques, and 

procedures were set forth in references / and 2. 

Collected data on test findings have been 

presented in HRB Special Report 46 (3), to 

encourage independent analyses. These data 

included comprehensive tabulations of most 

of the refined plate-bearing test data, de- 

tailed descriptions of the test procedures, and 

descriptive summaries of the data refinement 

processes. Portions of these data have been 

analyzed in other publications (4, 4). 

Many different procedures can be used for 

plate-bearing tests and the data obtained 

may be analyzed in several ways (3). Most 

of the data obtained from use of three dif- 

ferent test procedures have been analyzed 

3 References indicated by italic numbers in parentheses 

have been listed on page 140. 

Chief, Flexible Pavement Section 

for this article. These analyses—based on 

selected vertical movement criteria—show 

principally the load-bearing capacity of dif- 

ferent combinations of pavement structure 

components on a given subgrade soil and of 

the subgrade itself. The data included in 

HRB Special Report 46 that have been 

analyzed for this article have not been re- 

peated here; however, references have been 

made to tabulations of pertinent data at the 

time of their specific analysis. 

For convenience, this article includes sum- 

maries of previously published information 

regarding the test facilities, the laboratory 

and field testing of materials and soil, and 

the test procedures used in the Hybla Valley 

investigation. 

Findings 

Flexible pavements to be adequate for 

carrying prevailing traffic must be designed 

to act in an essentially elastic manner. To 

meet this requirement each component of the 

pavement must possess (1) sufficient inherent 

stability to resist distortion within itself and 

(2) the density necessary to resist consolida- 

tion. The findings from the analysis of test 

data from structural behavior of pavement 

should be helpful to those concerned with 

designing and building flexible pavements. 

Data from a series of Repetitional Tests 

showed that the thickness of pavement struc- 

ture required to support a unit load of 80 p.s.i. 

varies approximately as the total load to the 

0.4 power. At this required thickness (3 

inches of AC surface plus granular base in 

this series of tests) no detrimental or non- 

elastic movement of the subgrade soil occurred. 

Some of the other more important findings 

are given in the following paragraphs. 

e When the subgrade soil was tested by 

having the load applied directly through rigid 

plates, the same degree of elastic deflection 

was not developed in the subgrade soil as when 

the load was distributed to the 

through the overlying pavement structure. 

subgrade 
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Figure I1.—Planfand profile of north and south tangents of test track. 

e Test data showed a constant and orderly 

interrelation of the effect of unit load, diameter 
of test plate, and thickness of pavement 
structure, 

e When average surface course temperatures 
exceeded 75° F., the granular base course ap- 
peared to be more effective in supporting load 
applied through a rigid plate than an equal 
thickness of AC only. But, when the temper- 
atures of the surface course fell below 75° ke 
the AC surface was more effective than the 
granular base in supporting the load applied 
through a rigid plate. 

e The ability of the pavement structure to 
support load was appreciably greater when the 
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average pavement temperature was between 

40° F. and 50° F. than when the pavement 

temperature was between 75° F. and 95° F. 

e The surcharge provided by the AC surface 

course appeared to have had little effect upon 
the ability of the base course to support load 
applied through rigid plates. Likewise, the 

surcharge provided by the surface plus base 
course had little effect on the load-supporting 

capacity of the subgrade. 
e The unit load supported by the subgrade 

soil at a given deflection decreased at a dimin- 
ishing rate as the size of the loaded area was 
increased up to that of a bearing plate 84 
inches in diameter—the maximum size of 
plate used in these tests. 

Table 1.—Thickness of test sections 

Thickness— 

Total ; 
structure | 

i@ 
| 

Surface |Base course 
course 

Test section 

NORTH TANGENT 

Number Inches Inches Inches |@ 
Ea Be 8 3 6 9 u 
f EEE eee 3 12 15 
SR a ee 3 18 21 
Cpa eect 3 24 27 

a ee 6 6 12 
eS ee, oe eet 6 12 18 
(See ae 6 18 24 
eee ee ees 6 24 30 

9 6 15 
9 12 21 
9 18 27 
9 24 33 

SOUTH TANGENT 

Test Facilities ; 

The tests on structural behavior of flexil 

pavements were conducted on two 800-f¢ 
tangents of an oval test track. The plan a 
profile of the north and south tangents of t 

test track are shown in figure 1. A tabulati 

of the thicknesses of the test sections is giv 

in table 1. The test sections located on 1 

north tangent consisted of either 3-, 6-, or 

inch thicknesses of bituminous concrete s 
faces each laid respectively on 6-, 12-, 18-, a 

24-inch granular base courses that had be 

constructed on a uniform clay-soil emba: 

ment. The test sections on the south tang 

consisted of either 3-, 6-, or 12-inch bitumin« 

concrete courses laid directly on the unifo 
clay-soil embankment, which was of the sa 

type as the clay soil in the embankment 

the north tangent. Tests were also mi 
directly on the subgrade soil of the sol 

tangent in an area reserved for these spe 

tests. Test sections were each a minimum 

100 feet in length and had a minimum wir 
of 12 feet. | 

The subgrade was constructed of a unif¢ 

A-7-6 soil in 4-inch layers compacted ti 

minimum of 95 percent of the maxim 
density obtained by Standard Laborat 
Method of Test for The Compaction 4 
Density of Soil, AASHO Designation: T 99- 

in Highway Materials, Part II, 1947, 

212-213. The minimum height of emba 

ment was 5 feet. The base course wal) 

uniform dense-graded mixture of soil, sa! 

and gravel conforming closely to grading }; 

of Standard Specifications for Materia 

Stabilized Base Course, AASHO Design 

M 56-42, in Highway Materials, Part I, 

pp. 35-36. It was constructed in 3-4! 
compacted layers to a minimum, in-place 

density of 136 pounds per cubie foot (p.e. 
The bituminous concrete surface course 

a dense-graded, hot, plant-mix type confe 

ing to specifications of the Asphalt Insti 
(6). Mix No. IV was used for all 

i 

4 

A 

i 

! 
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)-, 9-, and 12-inch surface courses. 

‘I was used for the lower portions of the 6-, 

!-, and 12-inch surface courses. 

Table 2.—Summary of principal features of test procedures 

Accelerated Test— Repetitional Test— Incremental- 
Repetitional 

Test 

Number of different loads_} ¢ 

Successive deflections, ap- 
proximately inches_- 

jot 4 eee D.Sies 

- Number of load applica- 
tions or release. 

Until move- 
ment de- 
creased to 
0.001 inch per 
15 sec. 

Duration of each load ap- 
plication or release. 

Plate diameter-_-__-inches__ 

1 Depended upon test conditions. 

urface courses and for the top 3 inches of the 

Mix No. 

The test 

‘Wections were built with great care, extreme 

irecautions being taken to ensure uniformity 

j}1 composition and compaction of the sub- 

200 

Continuous to 
end of test. 

Until rate of 
movement de- 
creased to 0.001 
inch per minute. 

Until move- 
ment de- 
creased to 
0.001 inch per 
15 sec: 

6 to 42 in 
38-inch inere- 
ments. 

6 to 42 in 
38-inch incre- 
ments. 

grade, and in composition, compaction, and 

thickness of the pavement structure com- 

ponents. Detailed descriptions of the test 

facilities—including the layout of test sec- 

tions—and materials and construction meth- 

ods used are contained in previous publications 

(GE 2 rinee he) 

Laboratory and Field Testing of 
Materials 

In connection with the loading tests, repre- 

sentative samples of the pavement structure 

components and the subgrade were obtained 

periodically from most of the test sections for 

laboratory analysis. In addition, in-place 

density and moisture determinations were 

made of the base course, and undisturbed 

cores of the subgrade were obtained for 

density and moisture content determinations. 

Results of preliminary tests emphasized the 

importance of the effect of temperature of the 

bituminous (AC) surface course at the time 

of testing on the ability of the different sec- 

tions to support load. Consequently, thermo- 

couples were installed at several different 

depths in the pavement structure of repre- 

sentative test sections, and temperature 

measurements were recorded routinely. Pre- 

cise control of the temperature of the bitu- 

minous surface courses during a series of 

loading tests was of course impossible. 

However. by limiting the testing season from 

mid-May to mid-September of each year and 

by shading the pavement in the vicinity of the 

test site, the average temperature of the 

bituminous surface could be controlled within 

what seemed to be reasonable limits of about 

75° F. and 95° F. This procedure was 

followed for all tests in which it was desired 

300 

100 

: ——---~- —- 
0.20- INCH GROSS oe Reo e 

200 

100 

T 

0.04- INCH ELASTIC DEFLECTION OF SUBGRADE 

@ LOAD ON SUBGRADE 

ENCIRCLED NUMBERS INDICATE TEST PLATE 

DIAMETER IN INCHES 

igure 2.—Load-thickness curves of the pavement and base course 

| based on gross deflection of the medium tested—3-inch AC sur- 

_ face sections. 

|MBLIC ROADS e Vol. 32, No. 6 

P 

TOTAL PAVEMENT THIGKNESS—INGHES 

oO POAD ON SHIN7 A.C. BASE 

*——*« LOAD ON BASE, 3-IN, A.G. REMOVED 

fe) 

es g 0 +400 £ i 400 
| at 
a) oO 
gt =I 

7 E 

> 7° 5 300 
Zz 
| 

200 eae 

100 100 

9 0 
O 5 10 15 25 30 O 5 10 15 

TOTAL PAVEMENT THICKNESS—INGHES 

20 25 30 

C—O COA ONG Si Nas Omets BASES 

w——* LOAD ON BASE, 3-IN, A.C. REMOVED 

@ LOAD ON SUBGRADE 

ENCIRCLED NUMBERS INDIGATE TEST PLATE 

DIAMETER IN INCHES 

sections. 

Figure 3.—Load-thickness curves of the pavement and base course 

based on elastic deflection of the subgrade—3-inch AC surface 
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Figure 4.—Load-thickness curves of the pavement and base course 
based on elastic deflection of the subgrade—6-inch AC surface 
sections. 

to control the temperature within these limits. 

For tests made on the granular base and on the 

subgrade, the temperature of the materials 

within the range obtaining during any of the 
tests was not considered a significant factor. 

800 

o oO (e) 

400 

Plate-Bearing Test Procedures 

Definitions of pertinent terms and a detailed 
description of the test procedures used have 
been reported previously (1, 2, and 3). How- 

ULTIMATE UNIT LOAD—PSU, 

O——O LOAD ON 

a oo LOADVON 
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Figure 5.—Ultimate load-thickness curves of the pavement and base 
course—3-inch AC surface sections. 
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ever, to facilitate comprehension of t is 

article, a summarization has been included f 
The following listed definitions apply. 

Pavement.—The entire structure including 

the surface course, and the base course when 

present. Movements of the pavement in- 

cluded those occurring in the subgrade. : 
Surface course—-The asphaltic concrete 

(AC) course that rested on the base course or 

on the subgrade. ; 

Base course.—The granular aggregate course 

that rested on the subgrade. \ 

Subgrade-—The soil embankment under- 
lying the base or surface course. 

Gross deflection.—The total vertical move- 

ment, both elastic and inelastic, of the pave- 

ment, of the base plus subgrade, or of the 

subgrade only caused by the application of aj 

single load or more than one load. 

Settlement—The permanent or inelastic 

vertical displacement caused by the applica. 

tion of a single load or the cumulative perma: 

nent displacement caused by the Poet 

of more than one load. 

Elastic deflection.—The portion of the gros} 

deflection of the pavement, the base plu 

subgrade, or the subgrade only that wai 

recovered upon release of the load. 
Early in the investigation it was realizeq@ 

that the data could be greatly augmented and® 

the analysis enhanced or broadened bij 

obtaining measurements of the  vertica 

movements, not only on the surface bein; 

loaded but also simultaneously at other level 

in the pavement structure. After considerabl 

experimental work, a reliable and accurat 

method was developed (3). Consequently 

for all the tests reported here, when test 

were made on the surface course simu 

taneous measurements of movement wer 

made at the surface, at the top of the bas 

course, and at the top of the subgrade 

When tests were made on the base cours¢ 

simultaneous measurements were made 0 

the top of the base course and the top of th 

subgrade. 

At the time of this investigation no standar 

or generally accepted procedure for conductin 

rigid-plate bearing tests had been develope: 

Consequently, one of the objectives of 

rather elaborate preliminary field testir 

program was the development of such 

procedure. Most of the data obtained ar 

reported herein were obtained by either o1 

or the other of two newly developed procedure 

the Accelerated Test and the Repetition 

Test. However, some additional data o 

tained by a third procedure, the Incremente 

Repetitional Test, also have been include 

The principal features of each of these tes 

are shown in table 2. The standards dev 

oped for conducting these tests were meti¢ 
lously adhered to. 

The Accelerated Test r 

The Accelerated Test consisted of two par 

the incremental (part a) and the accelerat 

(part b). The incremental part provided 4 

the application and release, once each, 

three individual loads of increasing magnituc 

The period of’ application or release W 
maintained until the rate of movement slow 
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to 0.001 of an inch in 15 seconds. The mag- 
nitudes of the loads were selected by estima- 

tion so as to produce gross deflections of 

fapproximately 0.20, 0.30, and 0.40 of an inch 

Wfor each of the three loads, respectively. 

Since the loads were necessarily estimated, it 
was intended that the gross deflections men- 

Htioned, should be considered merely goals 
#that were sought rather than specific gross 

deflections that were to be attained. 
After release of the third load and after 

the movement-time criterion of the incre- 

mental part of the test had been satisfied, 

the accelerated part of the test was begun. 

J1t consisted of the continuous application of 

a load of increasing magnitude, the rate of 

load application being controlled so as to 
fproduce a rate of vertical movement of the 

surface under test of 0.5 of an inch per 

minute. The application of the load was 

continued until: (1) the material was unable 

to support a further increase in the load, 
(2) the gross deflection exceeded 2.0 inches, or 

(3) the total reaction load had been utilized. 

In nearly all of the tests, condition (1) was 

freached first; the maximum load applied to 

reach this condition was called the ultimate 
load. The rate of load application in the 

fincremental part of the Accelerated Test was 
‘comparatively high, the total elapsed time 

‘required to cause the selected maximum gross 

deflection of 2.0 inches being only 4 minutes. 
| Also, the maximum gross deflection in the 

J\incremental part of this test was much 
| greater than in any of the other types of tests. 

| The Repetitional Test 

The Repetitional Test was developed in 

an effort to determine whether the elastic 

} action of a flexible pavement structure might 

Bigerve as an acceptable criterion of its load- 

supporting capacity. Like the Accelerated 

Test, it consisted of two parts, part a being 

similar to the first part (incremental) of the 

| Accelerated Test. In part a of the Repeti- 

tional Test, 16-, 32-, 48-, and 64-p.s.i. loads 

| were applied and released once each, and the 

resultant vertical movements were measured. 

| The movement-time criterion was the same 

-as that of the Accelerated Test. Part 6 
required the application and release 75 times 

Jot a constant unit load of 80 p.si. For 

} each repetition, the load was applied and 

,removed alternately for 1-minute periods of 

time. 

The principal objective of the Repetitional 

| Test was to determine the magnitude of total 
load for a given unit load or contact pressure 

under which the subgrade would act in an 

essentially elastic manner when the load was 

applied repetitiously to the surface. Since it 
was desired that the magnitude of the unit 

; test load approximate the tire contact pressures 

| of the heavier commercial vehicles, a unit load 

of 80 p.s.i. was used as standard. Thus the 

) Magnitude of the total applied load varied 

directly as the area of the bearing plate. 
| Plates ranging from 6 to 42 inches in diameter 

‘In 38-inch increments were used on the different 
test sections. The range in total applied load 

| was, therefore, from 2.26 to 110.8 thousand 
pounds deadweight load (kip). 
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Figure 6.—Deflection-plate diameter curves at ultimate load. 

The Incremental-Repetitional Test 

The Incremental-Repetitional Test provided 

for the application of four loads of increasing 

magnitude, each of which was applied and 

released five times. Each load was main- 

tained until the rate of movement of the sur- 

face under test slowed to 0.001 of an inch per 

minute. After release of the load, it was not 

reapplied until the rate of recovery had dimin- 

ished to the same rate of movement. The 

loads were selected by estimation so as to 

cause gross deflections of about 0.125, 0.250, 

0.375, and 0.500 of an inch prior to release of 

the fifth application of each load; as for the 

300 

incremental part of the Accelerated Test, the 

gross deflections specified were intended to be 

considered as guides only. 

Analysis of Accelerated Test Data 

The data for the Accelerated Tests on the 

surface and base courses of test sections 1 to 

12 inclusive are shown in table 4 and corres- 

ponding data for tests on the subgrade are 

shown in table 5 of reference (3). Figures 2 to 

4 inclusive show relations between unit load 

and total pavement structure thickness for 

the various movement criteria for each of four 

bearing plate sizes. The data in these figures 
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Figure 7.—Load-perimeter area ratio curves based on gross deflec- 

tion of the pavement and on elastic deflection of the subgrade. 
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Figure 8.—Load-elastic deflection curves for equal thicknesses of pave- 

ment composed of either 6-inch AC surface plus base course or the 

hase course alon e. 

» obtained from the incremental part of 

e test. The load data plotted in figure 2 are 

or gross deflections of 0.20 and 0.40 of an inch 

the tested medium (pavement, base, or 

subgrade) and those in figures 3 and 4 are for 

lastic deflections of the subgrade of 0.04 and 

.08 of an inch. The gross deflections are 

given in column 4 in table 4, and in column 3 

The elastic deflec- 

tions are tabulated in columns 9 and 7 in 

) respectively of the same publi- 

in table 5 of reference (3). 

In figures 2 through 4, load curves are shown 

granular base course alone acting as a 

‘ture, and for pavement structure com- 

bituminous conerete surface course 

plus the base. For test results shown in 

figures 2 and 3, the thickness of the surface 

course was 3 inches and for those in figure 4 

it was 6 inches. The notation in the figures, 

“Load on base, 38-inch AC removed,” 

refers to data for tests made on the base course 

after removal of the overlying surface course. 

In each of the figures, the data plotted on 

the ordinate (zero thickness of pavement 

structure) represent those for tests made 

directly on top of the subgrade. The curves 

fitted to the plotted data for each of the test 

plates might be considered to originate at 

these subgrade points. These curves for the 

different plates and movement criteria show 

the extent of the ability of the pavement 
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composed of either 9-inch AC surface 
plus base course. 
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igure 9,—Load-elastic deflection curves for equal thicknesses of pavement 
plus base course or 3-inch AC surface 

structure to support load as the thickness o 

the structure is increased. In general, the 

curves are parabolic in character and fit t 

data reasonably well. i 

With reference to test results depicted ir 

figures 2 and 3, the following comments arg 
made. j 

e The effect of thickness of pavement was 
orderly and consistent. The plotted point} 

define lines that are slightly curved or par 
a 

bolic and indicate that the unit load supportec 
by a given plate varied as an exponential fune 

tion of the thickness. Little difference exist 
in the shape of the curves for the 3-inch AC 

surface plus base and their shape for an equa 

thickness of base alone. | 

e Although the slopes of the curves for thi 

smaller plates are steeper than those for thi’ 

larger plates, little difference, generally, o¢ 

curred with the increase in unit load on a per 

centage basis for any of the plates when com 

putations were made for the same range lt 

thickness. | 

e The data indicated that, for any give 

total thickness, the base course as a structur 

was somewhat more effective in supportin; 

load than an equal thickness of combined sur 
face and base course. This was true for alf 

criteria employed to express load support 

However, the difference in indicated effective] 

ness of the two combinations of structure td: 
support load decreased appreciably as the sia: 

of the test plate was increased. In fact, fog 

elastic deflections of the subgrade of 0.04 and 

0.08 of an inch, as shown in figure 3, the rela 
tions of load to thickness for the plate 30 inche 
in diameter were practically the same, ee | 

less of the makeup of the structure. : 

Curves similar to those shown in figures ‘@ 

and 3 can also be plotted for a given elasti 

deflection of the pavement structure. Thi 

comments in the three preceding paragraph 

also applied when the elastic deflection of th 

pavement structure was used as a criterion. — 

The curves presented in figure 4 are simila 

to those shown in figure 3, except that they 

apply to the 6-inch AC surface plus base anc 

to the base course after removal of the A( 

surface. The curves shown are only for th 

18- and 24-inch plates. The indications o 
these data are much the same as those for th 

3-inch AC surface plus base and the base alone 

that is, the base course alone was more effee 

tive, generally, in supporting load than ai 

equal thickness of surface and base cours 

combined, but the difference was appreciabl 

less pronounced. Similar curves showing th 

same trends can be developed for the pave 

ment consisting of a 9-inch AC surface plu 

base. 

The data for figure 5 were obtained by par 

b of the Accelerated Test procedure and ar 

tabulated in column 7 of table 4, reference (3 

The load was applied continuously at a com 

paratively rapid rate and the gross deflectio 

at the end of the test was much greater tha’ 
that obtained in the other test procedures 
In figure 5, the ultimate unit load data fo 

each of the sections consisting of 3 inches ¢ 

AC surface plus base and for the base co 

under this surface have been plotted agains 

the total thickness of the structure. Th 
| 
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figure 10.—Summary of Accelerated Test data obtained in 

tests made with the bearing plate 18 inches in diameter. 

sxxtrapolated data were computed for either 

the condition in which the available reaction 

oad or the range of the micrometer dials (2.0 

nches) was exceeded. The general charac- 
eristics of the relations shown in figure 5 are 

nuch the same as the curves in figures 2, 3, 

La 4. However, for total pavement thick- 
aesses of up to about 22 inches, the combina- 

tion of surface plus base was more effective 

than the granular base course alone in resisting 

failure or in postponing the breakdown in 

sesistance. 
| Column 7 of table 4 in reference (3) lists 

the gross deflections of the pavement struc- 

tures (surface, base, and subgrade) at the 

ultimate (maximum) loads. These deflec- 

ions were recorded when the surface failed 

im shear around the perimeter of the bearing 

plate or when the resistance of the material 

was overcome. These deflections have been 

plotted in figure 6 as a function of the diameter 

jof the bearing plate. They represent the 

javerages respectively for all the tests made 

with the 12-, 18-, 24-, and 30-inch diameter 

plates on all of the pavement sections. Some 

special tests were made on the surface of the 

‘pavement in which a plate 6 inches in diameter 
Was used, and the average gross deflections 

jObtained from these tests were also plotted. 

The linear curves fitted to the plotted points 
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Figure 11.—Typical Repetitional Test data for tests in which 

progressive vertical movement of all pavement components and 

of the subgrade occurred. 

are reasonably weil defined. They indicate 

that for the smaller plates the gross deflection 

at ultimate load for the AC surface plus base 

was greater than that for the base course alone; 

whereas, for the larger plates, the reverse 

was true. The range in gross deflections at 

ultimate load for loading either on the surface 

or base was from about 1 to 2 inches for the 

range in plate sizes used. Usually, the AC 

surface ruptured or failed in shear only when 

the 6- and 12-inch diameter plates were used 

in the test. Visual observations and a few 

radial deflection measurements showed that 

the curvature of the surface was much flatter 

when the test was made on the larger plates. 

This difference in curvature was probably 

responsible for the marked failure of the 

surface in the tests in which the smaller bear- 

ing plates were used. 

Some of the data included in figures 2 and 

3 was replotted in figure 7 in order to show 

more clearly the effect that the size of the 

bearing plate had on structural strength of 

the pavement. In figure 7, the unit load was 

plotted as a function of the perimeter-area 

ratio of the bearing plate, a ratio that increased 

with a decrease in diameter of the bearing 

plate. The upper part of the figure shows the 

curves for a gross pavement deflection of 

0.20 of an inch, and the curves shown in the 

lower part of the figure are for an 0.08-inch 

elastic deflection of the subgrade. A con- 

sistent and well-defined effect of size of the 

bearing plate is shown by these test data. 

They indicated that the ability of the structure 

to support a given unit load diminished as 

the thickness of the pavement was decreased 

and the size of the bearing plate was increased. 

This effect has been demonstrated in other 

studies and is consistent with theories that 

are in use. The curves based on gross 

deflection were linear and those based on 

elastic deflection tended to be curvilinear in 

shape. The deviation from linearity became 

more pronounced as the overall thickness 

of pavement structure was increased and as 

the diameter of the bearing plate was de- 

creased. 

In figure 8, test data show the relations 

between unit load and elastic deflection of the 

subgrade for tests made with two sizes of 

plates on pavement structures that had overall 

thicknesses respectively of 12, 18, and 24 

inches. For one series of tests the pavement 

structure consisted of a 6-inch AC surface 

plus base and for another the structure was the 

base alone after the 6-inch surface course 

directly beneath the test plate had been re- 

moved. In figure 9, similar relations are 

shown for tests made with two sizes of plates 
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Figure 13.—Effect of size of bearing plate on elastic deflection of 
pavement—3-inch AC surface plus base. 
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on pavement structures having overall thi 

nesses respectively of 15, 21, and 27 inch 

For one series of tests the pavement structu 
consisted of a 9-inch AC surface plus base a 

for another, the structure consisted of a 3-in 

AC surface plus base. The data shown. 

these figures are tabulated in column 9° 

table 4 of reference (3). The curves shoyg 
in figure 8 are in agreement with those shoy 
in figures 2-4 in that the base course alo 

tended to protect the subgrade from my 

ment more effectively than an equal thic¢ 

ness of 6-inch AC surface plus base, For tes 

on the 12-inch thickness of structure, and { 

those made with the 18-inch plate on t 

18-inch structure, the difference in unit lo 

relations for tests on the AC surface pl 
base and on the base course alone was a 

preciable, otherwise, differences were i 

significant. 

Data for the 15- and 27-inch thicknesses, 

pavement, in figure 9, show that the coi 

bination of 9-inch AC surface plus base co 

sistently supported more load for a giv 

subgrade deflection than the 3-inch AC surfa 

plus base. For the 21-inch thickness — 

pavement, very little difference was noted § 

the unit load supported by the two designs 
pavement. No explanation was found ! 
this apparent inconsistency. 

A summary of data from the Accelerat 

Test made with the 18-inch bearing plate 

presented in figure 10. Total loads are shoy 

for (1) elastic deflection of the subgrade 

0.08 of an inch, (2) elastie deflection of t 

pavement structure of 0.16 of an inch, a 

(3) gross deflection of the structure of 0.40 

an inch. The loads for each of three ar| 
trarily selected thicknesses of structure—] 

15, and 25 inches—were obtained direct 

from load-thickness plots of the data. T 

following comments pertain to these data: 

# 

| 

() 
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Figure 14,—Effect of size'of bearing plate on elastic deflect 
of subgrade—3-inch AC surface plus base. 
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plus base. 

e In general, the indications are much the 

same regardless of the movement criterion 

used to express load support. For example, 

for all three criteria the difference between the 

loads supported by the base course and those 

supported by the AC surface plus base course 

combinations was of about the same order of 

magnitude. Also, the relative effect of overall 

thickness of pavement was about the same 

‘regardless of the movement criterion used. 

e The total loads supported by a given 

thickness of base course alone increased some 

as the thickness of AC surface removed was 

increased from 3 to 6 inches. However, an 

increase from 6 to 9 inches in the thickness of 

AC surface removed had little effect on the 

total load supported by a given thickness of 

base course alone, except for pavements 

having overall thicknesses of 15 and 25 

inches when the gross deflection of the pave- 

ment was 0.40 of an inch. 
e Increasing the thickness of surface from 

3 to 6 inches apparently was of more benefit 

than increasing it from 6 to 9 inches. This 

applied for all three thicknesses of pavement 

structure. The results of the Accelerated 

Test will be discussed further in connection 

with the analysis of the Repetitional Test 

data. 

Analysis of Repetitional Test Date 

The immediate objective in each of the 

Repetitional Tests was to determine the 

magnitude of the load under which the pave- 

ment or its supporting subgrade would act in 

an essentially elastic manner when a constant 

unit load was applied repetitiously on the 

pavement surface. It was reasoned that, if 

an elastic condition were developed a progres- 

sive permanent deformation of the subgrade 

would not occur and continued satisfactory 

Structural performance of the pavement 
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Figure 15.—Relation between size of bearing plate and pavement thick- 

ness based on elastic deflection of the subgrade—3-inch AC surface 

might be expected. In other words, the 

maximum load under which the desired degree 

of elastic action developed might constitute 

the maximum safe load for a particular pave- 

ment structure. 

Some of the data developed from the Repe- 

titional Tests, part b, are shown in figures 11 

and 12. These data are typical of those 

obtained from each of these tests. In figure 

11 the data are representative of those ob- 

tained when some progressive vertical move- 

ment of each component of the pavement 

structure and the subgrade occurred during 

the 75 applications of load. Figure 12 shows 

curves for a combination of load and pave- 

ment design conditions during which the sub- 

gerade had almost no progressive movement 

after about 10 applications of load. The data 

from these two tests, in a sense, represent the 

two extremes of the results obtained—in the 

former the movements of all components 

were progressive, but in the latter, the move- 

ment of the subgrade was essentially non- 

progressive. In block A, the top block 

respectively in each of the figures, the defor- 

mation and settlement within the AC surface 

plus base are shown. The deformation was 

the total decrease in thichness of the two 

courses as a given load repetition was being 

applied. The settlement was the permanent 

decrease that remained when the load was 

released. The difference between the two 

amounts of decrease has been termed the 

elastic deflection within the pavement. 

Elastic behavior 

The deformation and _ settlement that 

occurred within the bituminous surface (AC) 

and within the granular base course are shown 

in blocks B and C, respectively (figs. 11 and 

12). The gross deflections and settlements 

of the top of the AC surface, top of base, and 

top of subgrade occurring during these tests 

30 

60 

40 

20 

TOTAL LOAD (L)—THOUSANDS OF POUNDS 
capeie 

O 10 Zo 30 40 

PAVEMENT THICKNESS (T) —INCHES 

Figure 16.—Load-pavement thickness curve 

based on permissible elastic deflection of 

subgrade—3-inch AC surface plus base. 

are shown in blocks D. Results from the 

Repetitional Tests showed that the elastic 

deflection (the difference between the gross 

deflection and settlement) was constant 

throughout the period of application and 

release of the 75 test loads for each of the 

Repetitional Tests. This relationship is illus- 

trated by the curves in blocks D in figures 

11 and 12. Note that the gross deflection 

and settlement relations for the combination 

of components—surface, base, and subgrade 

indicated by curves 1 and 2, the base and 

subgrade indicated by curves 3 and 4, and 

the subgrade alone indicated by curves 5 

and 6—are essentially parallel. Little dif- 

ference was noticed in this relationship 

regardless of whether the load applied through 

a particular plate had caused progressive, 

permanent deformations of the components. 
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Figure 17.—Load-deflection curves for the 

80-p.s.i. test load on the 3-inch AC surface 

plus base. 
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leflection of the subgrade for the 80-p.s.i. test load on 3-inch AC 0 

urface plus base. 

Early in the Repetitional Test program, 

was noticed that the subgrade appeared 

to act in a completely elastic manner (fig. 12) 

when a given thickness of overlying pavement 

structure protected it from progressive, per- 

manent deformations. Consequently, a 

reasonable and logical assumption seemed 

to be that such elastic action of the subgrade 

might serve as an index for determining the 

load-carrying capacity of pavement. 

Therefore, the determination of the maximum 

id (80 p.s.i. times the area of bearing plate) 

r each test section under which the subgrade 

movement would cease to be progressive 

was adopted as another objective of this 

program 

In all of the Repetitional Tests, none of the 

surface and base courses themselves ceased 

to undergo progressive deformation 

during the application and release of the 75 

loads. The extent to which the pavement 

plus base permanently deformed de- 

pended, of course, upon the load-pavement 

design relationship. For example, according 

to the data shown in figure 11, the surface 

plus base was deformed permanently about 
0.25 of an inch after 75 applications of the 
test load (sec lower curve in block A). The 
corresponding permanent deformation shown 
in figure 12 was 0.17 of an inch. Whether 
the permanent deformations that developed 
in the surface and base were the result of 
consolidation or distortion, or a combination 
of the two, is not definitely known. Initially, 
it was believed that such deformations in the 
granular base were the result of consolidation. 
However, little or no evidence in support of 
this belief was obtained from studies of the 
density of the base course before and after 
its being loaded. 

some 

was 
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ELASTIC DEFLECTION OF SUBGRADE—INCHES 

Figure 19.—Load-elastic deflection curves for surface 

courses plus 18-inch base pavements and for the bases 

with the surface removed—80-p.s.i. test load. 

Bearing plate relation to elastic deflection 

Influence of the size of bearing plate on the 

elastic deflection produced by the 80-p.s.i. 

test load applied on the pavement surface is 

shown in figures 13 and 14. Data shown in 

these figures were collected from part b of 

the Repetitional Test for the different pave- 

ment sections consisting of 3-inch AC surfaces 

plus base and have been tabulated in column 

7 of table 8a of reference (3). Figure 13 

illustrates findings for the pavement structure 

and figure 14 shows data for the subgrade. 

The elastic deflections plotted in each of 

these figures are the averages of two or more 

test results. Also, for each test the deflections 

are averages of those for the 10th, 40th, and 

75th load repetitions. Each plotted point 

therefore represents the average of a relatively 

large number of measurements. Conse- 

quently, the relations established are better 

than would have been shown if the elastic 

deflection at some arbitrarily selected repeti- 

tion of the load had been utilized. The 

elastic deflections tended to be somewhat 

erratic during about the first 10 applications 

of the test load, after which the deflections 

remained practically constant. 

For elastic deflections of the pavement and 

of the subgrade (figs. 13 and 14) of less than 

about 0.20 and 0.15 of an inch, respectively, 

the relations were well-defined and orderly. 

If larger elastic deflections were ignored, 

straightline curves could logically be drawn. 

Thus, within reasonable limits of total load 

applied to the surface of the pavement, the 
elastic deflections of the entire structure or 
that of the subgrade alone varied as a near- 
linear function of the diameter of the bearing 
plate. But it was evident that the total 
applied load (80 p.s.i. times area of the plate) 
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caused progressive increases in elastic deflec- 

tions of both the pavement and subgrade 

when larger bearing plates were used for 

tests on a pavement structure of a given 

thickness. This is shown in figures 13 and 
14 by the progressive increase in curvature 

caused by increased load (larger plates). 

Figures 11 and 12 represent the two 

extremes of data obtained from the Repeti- 

tional Tests. Figure 11 shows that some 

residual movement of the material occurred 

each time the load was applied and released. 

And figure 12 shows that the subgrade soil, 

after about the 10th application of load, 

acted in an elastic manner; that is, it deflected 
and recovered completely as each load was 

applied on the surface of the pavement and 
then released. From similar plots prepared 

for each of the tests made on each of the 

pavement sections, it was possible by inter- 

polation to determine the approximate maxi- 

mum total load and corresponding plate size 

that did not produce progressive permanent 

movement of the subgrade. These deter- 

minations and the resultant elastic deflection 
of the subgrade are listed in table 3. 

i 
Table! 3.—Permissible subgrade elastic de- 

flection and corresponding total loads for 
pavement sections of 3-inch AC plus base 

Pavement Total load, | Permissible 
structure, Plate 80-p.s.i subgrade 
thickness diameter | unit load elastic 

deflection 

Inches Inches Pounds Inches 
a 3) BAD 8 4, 020 0. 034 

1 Se pap oe 14 12, 320 . 054 
Sis ee ees 22 30, 400 . 076 
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Figure 20.—Load-elastic deflection curves 

for 3-inch AC surface plus base pavements 

and for same bases with surface removed— 

80-p.s.i. test load—Accelerated Test. 

As the subgrade elastic deflections shown in 

table 3 were caused by the maximum allow. 

able load for the selected criterion, non- 

.30 
LOAD ON 6-INCH AC PLUS BASE 

<6-IN.BASE | | 
| 

joes er Nee 
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40 

Figure 21.—Load-elastic deflection curves 
for 6-inch AC surface plus base pavements 

and for same bases with surface removed— 

80-p.s.i. test load—Accelerated Test. 

. 
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progressive movement of the subgrade, they 

are referred to as the maximum permissible 

subgrade elastic deflections. The maximum 

permissible subgrade elastic deflections for 

each of the pavement sections consisting of 

3-inch AC surface plus base have been plotted 

in figure 14. The resultant plot is a straight 

line. Note that as the plate size and AC- 

surface-plus-base thickness was increased, the 

permissible subgrade elastic deflection also 

increased. For the range in pavement struc- 

tures tested (from 3-inch AC surface plus 

6-inch base to 3-inch AC surface plus 24-inch 

base) the permissible subgrade elastic deflection 

increased threefold from 0.034 to 0.101 of an 

inch. 

Load-pavement thickness relations 

The relations between size of test plate and 

pavement thickness shown in figure 15 were 

developed directly from data illustrated in 

figure 14. The important influence of sub- 

grade deflection on the load-thickness relation . 

is shown clearly in figure 15. For elastic 

deflections of 0.025, 0.050, and 0.100 of an 

inch, the relations of size of bearing plate 

(load) to required thickness of pavement were 

linear. However, for the permissible sub- 

grade deflections indicated by the intersection 

points of the dashed line in figure 14, the 

relation departed somewhat from a straight 

line. The load and related pavement thick- 

nesses have been plotted in figure 16. The 

resultant curve shows the total load-pavement 

thickness relation developed by the method 

described; that is, it was based on non- 

progressive movement of the subgrade be- 

tween about the 10th and the 75th repetition 

of an 80-p.s.i. unit load applied on the surface 

LOAD ON 9-INCH AG are BASE 

of the 38-inch AC-surface-plus-base pavement 

structure. This curve primarily illustrates 

the type of information that can be developed 

from data obtained by the Repetitional Test. 

The equation of the curve is 

T=5.2L04 

where 7’ equals pavement structure thickness 

in inches, and Z represents the total load in 

kips. The curve of load and pavement 

thickness is parabolic and indicates that the 

thickness varied as the 0.4 power of the total 

load. 

Figure 17 shows a series of total load- 

deflection curves for 80-p.s.i. unit loads applied 

to the surface of the 3-inch AC surface plus- 

base sections. For data tabulations see 
columns 5 and 7 of table 8a in reference (3). 

The curves in the upper section of figure 17 

apply to the elastic deflection of the pavement 

as a whole, and those in the lower section 

apply to that of the subgrade alone. The 

deflections shown are the average of those 

obtained from the 10th, 40th, and 75th 

applications of the load. These curves 

demonstrate that, in this type of test, the 

magnitude of the elastic deflection of either 

the entire pavement structure or of only the 

subgrade varied as a linear function of the 

total applied load. The elastic deflections of 

the pavement corresponding to the permis- 

sible subgrade elastic deflections are repre- 

sented by the triangular symbol in the upper 

part of figure 17. These deflections were 

0.052, 0.074, 0.112, and 0.167 of an inch for 

the 6-, 12-, 18-, and 24-inch bases, respec- 

tively. In the lower part of figure 17, the 

corresponding permissible subgrade elastic 

6-IN. BASE | 

LOAD ON 

ELASTIG DEFLECTION OF SUBGRADE—INCHES 

IN. BASE 

| 

I8-IN, BASE__- -——4—_ 
ee 
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Figure 22.—Load-elastic deflection curves for 9-inch 

AC surface plus base pavements and for same bases 

with surface removed—80-p.s.i. test load—Acceler- 

ated Test. 

131 



nbol 

LOAD ON AC + BASE 

g-IN. AC +f 

+3 -IN. AG REMOVED 

Sele) ~ +—____— 

40 0 10 20 30 40 
PAVEMENT THIGKNESS—INGHES 

Figure 23.—Load-pavement thickness curves for surface course plus base 

pavements and for same bases with surface removed—80-p.s.i. test load— 

tccelerated Test. 

tions, 0.034, 0.054, 0.076, and 0.101 of | grade for any overall thickness of pavement, 

, also are indicated by the triangular from 9 to 27 inches inclusive, for a unit load of 
The difference between each pair of 80 p.s.i. can be obtained from this plot. 

lections for a given load represents the Although the line drawn through the plotted 

ement that occurred within the 38-inch points has u slight curve, for practical purposes 

surface plus base. The lines connecting the data could be represented by a straight 
, / 
A 

the 
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lata represented by triangular symbols line drawn through the origin. ‘This straight 

each part of the figure are somewhat line could than be used for extrapolating to 

thicknesses of pavement less than 9 inches or 

re 18, the permissible elastic deflec- more than 27 inches. 

he subgrade for the 3-inch AC In figure 19 relations of total load to elastic 

-base pavement have been plotted subgrade deflection are shown for the three 

overall thicknesses of pavement. thicknesses of surfaces—3-, 6-, and 9-inch 

‘rmissible elastie deflection of the sub- AC—on the 18-inch base course. Also 
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Figure 24.—Comparison of total loads supported by pavements of different 
thicknesses and composition—80-p.s.i. test load—Accelerated Test. 

shown are similar curve relations developed — 
from tests made directly upon the 18-inch — 

base course beneath each of the three thick-_ 

nesses of surface. Again, the data were 

derived from part b of the Repetitional Test, 

and the tabulations are in reference (3). 

Because of the limited number of tests — 

made on the 6-inch and 9-inch AC surfaces 

and directly on the 18-inch base course, it 
was impossible to arrive at the probable safe 

load for these pavement sections on a basis of 

the actual performance of the subgrade as_ 

was done for the 3-inch AC pavement sections. 

However, an estimate of the load-carrying 

capacity of these sections can be made on the 

assumption that the relation between pave- 

ment thickness and permissible elastic deflec- 

tion of the subgrade for the 3-inch AC surface 

(fig. 18) applies also to the total pavement 

thicknesses for the curves shown by solid lines 

in figure 19. The dashed line in each block 

of figure 19 was drawn through the points 

established on this assumption. The indi- 
cated loads at the points of intersection with 

the load-deflection curves were 32,000, 42,000, 

and 58,000 pounds for the pavements consist- 

ing of 3-inch AC surface plus base, 6-inch 
AC surface plus base, and the 9-inch AC 

surface plus base, respectively. And these 

indicated loads were 25,000, 28,000, and 

26,500, pounds for the 18-inch base beneath 

the 3-, 6-, and 9-inch AC surfaces, respectively. 

These loads are discussed more fully later in 

this article. 

In the analysis of the results of the Acceler- 

ated Tests, the different designs of pavement 

were compared on a basis of the pavement’s 

ability to support load at some arbitrarily 

selected deflection—usually the gross or 

elastic—of the pavement and of the subgrade. 

The development of the permissible subgrade 

elastic deflection from the Repetitional Tests 

makes it possible to reexamine the Accelerated 

Test data by utilizing these permissible 

elastic deflections as a criterion of load support. 

To this end, the curves shown in figures 20, 21, 

and 22 were developed. Those in figure 20 

were developed from tests made on the 3-inch 
AC section of pavement, both upon the surface 

and upon the base after removal of the surface. 

Those in figures 21 and 22 were developed from 

tests made on the sections of pavement having 

surface thicknesses of 6 and 9 inches re- 

spectively. The elastic deflections of the 

subgrade for a unit load of 80 p.s.i. used in the 

development of the curves shown in figures 

20 and 21 were obtained directly from column 

8 in table 4 of reference (3). The total loads 

are the product of the area of the bearing plate 

and the unit load. The dashed lines (per- 
missible subgrade elastic deflections) intersect 

the individual curves at deflections correspond- 

ing to those shown by the curve in figure 18 

for the pertinent, pavement structure thick- 

ness. The points of intersection of the dashed 

lines and the load-deflection curves indicate 

those loads that the sections might safely have 

supported under repetitive loading on rigid 

plates. . 

In figure 23, these loads have been plotted 18 

a function of the overall thickness of pavement. 

The resultant curves are of the same character 

t 
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as those developed from the series of Repe- 

titional Tests made on the 3-inch AC surface 

plus-base pavement (fig. 16). In fact, if the 

curves for these particular pavement sections 

were superimposed over those shown in figure 

16, a remarkably close agreement would be 

found between them. As for the data from 

the Repetitional Tests, the data in figure 23 

indicate that the required thickness of pave- 

ment varies as an exponential function of the 

applied load—approximately as its square 

root. This seemed to be true both where the 

pavement structure consisted of a range in 

thicknesses of surface plus base and where the 

pavement structure consisted of base course 

alone. It is emphasized that the load-pave- 

ment relations illustrated in figure 23 were 

based upon the assumption that the permis- 

sible elastic deflections of the subgrade 

corresponded to those developed from the 

comprehensive series of Repetitional Tests on 

the 3-inch AC surface plus-base pavement. 

Comparison of Accelerated and 

Repetitional Test Data 

The results of the Accelerated and the Repe- 

titional series of load tests have been summa- 

rized in figures 24 and 25. In figure 24 the 

comparisons shown are of the same general 

nature as those shown for the Accelerated 

Test data in figure 10. However, the total 

loads shown in figure 24 were obtained from 

data in figure 23 for 10-, 15-, and 25-inch 

thicknesses of pavement structure and are for 

a unit load of 80 p.s.i. The permissible 

subgrade elastic deflections are also shown. 

The deflections were obtained from the rela- 

tions of pavement thickness and permissible 

elastic deflection shown in figure 18. 

The following comments pertain to the data 

shown in figure 24. Except for the 6- and 9- 

inch AC surfaces for the 25-inch total pave- 
ment thicknesses, the granular base considered 

as a complete structure was somewhat more 

effective in supporting a given load without 

_ having progressive permanent movement of 
the subgrade than was an equal thickness of 

pavement that consisted of either 3, 6, or 9 

inches of surface on a granular base. The 

differences were consistent for the data shown 
in figure 24, as were the comparable differences 

shown in figure 10. 

Comparisons 

Comparisons for as many as possible of the 

results of the Accelerated and Repetitional 

tests have been shown in figure 25. To avoid 

undue extrapolation of the data, these com- 

parisons were limited to pavement thicknesses 

of 18, 24, and 27 inches. The data showed 

good agreement between the results of the two 

series of tests when consideration is given to 

the fact that these tests were made a year 

apart and the testing procedures differed ap- 

preciably. These data indicated that the rela- 

tive effectiveness of the different pavement 

Sections to protect the subgrade was similar 

to that shown by data in figure 24. 

i 
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Figure 25.—Comparison of total loads supported by pavements of different 

thicknesses and composition—80-p.s.i. test load—Accelerated and Repeti- 

tional Tests. 

Elastic deflection-load relations 

The elastic deflections of the different pave- 

ment components have been discussed pre- 

viously. It was pointed out that the magni- 

tude of the elastic deflection of the entire 

pavement structure, or that of the base plus 

subgrade, or that of the subgrade alone was 

practically constant throughout the period of 

application and release of the 80-p.s.i. loads. 

Substantiating evidence for this conclusion has 

been presented in figures 26 and 27 from the 

results of part b of each of the Repetitional 

Tests made on the 3-inch AC surface plus-base 

pavement. The data are tabulated in column 

6 of table 8a, reference (3). The elastic de- 

flections of the pavement and subgrade have 

been shown in figures 26 and 27, respectively, 

as a function of the number of load repetitions. 

Generally, for the smaller plates and smaller 

loads, the deflections were practically constant 

but for the larger plates and greater loads 

there was a tendency for the magnitude of the 

elastic deflection to increase somewhat during 

Table 4.—Comparison of vertical movements of payement components and subgrade 

Pavement structure ( 
6-inch base, 

Plate diameter ! 

Total load, at 80-p.s.i. unit load 

3-inch AC plus 

Test conditions— 

3-inch AC plus 
12-inch base. 

3-inch AC plus 
18-inch base, 

3-inch AC plus 
24-inch base, 

ELASTIC DEFLECTION 
(Averages of 10th, 40th, and 75th load applications) 

Component Inches Percent 
16 

Inches 
0.016 

. 020 18 

. 076 68 
a2 100 

Inches 
0. 008 

. 012 

. 054 

. 074 

Percent Percent | Inches | Percent 
ll 14 0.0 23 

. 027 16 

.101 61 

. 167 100 

GROSS DEFLECTION 
(at 75th load application) 

OF ELASTIC TO GROSS DEFLECTION 

11 
7 

36 
16 

1 Plate size, obtained by interpolation, that caused nonprogressive movement of the subgrade, 
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Figure 26.—Effect of load repetitions on elastic 

deflection of pavement—80-p.s.i. test load. 

the first 10 repetitions of the load. With very the pavement surface. These plate sizes shown by the curves in these figures indicates 
ey xceptions the deflections remained es- were obtained by interpolation or extrapola- that, for loads applied on the pavement 

onstant during succeeding repeti- tion (table 3). The relation between plate surface, the major portion of the elastic de- 
ad. The differences between the diameter and elastic and gross deflections flection occurred in the subgrade and that the 

tions presented for the pavement in 

26 and for the subgrade in figure 27 20 
t the magnitude of the elastic move- 

hat oecurred within the surface plus 

3-INCGH AG +12-INCH BASE 3-INCH AG +,6-INGH BASE 
| 

ertical movement 

method developed for measuring the 
{ movements occurring at different 

the pavement structure provided 
lor many ways of studying the elastic 
gross deflections of the separate com- 

ments. For example, in figures 28 and 29, 
‘spectively, the elastic and gross deflection 

measurements have been plotted against the 
diameters of the test plate for the entire 

-INGH. AC + 24~- INCH BASE pavement, the vase plus the subgrade, and 
G aor eh: the subgrade s one. The differences between 

the deflecti shown in each of the two upper 
bap iy acl irves in each block of the figures represent 440) 

ELASTIC DEFLECTION—INCHES lections that occurred within the 
AC surface. The difference between 

two lower curves in each block represents 
deflection that occurred within the 10 

granular base. The elastic deflections of 
the supporting subgrade itself are shown 
directly by the lowest curve. 

The heavy vertical lines drawn through 
the three curves in each block of figures 28 0 10 20 30 40.20 10 20 EM 494 and 29 designate the maximum size of plate DIAMETER OF TEST PLATE — INCHES that did not produce progressive permanent Figure 28.—Relation between size of bearing plate and elastic deflection of the pavement, movement of the subgrade when loaded on the base plus subgrade, and the subgrade alone—80-p.s.i. test load. 

22-INCH P 
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Figure 29.—Relation between size of bearing plate and gross deflection of the pavement, 

the base plus subgrade, and the subgrade alone—80-p.s.i. test load. 

Table 5.—Effect of temperature! of the surface course on the load-bearing capacity of the 

test sections 

Total load, thousands of pounds, for— 

Pavement section and time of test 0.08-inch elastic deflection of sub- 0.40-inch gross deflection of struc- 

grade and overall thickness of— ture and overall thickness of— 

10 inches 15 inches 25 inches 10 inches 15 inches 25 inches 

~ Base course, beneath 3-inch AC: 

Summer 

3-inch AC plus base: 

9-inch AC plus base: 

Summer 

1 Approximate temperature range of AC surface: 
Spring, 40° to 50° F. 
Summer, 75° to 95° F. 
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deflection of the different component combina- 

tions tended to vary as a linear function of 

the diameter of the bearing plate for the range 

in plate sizes shown. For the pavements 

with 6- and 12-inch bases (upper blocks in 

figs. 28 and 29) the curves, representing move- 

ment of the entire pavement structure and 

of the base plus subgrade, are practically 

parallel. This indicates that the movements 

within the AC surface remained constant as 

the plate size (load) was increased. However, 

the curves for the base plus subgrade and the 

subgrade alone tend to diverge as the plate 

size was increased, indicating that the greater 

the load the greater the movements within 

the granular base. For the 18- and 24-inch 

base courses all the curves tend to diverge as 

plate size was increased. 

Data in table 4 show the elastic and gross 

deflections of each component of the pavement 

and of the entire pavement structure. The 

portion of the total movement that occurred 

in each component, expressed in percentages, 

is also shown. The data listed are for the 

four plates—8, 14, 22, and 31 inches in 

diameter—that were selected as representing 

the maximum size through which 80-p.s.i. 

loads could be applied to the pavement surface 

without causing progressive permanent move- 

ment in the subgrade. The ratios of the 

elastic deflection to the gross deflection, ex- 

pressed in percentages, are also listed in table 

4. These data were obtained from that shown 

by figures 28 and 29. The following com- 

ments apply to these data. 

e Most of the elastic deflection occurred in 

the subgrade. About the same portion, 70 

percent, occurred in the subgrade for each of 

the tests made with the four combinations of 

load and design for which results were tabu- 

lated. About half of the remaining percent- 

age of deflections occurred in the AC surface 

and half in the base. 

e The gross deflection occurring in each of 
the components was more evenly divided than 

the elastic deflection; about 30 percent oc- 

curred in both the AC surface and the sub- 

grade, and about 40 percent in the base. 

These percentages were about the same for 

each of the load-design combinations. 

ef The ratios of elastic to gross deflection 

indicate that by far the major portion of the 

total vertical movement was permanent. For 

the 6-inch base section, only 11 percent of the 

movement occurring within the 3-inch AC 

surface was elastic and only 7 percent occur- 

ring within the base was elastic. For the 

24-inch base section, the corresponding move- 

ment percentages were appreciably greater, 

35 and 16 percent, respectively. The behavior 

of the subgrade was markedly more elastic 

than that of the AC surface and base, the 

range in ratios of elastic to gross deflection 

being 36 to 72 percent. 

MISCELLANEOUS TESTS 

Effect of Bearing Plate Size Under 

Constant Total Load 

In connection with the program of Repeti- 

tional Tests a limited study was made of the 

effect that the size of bearing plate had on the 
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Vivure 30.—Relation between unit load and elastic deflection for 

, total load of 20,320 pounds on bearing plates 9 to 42 inches in 

liameter—3-inch AC surface plus 12-inch base. 

ave strueture when the repetitiously 

pplied total held constant. The 

re confined to the 3-inch AC surface 

As for the regular 

es of Repetitional Tests, the plates ranged 

from 9 to 42 inches in diameter and the 

The total load was 

20,320 pounds, which is the equivalent of an 

80-p.s.i. load applied to a plate 18 inches in 

diameter. 

load was 

12-inch base section. 

1 PlZ 

iit load was 80 p.s.1. 

The data obtained from these tests are pre- 

sented in columns 5 and 7 of table 8b of refer- 

ence (5 and are shown here in figures 30 and 

31. In figure 30, unit loads have been plotted 

rainst the elastic deflections (average of 10th, 

ith, and 75th load repetition) of the entire 

ement structure, and of the subgrade alone. 

figure 31, the unit loads have been plotted 

netion of the diameter of the test plate 

0.05 of an inch elastic deflection of the 

zrade and 0.05 of an inch elastie deflection 

the pavement structure. 

In figure 30, the test plate diameters and 

corresponding unit loads for the two extreme 

pairs of data (the points plotted at the ends 

of the curves) shown respectively are 42 inches 

ind 15 p.s.i., and 9 inches and 320 p.s.i. The 
curves show that, for a 20,320-pound total 
load, an increase in unit load from 15 p.s.i. 

to 100 p.s.i. caused a more marked increase 

in elastic deflection than an increase from 100 

to 320 psi. The unit load-plate size curves 

in figure 31 show clearly the importance of the 
size of test plate, particularly the smaller 
plates. The unit loads decreased at a de- 
creasing rate as the diameter of the plate was 
increased up to 42 inches. 

Effect of Temperature of AC Surface 
As previously stated, in studying the ability 

of pavements of the flexible type to support 
load applied through rigid plates, it was neces- 
sary to control the temperature of the bitu- 
minous surface, particularly when the dif- 
ferent test sections were made up of several 
different thicknesses of the surfacing material. 
Information on the effects of temperature of 
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the bituminous surface was obtained from 

several series of special tests. One study was 

made during the spring months. Using the 

12- and 24-inch diameter plates, load tests 

were made on the 3-, 6-, and 9-inch AC sur- 

faces of the 6-, 12-, and 24-inch base sections 

and also directly on the base course of these 

three sections beneath the 3-inch AC surface. 

The procedure used for loading was similar 

to that used in part a of the Accelerated Test; 

that is, application and release was made of 

three separate load increments, each one time 

only. The data from these tests are presented 

in table 6 of reference (3). Comparisons of 

the data obtained in the spring tests with 

those obtained from similar tests made during 

the summer, table 4, reference (3) have been 

presented in table 5 and in figure 32. 

The results on the effect of temperatures 

shown in table 5 are for those obtained in 

tests made only with the 24-inch diameter 

plate. Total loads are shown for three overall 

thicknesses of pavement, for the base beneath 

the 3-inch AC surface, and for the 3-, 6-, 

and 9-inch AC surface plus base for the spring 

and summer testing periods. Comparisons of 

the data obtained during the two periods of 

testing are shown by figure 32. Unit loads 

for the two periods have been plotted for the 

12- and 24-inch diameter plates. The devi- 

ation of the points from the line of equality 

shows the extent to which the loads differed. 

The following comments concern the data 

obtained in these tests. 

e On the basis of a subgrade elastic deflec- 

tion of 0.08 inch, the base course beneath 

the 38-inch AC surface was somewhat more 

effective in the spring than in the summer 

(fig. 32). The same result can be shown 

when the gross deflection of the pavement 
structure is used as the criterion. On the 
basis of both elastic deflection of the subgrade 
and gross deflection of the pavement, the 
effect of the presence of the AC surface on the 
base course was much more pronounced in the 
spring than in the summer. 

DIAMETER OF TEST PLATE —INGHES 

Figure 31.—Relation between unit load and size of bearing plate 

for 0.05-inch elastic deflection of the pavement and subgrade— 

3-inch AC surface plus 12-inch base. 

12 18 24 30 

Effect of Surcharge 

Reference was made previously to the fact 

that the indicated resistance to load of the 

base course of the various pavement sections 

was somewhat less beneath the thin bitu- 

minous surface than beneath the thicker ones. 

Initially it was believed that this was due to 

the weight of the overlying material or sur- 

charge effect of the surfacing material. A 
limited series of preliminary tests to study the 

effect of surcharge was made on the base course 

and on the subgrade of an auxiliary test 

pavement: the results failed to indicate any 
effect of surcharge. 

The matter was studied further in a sub- 

sequent series of tests made on the oval 

track pavement. Curves are shown in figure 

33 for tests on the base course and for tests 

on the subgrade. The data from these 

tests do not appear in reference (3). In 

both cases, the unit load was related to the 

elastic deflection of the subgrade. In the 

nonsurcharge tests the overlying components 

were removed from an area having a diameter 

three times that of the bearing plate. In 

the surcharge tests the normal procedure for 

testing the base course.and the subgrade was 

employed, that is, the opening in the pavement 

was just sufficient to accommodate the plate. 

In the tests on the 18-inch base in which 

the 18-inch diameter plate was used, the 

curves indicate some beneficial effect of the 

presence of the 9-inch AC surfacing, whereas 

the results from the tests made with the 

same plate on the 24-inch base indicated no 

effect whatever. Little influence of surcharge 

was indicated by the results of tests made on 

the 12-inch base. In the tests on the 6-inch 
base, the data actually indicated that the 

surcharge load had a detrimental effect. 
The tests on the subgrade were made with 

the 12- and 24-inch diameter plates beneath 

the pavement sections consisting of the 

3-inch AC surface plus the 18-inch base. 
Little influence of surcharge was evident in 
results of tests made with the larger of the 

5 
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two plates. However, some detrimental 

effect of surcharge was indicted in tests 

made with the 12-inch plate; these effects 

were similar to the effect of tests made with 

the 18-inch plate on the 6-inch base beneath 

the 9-inch AC surface. 

It was noted previously that the base 

courses showed greater resistance when 

tested beneath the thick AC surfaces than 

they did when tested beneath the thin AC 
surfaces. The results of the limited series of 

nonsurcharge tests did not provide an 

explanation for this finding. In general, 

the data indicated no important effect of 

surcharge. 

Asphaltic Concrete Surfaces Laid on 
Subgrade 

In addition to the test sections listed in 

table 1 and shown in figure 1, a section 50 

feet in length was constructed of 6 inches of 

asphaltic concrete laid directly upon the 

subgrade soil at one end of the north tangent. 

A few plate-bearing tests were made on this 

section during the same period of time the 

other tests were made on the regular test 

sections. The results of these few tests, 

although neither consistent nor conclusive, 

were considered of sufficient interest to 

justify the construction of three additional 

sections; each section was 12 by 150 feet in 

size. Asphaltic concrete 3, 6, and 12 inches 

thick, respectively, was placed directly on 

the subgrade soil in these test sections located 

on the south tangent. 

Accelerated Tests were made on the three 

special sections of pavement. The bearing 

plates used were 12, 18, 24, and 30 inches in 

diameter. Replicate tests were made with 

each plate on the surface and with the 30-inch 

plate on the subgrade after removal of the 

surface. Data from these tests are presented 

in columns 4 and 8 of table 7 in reference (3) 

and are shown in figure 34. The averages 

of the unit loads for the replicate tests have 

been plotted as a function of the thickness of 

The three separate groups of 

curves apply to an elastic deflection of the 

_ subgrade of 0.08 of an inch, an elastic deflection 

of the pavement (AC plus subgrade) of 0.08 

of an inch, and a gross pavement deflection 

(AC plus subgrade) of 0.40 of an inch. Also 

shown are the data from tests made with the 

30-inch diameter plate directly on the sub- 

grade (zero pavement thickness) beneath 

each of the three thicknesses of pavement. 

These data are tabulated in columns 1 and 

5 of table 7 in reference (3). The following 

comments pertain to these data. 
e Tests made with the 12- and 18-inch 

diameter plates indicated a definite increase 

in load-carrying capacity as the AC surface 

thickness was increased from 0 to 3, to 6, and 

to 12 inches. 

e The curves for the 24- and 30-inch plates 

show that little or no increase occurred in 
the load supported by the thicker surfaces. 

In fact, sometimes a slight decrease was 

indicated in the unit load supported. 

e The bearing capacity of the subgrade of 
the 12-inch AC section was about 10 p.s.i. 
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Figure 32.—Comparison of load support data obtained in the spring at 40° to 50° F. 

50 

500 O 50 100 150 200 

( SPRING TESTS ) 

9- INCH AC + BASE 

BASE , 3-INGH AG REMOVED 

with 

data obtained in the summer at 75° to 95° F, 

ereater than that for the 3-inch AC surface, 

and that of the 6-inch AC surface was between 

the other two. 

Plate Bearing Tests on Subgrade 

Several series of plate bearing tests were 

conducted to obtain a measure of the bearing 

capacity of the subgrade soil of both the 

north and the south tangents. Two proce- 

dures were employed, namely, the Incremen- 

tal-Repetitional Test and the Accelerated 

TESTS ON BASE, I8-INGH DIAMETER 
PLATE, 9-INGH AG REMOVED 

Test. The data from the first test procedure 

are presented in table 3 of reference (3). 

Tests were made directly on the subgrade, 

after the overlying courses had been removed, 

as described in the following paragraphs. 

e Two series of tests were made in test 

section 1 (table 1) with plates 12, 18, 24, and 

30 inches in diameter. 

e One series of tests wus- made in test 

sections 1, 2, 3, and 4 with the plate 30 

inches in diameter. 

TEST TESTS ON SUBGRADE, 3-INGH 

AG PLUS I8-INGH BASE 
REMOVED 

/ 
6 

ELASTIC DEFLECTION OF SUBGRADE-—INCHES 

O 20 40 60 

=f 

— IN. BASE 

80 100 O 

UNIT LOAD—RS,l. 

==) 

——-K 
WITH SURCHARGE 

WITHOUT SURGHARGE 

ENCIRCLED NUMBERS INDICATE TEST PLATE DIAMETER IN INGHES 

Figure 33.—Effect of surcharge based on elastic deflection of the subgrade. 
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Figure 34,—Load-pavement thickness curves for sections of AC sur- 

Jace laid directly on the subgrade soil of the south tangent. 

e One series of tests was made in test section 

16 on the south tangent. Seven bearing 
plates whose diameters ranged from 12 to 
S4 inches were used. The three larger 
wearing plates in the group—42, 60, and 84 

diameter—were precast, circular 
concrete blocks that were 12 inches thick. 
(he other four plates used were steel plates 
having diameters of 12, 18, 24, and 30 inches. 
The 8 inches of bank-run gravel surfacing that 
had previously been placed on the soil was 
removed before these tests were made. 

The deflection data from the Accelerated 
Test presented in table 5 of reference (3) 
include information on one series of tests 
made in test section 3 with the 12-, 18-, 24-, 
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and 30-inch plates; and for one series of tests 

made in test sections 1, 2, 3, and 4, with the 

30-inch plate. 

Curves in figures 35 and 36 were based on 

data from the plate load tests made on the 

subgrade soil beneath the pavement test 

sections on the north tangent. See tables 3 

and 5 of reference (3) for tabulations. The 

unit load data have been plotted as a function 

of the diameter of the bearing plates in figure 

35 and as a function of the perimeter-area ratio 

of the plates in figure 36. The data were plot- 
ted for both an elastic deflection of the material 
of 0.08 of an inch and for a gross deflection of 
0.40 ofaninch. From the Incremental-Repeti- 
tional Tests, the data shown for results of 

is pe li ec ‘ j re d t\ ‘ = YP 

tests made with the 30-inch diameter plate 

are the average of results of 20 tests and for 

the other plates the average of results of 

three tests. For the results obtained from 

part a of the Accelerated Test, the data shown 
for the 30-inch plate are the average of results 

from 16 tests, and those shown for the other 

plates are averages of results from two tests. 

Size of test plate 

The curves in figures 35 and 36 indicate that 

the size of the test plate had a consistent and 

orderly effect on the bearing capacity of the 

soil. Curves in figure 35 tend to be curvilinear, 

and those in figure 36 are linear. The differ- 

ence between the relations shown by these 

curves and obtained by the two test proce- 

dures cannot be definitely explained. Part a 

of the Accelerated Test provided for the appli- 

cation and release of the three load increments 

one time only, and in the Incremental-Repeti- 

tional Test each of four increments was applied 

and released five times. This difference in 

procedure might have accounted for some dif- 

ference in the results although perhaps not to 

the extent indicated by the curves. Also, the 

difference might partially have been caused 

by the fact that the Accelerated Tests were 

made on the subgrade beneath the 18-inch 

base course section, and the results of all tests 

made on the subgrade, as well as on the pave- 

ment of this section, provided somewhat 

higher loads than results of tests on the 6-, 

12-, and 24-inch base course sections. Mois- 

ture and density data also failed to account for 

these findings. 

The data from the tests made on the sub- 

grade soil of the south tangent are shown by 

curves in figures 37 and 88. The nature of the 

curves is the same as that of curves represent- 

ing results of the tests made on the subgrade 

of the north tangent. Based on elastic deflec- 

tion, the load results were slightly higher than 

those obtained from tests made on the north 

tangent. When based on gross deflection, the 

load results for tests made on the two tangents 

were practically equal. The curves in figures 

35 and 37 indicate that the ability of the soil 

to support load decreased at an ever diminish- 

ing rate as the size of the test plate was in- 

creased up to the maximum size used in these 

tests (84 inches in diameter). Linear curves 

in figure 38 were fitted to the load data plotted 

as a function of the perimeter-area ratio of the 

plates. Although some of the points deviated 

somewhat from the curves as drawn, undoubt- 

edly a linear load-deflection relation existed. 

Values based on elastic deflection were com- 

puted for the soil constant, k, from the load 

figures for the 30-inch diameter plate plotted 

in the upper part of figure 35. Soil constant 

values of 200 and 183 pounds per cubie inch, 

respectively, were computed from results of 

the Accelerated and Incremental-Repetitional 

Tests. The corresponding soil constant value 

for the subgrade soil of the south tangent was 

208 pounds per cubic inch. Thus it can be 
said that the subgrade soil of the test track, 

when existing with a moisture content of about 

26 percent and a dry density of about 100 

pounds per cubic foot, had a k value of about 
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Figure 35.—Load-size of test plate curves for Incre- 

mental-Repetitional and Accelerated Tests on the 

north tangent subgrade soil. 

200 pounds per cubic inch. The laboratory 

CBR value of the subgrade soil was reported 
to be about 2 in reference (8). 

The scheduled program of Repetitional 

Tests was limited to tests on the surface and 
base course of the pavement sections. How- 

ever, enough tests of this type were made on 

the subgrade to determine whether, under 

direct loading with comparatively small unit 

loads, the soil would act elastically in the same 

manner as when the load was transmitted to 

it through the pavement structure. Loads 

varying in intensity from 5 to 20 p.s.i. were 

applied repetitiously through plates having 

diameters of 18, 30, and 42 inches, respec- 

tively. 

In these Repetitional Tests on the sub- 

grade, the elastic deflections were considerably 

less than the permissible elastic deflections 

that occurred in tests on the pavement. 

Nevertheless, in no instance did the subgrade 

soil attain a condition of completely elastic 

behavior during these tests. Each applica- 

tion of the load produced some additional 

permanent movement. The same type of 

difference in the behavior of a fine-grained 

soil that had been loaded directly through 

rigid plates and indirectly through a pave- 

Ment structure has been observed previously 

(7). Differences in the elastic behavior of the 
soil are believed to have been caused by the 

Manner in which the load was distributed to 

it. When the load was applied directly to 
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Figure 36.—Load-perimeter area ratio curves for In- 

cremental-Repetitional and Accelerated Tests on 

the north tangent subgrade soil. 

the subgrade through a rigid plate, the highest 

contact pressure occurred around the periph- 

eral area of the plate. However, when the 

load was applied to the subgrade through the 

pavement structure, the contact pressure 

tended to diminish outward from a maximum 

on the axis of loading. 

Application of the Test Data 

The results of the Repetitional Tests 

indicated that a limit exists as to the amount 

of repeated deflection that fine-grained sub- 

grade soils can sustain without the pavement 

suffering progressive movement or deforma- 

tion. Therefore, application of test data 

analyzed in this article to the design of new 

pavements would necessitate the determina- 

tion of the permissible elastic deflection of 

the soils that would compose the subgrade. 

During the Hybla Valley investigation, the 

soil loaded directly through rigid plates 

never developed the same degree of elasticity 

that the test indicated occurred when the 

load was distributed through an overlying 

pavement structure. The design of pave- 

ments to be constructed on other types of soils 

would therefore require construction and 

testing of trial sections to determine the 

elastic deflection of the subgrade soil. The 

necessity for construction of such test sections 

would be obviated and data presented here 

would be useful if some type of load bearing 

test were to be developed by which the same 

reaction could be obtained when the subgrade 

soil was tested directly as when it was tested 

by having the load distributed through the 

pavement structure. 

Also, if the data presented here were utilized 

in pavement designing, it would be necessary 

to ascertain whether asphalt pavements in 

service can tolerate without undue distress 

the magnitude of elastic deflections listed in 

table 4. 
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Shear Loads on Pavements 

BY THE PHYSICAL RESEARCH DIVISION 

BUREAU OF PUBLIC ROADS 

Stresses caused by shear loads should 

be considered when pavements are being 

designed, according to information pre- 

sented in this article. Often, only the 

stresses caused by normal loads are 

considered when a _ stress analysis is 

being prepared for a pavement design. 

Information presented in this paper 

shows that stresses induced when ve- 

hicles stop may be more critical than 

had heretofore been realized, and that 

under static vehicles the effective vertical 

stress is increased by inward acting 

shear stresses caused by pneumatic tires. 

Introduction 

TRESS analysis of pavements is often 

based on normal loads alone; however, 

certain shear loads should not be ignored. 

In this article, two sources of applied shear 

stresses are considered—those produced by 

a pneumatic tire under a vertical load, and 

those caused by a component of the total 

load parallel to the surface of contact, which 

generally is considered to be horizontal. 

Conclusions 

From the information presented in this 

article, it is concluded that stresses caused 

by static loads and strong horizontal loading 

should be considered when a flexible pave- 

ment is being designed. An exact analysis 

of anticipated stresses must include considera- 

tion of these two factors, either of which causes 

stresses having a more critical effect on the 

bearing capacity of a pavement than stresses 

caused by a vehicle moving at constant 

velocity along a horizontal tangent. Under 

the static load exerted by pneumatic tires, 

the shear stresses often cause the development 

of a critical creep of the pavement. Critical 

Stresses in a pavement also are greatly in- 

creased and the bearing capacity greatly 

decreased when acceleration or deceleration 

of a vehicle produces strong horizontal load- 

ing components. 

1 Presented at the International Conference on Structural 

Design of Asphalt Pavement, University of Michigan, 

Ann Arbor, Mich., August 1962. 
2Mr. Barber is also Associate Professor of Civil En- 

gineering at the University of Maryland, College Park, Md. 

3 The references indicated by italic numbers in parentheses 

are listed on page 144. 
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Inward Acting Shear Stresses 

When a vertical load is applied to a pneu- 

matic tire on a horizontal surface, the tensile 

prestress in the tire carcass caused by the 

inflation pressure is reduced, and shear stresses 

acting toward the center of the loaded area 

are produced on the surface of contact. 

These shear stresses are in the opposite 

direction from those produced under a solid 

rubber tire and their magnitude may be as 

great as the vertical pressure; this was shown 

by Markwick and Starks (1)3 and by Bonse 

and Kuhn (2). A shear force applied to the 

surface produces interior stresses in different 

directions, including vertical; this is shown 

in figure 1. The formula presented by 

Westergaard (3) is for a homogeneous isotropic 

elastic material. 

The shear stresses on the contact area 

under a static pneumatic tire can be considered 

to be made up of rings of shear stresses. When 

a ring of uniform, inward acting shear stresses 

is considered as being made up of shear loads 

on infinitesimally small points, the formula 

in figure 1 can be integrated to give the 

formula shown in figure 2. Figures 3 and 4 

By’ EDWARD S. BARBER, 

Highway Research Engineer ’ 
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Figure 1.—Vertical normal stress from 
applied shear force. 

show graphs of vertical normal stresses at 

several points from a ring of shear stress 

calculated from this formula. Because the 

applied shear stress has no vertical component, 

the total vertical normal stress at any depth 

caused by shear stress is zero. The total 

vertical normal stress is the volume between 

the horizontal axis and the surface that is 

produced by rotation of any one of the curves 

shown in figure 8 about tle vertical axis. 

By use of a numerical combination of con- 

centric rings, the vertical normal 

produced by a uniform distribution of inward 

stresses 

y=rsin © 

PLAN 

From formula for single force, _ 3sada23* (™ 
vertical stress transmitted from ringis %° on 

2.02 
ItA +R ing% =A, "A=R, “4-H & ——= : 

Lellinoive aba? 2aR *’ “3 m2AaR)% 

Integrating, substituting v= 90 - % D 

and rearranging, 

with modulus (k) equal /2/(I+d). 

x=0-rcos 8 

s=sheoar stress on ring 
per unit orea 

— 3sRAdA ifs (H-cos 8) dO 

(o) 

> ont (AR) 2 (J2-1)°VB/UIFd) | 

where K and E are respectively complete elliptic integrals of the first and second kinds 

P= Vertical 
3 | normal stress 

KE r—#€] 

PROFILE 

(a-r cos 8) dO 

sae Do ee ne ee 
[ (a*- 2ar cos @+r°cos-O +r sin°O+3°) 2 

(J-cos 6) 2 

sof [(U-1)(J-H)K + (4JH-u?-3)E] 

Figure 2.—Vertical normal stress from ring of inward acting shear stress. 
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RADIUS OF RING DIVIDED 
BY DEPTH, A= A 

| 
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HEAR AND WIDTH OF RING, B, /s dA 
Ss 

VERTICAL NORMAL STRESS DIVIDED BY APPLIED 

6) 0.5 | 15 2 25 
r 

RADIAL DISTANCE FROM CENTER OF RING DIVIDED BY DEPTH, /yzR 

Ficure 3.—Vertical normal stress at different radial 
distances from shear on ring. 

ing shear stresses over a circular area have 

calculated; calculated vertical 

normal stresses are shown in figure 5. 

these 

Figure 6 shows the vertical normal stress 

under the center of a circular area to which 

veral different distributions of inward acting 

shear stresses were applied. The parabolic 

approximated the measured ap- 

plied stresses but, for simplicity, a uniform 

is used for this study. Stresses, 

MeMahon and Yoder (4) and 

by Foster and Fergus (6), under vertically 

plates approximated those that were 

‘d by the application of the theory of 

which vertically applied 

distribution 

icity in only 

BY APPLIED SHEAR STRESS,p3/s 
oO 

rs] 3.5 

VERTICAL NORMAL STRESS DIVIDED 

AC) 5 | 

RADIAL DISTANCE FROM CENTERLINE DIVIDED BY DEPTH, Aer 

Figure 5.—Vertical normal stress from uniform inward shear over 

loads were considered. The measured stresses 

caused by vertically loaded pneumatic tires 

generally were somewhat greater than those 

calculated for the stresses from the vertical 

load alone. Spangler (6) measured vertical 

pressures under a pavement that were greater 

than those applied at the surface. The 

increase in vertical stress obtained in this 

study when the inward acting shear stresses 

were included in the calculation is shown in 

figure 7. Therefore, the increase from inward 

acting shear stresses should be considered 

when studies are made of the effect that 

pavement thickness has on _ transmitted 

stresses. This concentration of vertical deflec- 

RADIAL DISTANCE FROM CENTER OF 
RING DIVIDED BY DEPTH, '% =R 

O es 

05 

RADIUS OF LOADED AREA 
DIVIDED BY DEPTH, % =A 

VERTICAL NORMAL STRESS DIVIDED BY MAXIMUM APPLIED STRESS, p,/s 

O 0.1 0.2 

PLAN 

s Lo 

ON ELEVATI te H + 

Pa) 

ES 2 

circular area. 

tion caused by shear stresses from different 

sources has been reported by Barber and 

Sawyer (7) and is illustrated in figure 8. 

Shear Stresses in One Direction 

Shear stresses in one direction between tire 

and pavement surface may be produced in 

several ways. Tangential forces up to about 

10 percent of vertical loads may be produced by 

longitudinal grades or superelevation. The ratio 

of tangential to normal loads is limited by the 

coefficient of friction between tire and surface; 

this coefficient often reaches 0.8. This ratio 

occasionally is reached when wind acts on a 

0.3 04 0.5 0.6 07 0.8 09 1.0 

0.2 

oO 

AND WIDTH OF RING, P, /s dA 

VERTICAL NORMAL STRESS DIVIDED BY APPLIED SHEAR 
05 | 15 2 

Figure 4.—Vertical normal stress from shear on rings 
of different radii. 
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N 
2 

x15 

2 

2.5 

DEPTH DIVIDED BY RADIUS OF LOADED AREA, 

Figure 6.—Vertical normal stress under center of different inward 
shear stresses on circular area. 
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100 
UNIFORM LOADS ON CIRCULAR AREA 
OF RADIUS 5.35 INCHES 

UNIT TOTAL 
DIRECTION STRESS LOAD 

10O0PS.|. SOOOLBS 
80 

INWARD 
SHEAR SOP.S.,1. Oo LBS 

60 

40 

DEPTH BELOW 
o| LOADED SURFACE - 

20) IncHES VERTICAL NORMAL STRESS-PSI. 

DISTANCE FROM EEuTER LINE+RADIUS 

Figure 7.—Combined vertical stress from vertical and inward 
shear loads. 

ORIGINAL SURFACE 

RIGID PLATE 

PNEUMATIC 
TIRE 

UNIFORM 
PRESSURE 

ci 

Figure 8.—Measured surface displacements 
of soil under different types of equal 
vertical loads. 

Wo 

vehicle, sometimes is reached when a vehicle 

is stopped, and may be reached when velocity 

of a vehicle is constant on a horizontal curve. 

On a curve having a 75-foot radius and no 

superelevation, a vehicle traveling at a speed 

of 30 miles per hour develops a horizontal 

force that is 0.8 of the vertical force. In 

addition to the foregoing factors and con- 

| ditions, the distribution of vertical loads is 

affected by the vehicle’s spring oscillation. 

Figure 9 shows interior vertical normal and 

horizontal shear stresses caused by application 

to a circular area of a uniform shear stress in 

one direction, these stresses are in addition to 

the stresses caused by the applied normal 

DEPTH DIVIDED BY RADIUS OF LOADED AREA, 

Where, q 

) loads. 
| The stresses shown in figure 9 were derived we 

_ from a table of stresses produced by a uniform a 
f = | vertical stress on a circular area (8) by the NoaN 

Cc relationships given in the following statements. 

| py/s=the component of horizontal shear 
j stress in the direction of s, divided 

by the applied vertical stress. 
| s,/s=the horizontal normal stress (for 

i Poisson’s ratio=0.5) in the direc- 
| tion of s, divided by the applied 

vertical stress. 

The differences in the maximum stresses on 

a horizontal plane at different depths are 

shown in figure 10. The horizontal shear 
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q =(1- 4g) cNg + (1-F) waNg 

=Bearing capacity, psi 

i=Ratio of horizontal to 

=Raudius of |oaded area, inches 

TRANSMITTED STRESS DIVIDED BY 

APPLIED SHEAR STRESS 

ELEVATION 

O | 2 

Figure 9.—Lateral distribution of stresses from shear stress in 
one direction at surface, A/Z=1 

MAXIMUM TRANSMITTED STRESS DIVIDED BY APPLIED SHEAR STRESS 
0.1 0.2 0.3 0.4 0.5 06 0.7 08 09 1.0 

\ 
1 =0.53 £=0.823 

LOCUS OF POINT OF MAXIMUM STRESS 

Figure 10.—Maximum stress at different depths from shear in one 
direction at surface. 
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=Coefficient of internal friction 

=Functions of f, 
see table below 
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Figure 11.—Effect of horizontal force on bearing capacity. 
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stress is an important factor that affects the 

stability of layered systems, and its effect 

should be considered carefully for construction 

planned at locations where the bond between 

layers may be critical. 

The information presented in the foregoing 

paragraphs should be useful when overstress 

of a few points must be considered. But 

when the overall failure of a pavement is to be 

Between Tire and load, by 

Marwick and Herbert J. H. 

of the Institution of Civil 

1940-41, June 1941, pp. 

Stresses 

Alfred H. DD. 

Journal 

No. 7 

Starks, 

rmngineers, 

509-325. 

Dynamic Forces Exerted by Moving 

icles on a Road Surface, by R. P. H. Bonse 

1 8S. H. Kuhn, Highway Research Board 

233, Flexible Pavement Design Re- 

ch, 1959, pp. 9-82. 

rulletin 

Effects of a Change of Poisson's Ratio 

nalyzed by Twinned Gradients, Transactions 

Society of Mechanical 

1940, pp. A-113—A-124. 

American 

vol. 62, 

of the 

Wngineers, 

1) Design of a Pressure-Sensitive Cell and 

\Vlodel Studies of Pressures in a Flexible Pave- 

considered, the theory of plasticity should be 

used to calculate the bearing capacity. 

The effect of horizontal load components on 

bearing capacity developed by Meyerhof (9) 

is shown by the formula in figure 11; this 

illustration has been included here because the 

values shown for the coefficient of friction and 

its function might apply to the bearing 

capacity of bituminous pavement material. 

REFERENCES 

ment Subgrade, by T. F. MeMahon and E. J. 

Yoder, Highway Research Board Proceedings, 

39th annual meeting, vol. 39, 1960, pp. 

650-682. 

(5) Stress Distribution in a Homogeneous 

Soil, by C. R. Foster and 8. M. Fergus, 

Research Report 12-F, Highway Research 

Board, 1951. (Presented at the 29th annual 

meeting of the Highway Research Board, 

1949.) 

(6) Wheel Load Stress Distribution through 

Flexible Type Pavements, by M. G. Spangler 

and H. O. Ustrud, Highway Research Board 

Proceedin gs, 20th annual meeting, vol. 20, 

1940, pp. 23 30-201. 

A bearing capacity of 530+25=555 p.s.i. 

under a vertical load will be reduced to 

132+0=132 p.s.i. at impending skidding of a 
vehicle. The 132 p.s.i. is the resultant effect 

of vertical and horizontal applied stresses. 

When horizontal and vertical stresses are 

applied together, their combined effect must 

be considered in any analysis of bearing 

capacity of a pavement. 

(7) Application of Triaxial Compression 

Test Results to Highway Soil Problems, by E.S. 

Barber and C. L. Sawyer, ASTM Special 

Technical Publication 106, Triavial Testing of 

Soils and Bituminous Mixtures, 1950, pp. 
228-247, Y 

(8) Triaxial Compression Test Results Ap- 

plied to Flexible Pavement Design, by E. 8. 

Barber, Pusiic Roaps, vol. 25, No. 1, 

September 1947, pp. 1-19. 

(9) Discussion by G. G. Meyerhof of Rup- 

ture Surfaces in Sand Under Oblique Loads, by 

A. R. Jumikis, ASCE Proceedings, Journal of 

the Soil Mechanics and Foundation Division, 

vol. 82 (Paper in No. SM1, January 1956, pp. 

1-26; discussion in No. 8M3, July 1956, pp. 

1028-15—1028~—20). 

Relation of Absolute 

Properties of Highway Asphalts—FPart I, 

(00 Penetration Grade, by J. Y. Welborn 

and W. J. Halstead, Pustic Roaps, vol. 30, 

No. 9, August 1959, pp. 197-207. 

2) Properties of Highway Asphalts—Part 

Il, Various Penetration Grades, by J. Y. Wel- 

born, W. J. Halstead, and J. G. Boone, Purntic 

Koaps, vol. 31, No. 4, October 1960, pp. 73-85, 
99. 

(3) Composition and Changes in Composition 
of Highway $5-100 Penetration 
Grade, by F. 8. Rostler and R. M. White, 
Proceedings of 

Asphalts, 

the Association of Asphalt 
Paving Technologists, vol. 31, 1962, pp. 35-89. 

:) Changes in Asphalt Viscosities During 
Thin-Film Oven and Microfilm Durability 
Pests, by W. J. Halstead and J. A. Zenewitz, 
Puptic Roaps, vol. 31, No. 11, December 
1961, pp. 211-218. 

(9) Sliding Plate Microviscometer for Rapid 
Measurement of Absolute Viscosity in Absolute 
Units, by R. L. Griffin, T. K. Miles, C. J. 
Penther, and W. C. Simpson, ASTM Special 
Technical Publication 212, Road and Paving 
Materials, 1957, pp. 36—48. 

144 

Viscosity of Asphalt Binders to Stability 

(Continued from page 152) 

REFERENCES 

(6) Measurement of the Consistency of Paving 

Cements at 140° F. with the Sliding Plate Micro- 

viscometer, by D. F. Fink and R. L. Griffin, 

ASTM Special Technical Report Publication 

No. 309, Road and Paving Materials and Sym- 
postum on Microviscometry, 1962, pp. 79-94. 

(7) The Effect of Asphalt Viscosity on Sta- 

bility of Asphalt Paving Miztures, by B. Weet- 

man and D. H. Hurlburt, Proceedings of the 

Association of Asphalt Paving Technologists, 

vol. 16, February 1947, pp. 249-263. 
(8) The Influence of Rheological Character- 

istics of the Binder on Certain Mechanical Prop- 
erties of Bitumen-Aggregate Mixes, by S. L. 
Neppe, Proceedings of the Association of 
Asphalt Paving Technologists, vol. 22, Jan- 
uary 1953, pp. 428-473. 

(9) The Relationship Between the Unconfined 
Compressive Strength of a Bituminous Mixture 
and Viscosity of the Binder, by L. E. Wood and 
W. H. Goetz, Proceedings of the Association 
of Asphalt Paving Technologists, vol. 27, 
February 1958, pp. 563-580. 

(10) Stability Experiments on Asphaltic Pav- 
ing Mixtures, by W. J. Kmmons, Pusuic 
Roaps, vol. 14, No. -11, January 1934, pp. 
197-211, 218. 

of Asphalt Mixtures 

(11) Effect of Consistency and Type of As- 

phalt on the Hubbard-Field Stability of Sheet 
Asphalt Mixtures, by W. O’B. Hillman, Pusiic 

Roaps, vol. 21, No. 4, June 1940, pp. 75-78, 
82. 

(12) The Effect of Characteristics of Asphalts 

on Physical Properties of Bituminous Mixtures, 

by R. H. Lewis and J. Y. Welborn, Pusuic 

Roaps, vol. 25, No. 5, September 1948, pp. 

85-94. 

(13) The Flow Properties of Asphaltic Bitu- 

mens with Reference to Road Behavior, by A. R. 

Lee and J. B. Warren, Proceedings of the Asso- 

ciation of Asphalt Paving Technologists, vol. 

11, January 1940, pp. 340-364. 

(14) Viscosity Effects on the Marshall Sta- 

bility Tests, by D. F. Fink and J. A. Lettier, 

Proceedings of the Association of Asphalt 

Paving Technologists, vol. 20, February 1951, 

pp. 246-269. 

(15) Effects of Viscosity in Bituminous Con- 

struction, by Verdi Adam, ASTM Special 

Technical Report Publication 309 Road and | 
Paving Materials and Symposium on Micro- 
viscometry, 1962, pp. 121-132. 

February 1963 e PUBLIC ROADS 



f 

- 

Relation of Absolute 

Viscosity of Asphalt Binders 

Co Stability of Asphalt Mixtures 
BY THE PHYSICAL RESEARCH DIVISION 
BUREAU OF PUBLIC ROADS 

By! J. YORK WELBORN, Chief, 

Bituminous and Chemical Branch, 

WOODROW J. HALSTEAD, Supervisory Chemist, 

This article presents the results of laboratory compressive strength tests 

made to show the relationship of asphalt viscosity to the stability of pavement 

mixtures. A summary of the more important conclusions drawn by other 

authors in previously reported research is included in appendix I. 

The results reported here illustrate the significant effect of the type and grada- 

tion of aggregate on compressive strengths of asphalt mixtures and the variation 

of strength that can occur at different temperatures for mixtures made with 

asphalts of the same penetration grade but with different viscosity -temperature 

susceptibilities. . When comparisons were made at the same temperature, 

mixtures of a particular asphalt and the crushed stone aggregate used in these 

studies had significantly higher strengths than mixtures of the same asphalt 

and the gravel aggregate, which in turn had higher strengths than the mixtures 

made with sand. Such differences in strengths of the crushed stone, gravel, 

and sand mixtures were indicated to be more significant at temperatures around 

140° F. than at lower temperatures. 

When comparisons of compressive strengths were made on the basis of equal 

absolute viscosities, the differences caused by the three types of aggregates were 

still significant, but the strength of mixtures made with the same type and 

grading of aggregate and the same percentage of asphalt were equal for equal 

viscosities regardless of the source and grade of the asphalt. 

Introduction 

HE MAJOR goal of the asphalt paving 

tf technologist is to design asphalt paving 

mixtures that will have sufficient stability to 

resist displacement of the asphalt pavement 

in the form of shoving or rutting under traffic 

and also have the proper amount of flexibility, 

skid resistance, and durability. Many re- 

search studies have been conducted to evaluate 

“such factors as the type, quality, and grada- 

tion of aggregates, and the character and 

amount of bituminous binder and construc- 

tion variables that affect the quality and per- 

formance of the pavement. 

The consistency of the asphalt binder in 

paving mixtures is one of the most important 

variables that affects performance. Conse- 

quently, the penetration test and other empiri- 

cal consistency measurements were developed. 

Since then it has been common practice to 

specify certain penetration grades of asphalt 
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for paving mixtures for use under specific con- 

ditions of traffic and climate. Initially, the 

grade of asphalt was selected on a trial and 

error basis; the lower penetration materials 

were used in warm areas and for heavy traffic 

conditions, and the higher penetration asphalts 

were used in cold areas and for lighter traffic 

conditions. 

During the 1930’s, the great amount of 

cracking in pavements precipitated a trend 

toward the use of softer asphalts (higher 

penetration) in sheet asphalt and asphalt 

concrete construction in many areas of the 

country. Since that time, laboratory sta- 

bility tests have come into general use for 

designing paving mixtures. Using these tests, 

the researcher and engineer have developed 

a much better knowledge and understanding 

of the properties of aggregates, mineral fillers, 

and bituminous binders that influence the 

stability of various types of paving mixtures. 

Several research studies that show the effect 

and ROBERT E. OLSEN, Research Engineer 

of asphalt consistency on stability in labora- 

tory tests have been reported. 

A review of the literature reveals that these 

studies generally agree with respect to the 

qualitative relationships involved. 

the quantitative effects of type and gradation 

and consistency of the asphalt binder on 

stability have not been well defined. Con- 

sistency, measured by both penetration and 

viscosity, has been used in the various studies. 

Some authors have indicated that for a given 

mixture no difference in stability should occur 

when asphalts of the same consistency are 

used. However, a number of others have 

reported that other properties of the binder, 

as well as consistency, have a significant effect 

on stability. No specific information has been 

found that showed the relative effect of 

asphalts of different viscosity-temperature or 

shear-susceptibility characteristics in mixtures 

made with different aggregates where internal 

friction differed widely. The study reported 

in this article was undertaken to obtain such 

information. The relation shown is the effect 

of viscosity on the stability of pavement mix- 

tures measured by laboratory test. No at- 

tempt was made to correlate the test data with 

characteristics of the pavement in place, but 

it is believed that the relative effects indicated 

will serve as valuable criteria for further 

studies on the design of mixtures in the 

laboratory and for predicting the performance 

of asphalt pavements in service. 

This article also includes summaries of some 

of the more important research reports, which 

were reviewed to provide the background in- 

formation for this study. These summaries 

are given in appendix I and are arranged in 

approximate chronological order to provide a 

general picture of the development of knowl- 

edge concerning the basic relationships in- 

volved. 

However, 

1 Presented at the 65th annual meeting of the American 

Society for Testing and Materials, New York, N.Y., June 

1962. 
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Thin-film oven test, }4-in. film 
at 325° F., 5 hrs. 

Pene- |Ductil- 

distillation. 

tration,| ity, 5 | Soften-| Furol Fi Tests on residue 

Asphalt Source of Method of 100 g., | cm./ ing VEEP Mite at 

sample crude refining ae ee point wae E ae. ria Huda Peecant 

i: Soften-| ity, 5 lof origi- 
; ing em./ | nal 

point | min. pene- 
tration 

Cm. SF. Sec. Percent| °F. Cm. | Percent 

3 Mexico...-.-- | Atmospheric 87 248 121 318 1. 037 0. 55 134 138 60 

| steam distil- 
| lation. a 

13 Venezuela....| Unknown------- 89 175 120 255 1. 033 .18 132 175 62 

38 Mideontinent_| Vacuum distil- 90 | 170 120 189 1. 000 . 00 129 120 62 

lation to 225- 
| 275 penetra- 
| tion, blown at 
| 480° F, 

Karisas_._.... Vacuum distil- 86 166 121 180 1.004 | +.03 139 13 62 

| lation. | e 

Texas......--| Steam-vacuum S72) | 112 116 120 1.029 | +.02 125 178 61 

| | distillation. 

California....| Steam distila- 88 245 120 228 1, 031 1.03 136 125 49 

tion. 
121 Mexico....--- | Steam distila- | 57 «=| 3250 128 431 1. 039 . 29 140 100 65 

| tion. 
154 | Texas.....- | Steam-vacuum 63 212 122 144 1.033 | +.04 127 176 62 

| distillation. 
tote Mexico._....- / Steam distila- 135 184 113 250 1, 034 93 129 235 50 

lation. | 
22¢ Texas... oo Steam-vacuum | 126 118 109 86 1. 023 .O1 118 120 57 

gn indicates gain in weight. 

Materials Used the more important physical characteristics of 
the asphalts. The same identification number 

isphalts used for the tests reported here for each sample has been used in this article 

were selected from the group included in the to permit convenient cross-reference. Table 2 

tudies of the properties of highway asphalts shows the composition of the selected 85-100 

produced in the United States reported by the penetration asphalts and also the changes in 

Bureau of Public Roads in 1959 and 1960 composition during aging tests conducted by 

(1, 2). Table 1 provides information, which Rostler and White, which they reported at the 

aa 
' 

was given in earlier reports, on the sources of 1962 meeting of the Association of Asphalt 

the asphalt, methods of refining, and some of Paving Technologists (3). The composition 

Table 2.—Composition of 85-100 penetration asphalt ! 

| Composition 4 
Asphalt sample 2 : N+At__| Durability 

: P+A>9 rating 
A N At Ao P 

Original aan 3072 eelocd 20. 6 23.7 9.0 ete 2 
Mixed __- fates, ee” 34/3. ait 2 6;6 18.1 22.2 8.9 1.14 

) Aged ae: S60") ah eh 18r3 16.2 21.5 8.0 ib aly 

| eae | | 
Original ee ers 28.8 | 22:5 23.0 18.9 6.8 I With 5 | Mixed a | BoP el ae od) b 18.5 19.1 6.9 1.61 |} Aged 86.0 9) 24s 17.1 15.5 6.6 1. 90 

38 

| Original 20.3 ee 18 eek. S 24.8 12.7 1.13 2 Mixed Elvuees. Cot TBs | TOG 26.7 10. 6 1. 02 
Aged - 30. 2 16.5 | 19.7 23.8 9.8 1.08 

56: | | 

Original SoS 908 12. 21.0 30.8 15.8 0.71 Mixed S227 1D dr aes 29.7 13.9 0.7 ; Aged 25.0 11.9 14.8 34.7 13.6 0.55 
69 

| 100 

{ 

Taken from paper by Rostler ¢ Thite Se ; nate tA Pee : 5 ee ng oil Sears Ae stler and White presented at meeting of Association of Asphalt Paving Technologists, New 
2 Asphalt: 

Original, as received, 
Mixed, after mixing with Ottawa sand 6 minutes at 325° F 

__, Aged, after aging 7 days at 140° F. : * Composition determined by Rostler-Sternberg method: A= Asphaltenes. 
N= Nitrogen base resins. 
A; =First acidaffins. 
A»=Second acidaffins. 
P =Paraflins. 
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shown was based on the Rostler-Sternberg 

method in which the asphaltenes are first pre- 

cipitated with normal pentane and the dis- 

solved fractions are treated successively with 

sulfuric acid of specified strength. It is be- 

lieved that the asphalts selected for this study, 

and described in the following paragraphs, had 

sufficiently different characteristics so that 

their behavior would provide a general cross- 

section of all types of commercial-grade as- 

phalt materials. 
The series of Texas asphalts, samples 154, © 

69, and 226 were respectively 60-70, 85-100, 

and 120-150 penetration grades from the same 

producer, and they represented the most tem- 

perature-susceptible materials found in the 

previous studies, where three grades were 

available from the same source. Some 85-100 

penetration grade asphalts from California 

sources have lower furol viscosities at 275° F. 

than sample 69, the 85-100 material in this 

series, but the difference is not great. 

The series of Mexican asphalts, samples. 

121, 3, and 196, were 60-70, 85-100, and 120— 

150 penetration grades and represented the 

materials with the lowest viscosity-tempera- 

ture susceptibility tested in the earlier study. 

The other four asphalts selected for this 

study were of the 85-100 grade: (1) Sample 13, 

a Venezuelan material, was typical of much of 

the asphalt used on the east coast. (2) Sample 

38 was a midcontinent material that was 
highly resistant to hardening in both the mi- 

crofilm and thin-film tests reported to ASTM 

in June 1961 (4), and this material had a rela- 

tively high shear susceptibility. (3) Sample 

56 material also had a high shear susceptibility, 

and the ductility of its thin-film residue was 

very low (4). . Although Rostler and White (3) 

reported that their test showed this material 

had excellent abrasion resistance, performance 

of asphalt having similar characteristics and 

believed to have been obtained from the same 

source was very poor. (4) Sample 100 was a 

California asphalt, which had a relatively high 

loss and a low percentage of retained pene- 

tration in the thin-film test. 

The aggregates used in this study were se- 

lected to give test mixtures of three distinct 

types having widely different stability char- 

acteristics. These are designated in this arti- 

cle as sand, gravel, and stone mixtures. The 

aggregate for the sand mixture was a blend of 

concrete and sheet asphalt sands and lime- 

stone dust. The aggregate for the gravel mix- 

ture was composed of uncrushed gravel, 

natural sand, and limestone dust. The aggre- 

gate for the stone mixture was entirely crushed 

stone, including the material passing the num- 

ber 200 sieve. The compositions of the test 

mixtures, including the type and gradations 

of the aggregates are shown in table 3. Al- 

though the gradations chosen for each type of 

aggregate were generally within limits that are 

used for actual pavement construction, it~ 

should not be assumed that these gradations 

represent the best combinations for each type. | 

The primary basis for selection was to obtain — 

aggregate systems having low, medium, and — 

high levels of internal friction. } 
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Table 3.—Composition and aggregate grad- 

ing of test mixtures 

Sand 
mixture 

Stone 
mixture 

Gravel 
mixture 

Asphalt, aggregate | Percent ent | Percent 
6.0 

1 
basis f 6.0 

Aggregate type: 
Red Hill granite____ 
Massoponax gravel- 
Potomac River 

White Marsh con- 
crete sand 

Potomac River 
sheet asphalt 
sand 

Variation of Compressive Strength 
with Temperature 

Results of the compressive strength test, 

made at various temperatures on specimens 3 

inches in diameter and 3 inches high in which 

each of the aggregates were used with each 

asphalt, are shown in table 4. The details of 

mixing, molding, and testing these specimens 

are given in appendix II. The compressive 
strength result reported for each asphalt at 

each test condition is the average for four 

individual specimens. The bulk specific grav- 

ity and the voids content of the mixtures given 

in the table also are averages for the group of 

four specimens tested. Figure 1 shows the 
effect of temperature on compressive strength 

of the three types of mixtures containing 

asphalts 3 and 69—the 85-100 penetration 

| grade asphalts representing the extremes of 

temperature-susceptibility of the asphalts used 

| in this study. 

| As expected, a large difference was noted in 

the compressive strength of the three types 

_- of mixtures, especially at the higher tempera- 

tures. For example, at 120° F. the sand 

mixture for asphalt 69 had a strength of 

8 p.s.i.; the gravel mixture had a strength of 32 

p.s.i. (interpolated); and the crushed stone 

mixture had a strength of 102 p.si. At 

_ lower temperatures the differences were less 

pronounced. The strength at 60° F. for 
asphalt 69 was: 327 p.s.i. for the sand mixture; 

440 p.s.i. (interpolated) for the gravel mixture; 

_ and 486 p.s.i. for the stone mixture. Differ- 

ences in the compressive strength of mixtures 

| containing asphalt 3 were of about the same 

order of magnitude. The flatter slope of the 

plotted line for the crushed stone mixtures 
reflects the greater interlocking or internal 

- friction present in the crushed stone aggregate. 

_ The same type of aggregate mixtures made 

| with asphalts of the same penetration grade 
but from different sources also had signifi- 
hs cantly different compressive strengths. The 

_ differences in strength caused by differences in 

_ asphalt source were greatest with the sand 
(e* 

Asphalt 
sample 

Type of aggregate ! 

ca 

_ 

RN 

N ~ 

— | 

fe Se Sst Oe oe 

— — 

See a 

= 

Ne SS 

a) bo eb Onw one <<) i i | _ 

Compressive strength, p.s.i., at—? 

Table 4.—Compressive strengths of mixtures made with different asphalts and aggregates 

mwr ~ 

1 See table 3 for grading and composition of mixtures. 
2 Hach value is an average of results for 4 test specimens. 
3 Interpolated strengths, 

temperatures 

60° F, 

Viscosity ! 

82° F. 95° F. 100° F. 120° F. | 140° F. 

205 

166 

130 

252 

90 

“74 

22 

“i 

11 

50 

ie 

23 

=--= 

Table 5.—Viscosities of original and recovered asphalts, 85-100 grade, at various 

Recovered asphalt from— 
Asphalt sample and test 

temperature 
Original asphalt 

Sand mixture 

SH 
3: Poises Poises 

A) ae AEE Ae i de ee, 1225CI08 Tage ee 2k eee eee 
i} eRe ot eee See ee S72 GLO aes li eee ree ae ree 
CO ae ae See tee enh 8.3108 2.0107 
idee Sa eo ae eS Se sed Te Pe 1.1108 3.4108 

BOS ee ne ee ae ae De OU ie se aed es re 
OTR es Sees Fiae een cee ne 1.3105 4.7X105 

100 eee eee een ee a ees 8.5 S105 eae |e = ee eee 
1205 Se ee ee eee ee A 1.5104 5.5104 
Whe en See a toe Oey eee BOOS LOS: Man ED ai}! ete Sere hs see ee 

1.1X107 1.7X107 
1.2108 2.4105 
2.3105 3.0 105 
1.8X105 3.0X104 

38: 
CONS see ea IS ee tie eee 1.0107 1.5107 
Whe AS ae eee 1.2X106 2.9X105 
OD see ae oe fo eee ee 1.3105 3.3105 

FOOSE eek ea ee 2 1.3X10+ 4.0X104 

56: 
OO) ae oe Ie Fe ne ae ee os See 8.0105 1.3107 
1A ot SE IIS tamer ge el Ey yee 1.7X108 3. 8X 105 
nee See See es a Ce! 2. 1X 105 6.5105 

1 Us ne a ie Be neds Spe eee 3. 4X104 7.0104 

69: 
ASR ee Ree ea eee ed DK LOS a ral ince ee eee eae 
Oey tae A re es es Ie ee ea ES CLOTS ls ule eoeese pres wines 
Cat Pag RO = ig Se DE eee OP ony 1.6107 3.0107 
Clie ae See eee 1.0108 2.9108 
{:V RGSS sles OT let, aeeeie «a SEY Did ON kOe ee (ieee, |W eee ee Sara oe 
ied SS ee eee es cee 1.1105 2.6105 
TO ae are Se, ee ae ClOX 10S Nie cee ee ees 
20 eee ee eee eee 8.3X108 1.8104 
AO) Soe nag eee 2 ie DoD C1 Oi eal SY Saukaes at eee 

1.1107 2.4107 
1.2106 3.1X108 
1.9X105 3. 8X 105 
1.9X104 3.3104 

1 Shear rate 0.05 sec.-! 

Gravel mixture 

Poises 
1.9108 
2.0X107 

NNwNe 

a 5 x he > ro 

NNyhye 
=) — =) = 

- OX104 

9X10? 
7X108 
6105 
8X10 ao at dam 

1. 210° 
3.2107 

2.3107 
2.4108 
3. 5105 
3. 6104 

Stone mixture 

Poises 

2.8105 

RoR mnwnwr 

ew “Ibo x x _ = t—) i=) 
om rt 

OD Ws 
wo x a > = 

2.6108 

2.2107 
3.3108 
3.9105 
3.5104 
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Figure 1.—Relation between log strength and temperature— 
different aggregates and asphalts. 

mixture and least with the stone mixture. For 

example, the strength of the sand mixture at 

120° F. containing asphalt sample 3 was 2.6 

times the strength of a similar mixture con- 

taining asphalt 69. At this temperature the 

ratios of the strengths of the gravel and stone 

mixtures were 1.8 and 1.3 respectively for the 

same two asphalts. 

The variation in compressive strength with 

emperature for gravel aggregate mixtures 
iade with asphalts from the same source but 
f different penetration grades is illustrated 

figure 2. The data plotted are for the 
nixtures containing 60-70 and 120-150 pene- 
ration grades of the Mexican and Texas 

asphalts, representing the extremes of temper- 
iture-susceptibility. The curve for mixtures 
nade with the 85-100 Mexican asphalt is also 
included for comparison. As shown, the 
curves for different grades from a given source 
are substantially parallel but differ signifi- 
cantly in slope from the curves for mixtures 
made with corresponding grades of asphalt 
from a different source. 

The relative position of the curves for the 
mixtures containing 60-70 Texas asphalt 
sample 154, and those containing the 120-150 
Mexican asphalt sample 196, are of interest. 
These mixtures had approximately the same 
compressive strengths at 140° F., but at 40° 
F. the strength of the mixture containing 
sample 154 was almost double that of sample 
196. However, the mixtures containing as- 
phalt samples 3 and 226 had the same 
strengths at 40° F. but widely different 
strengths at 140° F, (Sample 3 was the 
85-100 Mexican asphalt and sample 226 the 
120-150 Texas asphalt.) These comparisons 
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Table 6.—Viscosities of original and recovered asphalts, 60-70 and 120-150 grades, at 
different temperatures 

Test temperature, ° F. 

Original 

3.4108 
2.9107 
3.1108 
1.3108 
2.0X105 
6.3108 

1.2X10° 
DO ope a. <5. See ae ee EER 3.9107 
Md Shee ce ie aon ee a he 2.3108 
SD EES eS wim Ai eh ee a Se 1.1X108 
Ul atede RENE SS bi Te Ai TST 1.3X105 
140 ee lo ee eee eee en 2.5108 

! For shear rate of 0.05 see.-1 
* Asphalt recovered from gravel mixture. 

illustrate the effect of the temperature- 
susceptibility of asphalts on mixture strengths. 

The general relations shown in figures 1 
and 2 are well known from the qualitative 
standpoint and will be exhibited by all types 
of mixtures, but the amount of change in 
strength will differ and depends on both the 
asphalt characteristics and the differences in 
aggregate such as grading, particle shape, 
etc. The degree of compaction of the labora- 
tory specimen and the percentage of asphalt 
used also will influence the strength relation- 
ships obtained with each mixture composition. 
Because the effect of asphalt viscosity was 

Figure 2.—Relation between log strength and temperature— 

Viscosities ! for 60-70 grade asphalts— 

Asphalt 121 

Asphalt 154 

80 390 

TEMPERATURE, DEGREES FAHRENHEIT 

120 130 140 

asphalts of different grades. 

Viscosities 1 for 120-150 grade asphalts— 

Recovered 2 Original Recovered 2 

Asphalt 196 

3.5108 6.1107 3.3108 
3.6107 4.6X105 1.1X107 
5.6106 5.8108 1.3108 
3.6106 2.3105 6.9X105 
6.8X105 4.4X104 1.1105 
3.6104 1.7X108 4.2X103 

Asphalt 226 

2.4X10° 1.6108 5.8108 
6.9107 6.7108 1.4X107 
4.8108 3.5X105 8.8X105 
2.2X106 2.4X105 4.6105 
2.1105 3.1104 4.2X10! 
4.4X103 7.8X10? 8.510? 

the primary consideration in this study, no 
evaluation was made of the quantitative effect 
of other factors. 

Variations of Compressive Strength — 
with Viscosity 

To show the extent to which the differences 
in stability of bituminous mixtures determined 
in the laboratory by the compressive strength 
test can be attributed to differences in 
viscosity of the contained asphalt, the asphalts 
were recovered from test specimens represent- 
ing each type of mixture and their viscositiogy 
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Table 7.—Comparison of penetration of 
asphalts recovered from test specimens 
with penetration of original asphalts 

Penetration, 100 g. 5 sec., 77° F. 

Asphalt 
grade and 
sample 
number 

Asphalt recovered from— 
Original 
asphalt | 

Sand Gravel 
mixture | mixture 

Stone 
mixture 

were determined at several temperatures. The 

viscosities of the original asphalts also were 

determined over the same temperature range 

to measure the hardening that had occurred 

during the preparation and testing of the 

“specimens. 

All viscosities were determined with the 

sliding plate microviscometer. This instru- 

ment has been adequately described in a 

number of published reports (14, 15). Deter- 

minations for each material were made at 

four temperatures covering the normal work- 

ing range of the instrument. Although there 

were some exceptions, most of the determina- 

tions were made at 60° F., 77° F., 95° F., and 

119° F. All viscosities were computed on the 

basis of a shear rate of 0.05 sec.-1 These 

data were plotted on a viscosity temperature 

chart using the ASTM coordinates. The 

basis for this chart is log log viscosity in 

centistokes, which is essentially equivalent to 

' centipoises for these materials, plotted against 

log of absolute viscosity in degrees Rankine 

The viscosities reported in 

tables 5 and 6 were extrapolated or inter- 

polated from the plotted lines based on the 

best straight line through the determined data 

points. Such extrapolated viscosities may 

not be exact for the extrapolations at the 

upper and lower temperatures (120° F. or 

140° F. and 40° F.) but they are believed to 

be sufficiently precise for the purposes of this 

study. 

The data in table 5 for the 85-100 penetra- 
tion asphalts include viscosities of the original 

asphalts and of the asphalts recovered from 

mixtures made with each of the aggregates. 

All of the recovered asphalts had _ higher 

viscosities than the original asphalt; and, 

generally, the viscosity increase occurring 

with the use of each type of aggregate was 

not significantly different. The greatest dif- 

ference occurred for asphalt 38. At 120° F. 

the viscosity of the material recovered from 

_ the sand mixture made with this asphalt was 

approximately double the viscosity of the 

material recovered from other aggregate 

mixtures; but at 60° F. the viscosities for all 

_ three recovered asphalts were essentially the 
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same. Table 6 shows the data for both the 

original and recovered asphalts for the 60-70 

and 120-150 grades. Asphalts of these grades 

were recovered from only the gravel mixtures. 

Table 7 contains data that compares the 

penetrations of the original and recovered 

asphalts at 77° F. The penetration data 

provide a more familiar evaluation of the 

hardening occurring during the mixing and 

curing of the various specimens and show that 

the increase in consistency, measured by the 

penetration at 77° F., is equivalent to approxi- 

mately a one-grade change in penetration. 

For the 85-100 grade materials, the original 

penetration at 77° F. varied from 78 to 92. 

Asphalt sample 56, which had a penetration 

of 78, was out of grade. The penetration of 

the recovered asphalts ranged from a low of 

53 for the asphalt recovered from the sand 

mixture containing asphalt sample 69 to a 

high of 70 for the asphalt recovered from the 

stone mixture containing asphalt sample 38. 

Generally, the hardening during the mixing 

and curing of the sand mixtures, measured 

by penetration at 77° F., was greater than 

that for the gravel and stone mixtures. 

In figure 3, the logarithm of the compressive 

strength at each temperature is plotted 

against the logarithm of the viscosity of the 

recovered asphalt at the same temperature. 

Regardless of the source or penetration grade 

of the asphalt used, the data points fall on 

three distinct curves, one for each type of 

aggregate mixture. The influence of the 

ageregate system in the mixtures is again 

illustrated by the different levels and slopes 

of the curves. Although there is some curva- 

ture in the plotted lines, small segments can 

be considered to be straight and the slopes 

of such segments can be used to indicate the 

ratio of change in strength to the change in 

viscosity. Examination of these slopes in the 

range of viscosity from 10* to 10° poises, 

which is approximately equivalent to vis- 

cosities at summer temperatures, shows that 

a 10-fold increase in viscosity produced 

approximately a 3 2-fold increase in strength 

for the sand mixture, a 2.4-fold increase for 

the gravel mixture, and a 1.5-fold increase 

for the stone mixture. Corresponding 

strengths for viscosities such as would exist 

for winter temperatures in the range of from 

108 to 10° poises could not be estimated 

precisely. However, it is probable that 

further increase in viscosity produced by 

decrease in temperature would not cause as 

large an increase in strength. 

is indicated by the curvature of the plotted 

line for the sand mixture and, to a lesser 

extent, by the curvature of the plotted line 

for the gravel mixture. The data for the 

stone mixture was less definite, but it is 

believed that strengths at higher viscosities 

than obtained in this study would show 

similar behavior of the mixture. 

Other researchers have studied the relation 

of asphalt viscosity to laboratory determined 

stability and some have indicated that a 

straight line is the result when log strength 

is plotted against log log viscosity. Summaries 

of three studies using this relation are included 

This tendency © 

in appendix I; these studies were by Weetman 

and Hurlburt (7), Neppe (8), and Wood and 

Goetz (9). To examine this relationship, the 

data obtained in this study (tables 4, 5, 

and 6) were plotted as shown in figure 4. 

It should be noted that, although the hori- 

zontal axis of the plot shows viscosity in 

poises, the basis for locating the points was 

the log log viscosity in centipoises. The data 

for the gravel mixtures with all asphalts fall 

on a straight line over the entire viscosity 

range explored. The plotted data for the 

sand and stone mixtures made with all 

asphalts closely approximate straight lines 

for viscosities less than 107 poises, but for 

greater viscosities the lines show some 

curvature. 

Some authors have indicated that factors 

other than viscosity have a significant effect 

on strength measured by laboratory stability 

tests. It is obvious from figures 3 and 4 that 

much of such an effect, if it existed, would be 

masked by aggregate systems having good 

inherent stability. Special attention there- 

fore was directed to the results obtained with 

certain asphalts in the sand and gravel 

mixtures. Figure 5 shows viscosity and 

strength data for three asphalts replotted on 

the same basis used in figure 4. These data 

are for asphalts 3 and 69, which represented 

the extremes of temperature-susceptibility, 

and asphalt 56, which had the greatest degree 

of complex flow. Although tests were made 

at only three temperatures for the sand 

mixture prepared with each asphalt, there were 

some indications that the data points would 

form a slightly different line for each asphalt. 

Data were available at five temperatures for 

the gravel-mixtures for asphalt samples 3 and 

69 and, as indicated, no difference in the 

plotted line could be detected. There was 

some indication that the three data points for 

the gravel-mixture curve for asphalt sample 

56 formed a slightly different line than was 

obtained from data points for asphalt samples 

3 and 69, but this difference might have been 

the result of experimental error. 

When evaluating the significance of this 

difference, the possible effect of the shear 

rate used to determine the viscosity of the 

asphalts compared to the shear rate of the 

asphaltic film during the strength test should 

be considered. As previously stated, all of 

the viscosities reported in this study were 

based on a shear rate of 0.05 sec.-!_ This basis 

was selected because this shear rate is the 

one most commonly used with the sliding plate 

microviscometer. Also, this shear rate could 

be determined with relatively good precision 

for the tests made on these asphalts as it 

could be bracketed by actual test results. 

This rate of shear, however, did not correspond 

to the rate of shear in the mixture specimen 

during the strength test. Based on the 

average film thickness of the asphalt in the 

mixture and the speed of the test, the rate of 

shear in the compressive strength specimen 

at failure most likely was in the range of 

1 sec.—! to 2 sec.7! 

Attempts were made to extrapolate the 
viscosity test data so that the apparent 

viscosity could be calculated on the basis of 
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Figure 3.—Relation between log strength and log viscosity 
of asphalt. 

estimated shear rate existing during the 

but the extent of the extrapolation so 

ly reduced the precision of the estimation 

the results proved to be of no value. 

is entirely that more precise 

‘asurements of strength would show greater 

possible 

ifferences in strength for the same viscosity 

than were indicated in this study, but it is 

believed that more study is needed to deter- 

mine whether such differences are significant 

witb respect to pavement behavior. 

Discussion of Results 

sentially all of the relationships shown 
conducted in this study have been 

ited in previous research reports; some 

lese reports are summarized in appendix I. 

bh he tests 

STRENGTH-PS|! 

VISCOSITY- POISES 

Figure 4.—Relation between log strength and log log viscosity of 
asphalt, 
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However, such previous studies were limited 

in scope as to tests over a wide range of tem- 

peratures on mixtures made with different 

distinctive types of aggregate systems and 

asphalts from different sources. The data 

reported in this article are believed to be of 

considerable value as they provide a quantita- 

tive estimate of the effect of the preceding 

factors. The variations in strengths of mix- 

tures produced by differences in viscosity- 

temperature susceptibility of the asphaltic 

binder were much greater for the sand mix- 

tures than for the gravel or crushed stone 

mixtures selected for this study. These differ- 

ences were most pronounced at higher tem- 

peratures; but, as the temperatures decreased 

the differences between aggregates became less 

important. 

COMPRESSIVE STRENGTH-PS.1. 

at ge 
OK 

i ear aa 
leap an 
Se ee 

10% 10° 10° io” 10%)” “it 

When comparisons were made on the basis of | 

the same viscosity, regardless of source or 

penetration grade, the relative differences in 

the strengths of the sand, gravel, and stone 

mixtures were greatest at the maximum serv- 

ice temperature (140° F.) at which the vis- 

cosities were lowest. The relative differences 

decreased with a decrease in temperature ‘or 

an increase in viscosity. For viscosities of 

about 10° poises or higher, the effects of aggre- 

gate or possible differences in asphalts were 

not clearly evaluated in this study. There 

were some indications that the curve for the 

sand mixture leveled off; that is, it approached 

a maximum strength, but the curves for the 

gravel and stone mixtures did not show this 

tendency. It is believed that at such high 

viscosities, asphalts may cease to behave as 

viscous liquids and act more nearly as solids. 

Thus, tests to measure properties such as 

brittleness, stiffness, or fatigue resistance may 

provide a better evaluation of mixture prop- 

erties at temperatures near 40° F. or lower 

than compressive strength tests such as were 

used in this study. 

In certain aspects, the data from this study 

support the suggestion made by some asphalt 

technologists that asphalt cements should be 

graded on the basis of their viscosities at 

140° F. rather than on penetrations at 77° F. 

Differences in viscosities of asphalts at 140° F. 

have been shown to be much more critical, 

insofar as compressive strength is concerned, 

than viscosity differences at lower tempera- 

tures. 

Tests in this study showed no signifi- 

cant differences in compressive strengths for 

mixtures made with asphalts of the same 

viscosity from different sources. There was 

some indication that different asphalts having 

the same viscosity may produce = slightly 

different strengths for weak aggregate systems 

at high temperatures, but differences of the 

order indicated would have no _ practical 

significance. Even these small differences 

were minimized at low temperatures. 

ee a Bais: es 

ie Lae: 
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\ 
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Figure 5.—Relation between log strength and log log viscosity of — 
selected asphalts. 
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' Summary of Previous Research 

To provide background information for the 
work reported in this article, a literature 

survey wasmade. The following listed papers 

have been summarized to illustrate the general 

development of information and the present 

state of knowledge concerning the various 

relationships of viscosities and stabilities of 

asphaltic mixtures. Only a brief summary 

and major conclusions from each paper have 

been included. For a more detailed descrip- 

tion of the research, the complete article 

should be referred to. 

Stability Experiments on Asphaltic 
Paving Mixtures 

In 1934, Emmons (10) reported a study 

conducted by the Bureau of Public Roads to 

establish performance data for the develop- 

ment of laboratory strength tests for bitu- 

minous pavement mixtures. Experimental 

pavement sections were constructed of many 

different compositions on a circular roadway 

180 feet in mean diameter. The performance 

of these sections was observed under con- 

trolled-traffiic conditions. Asphalts having 

different penetrations were used as binders in 

sheet asphalt and asphaltic concrete paving 

mixtures. Observations on the performance 

of the test sections showed that stable mix- 

tures for sheet asphalt had been obtained from 

the use of asphalts having penetrations of 35 

to 55. Use of softer, steam-refined asphalts 

having penetrations of 63 and 72 caused some- 

what more plastic mixtures; however, only 

one section of test pavement had been laid 

that contained each of these asphalts. The 

consistency of the asphalt cement had no 

apparent influence on the service characteristic 

of the coarse-graded asphaltic concrete. 

Stable mixtures were laid with asphalts having 

penetrations ranging from 45 to 75. 

Effect of Consistency and Type of 

Asphalt on Hubbard-Field Stability 

of Sheet Asphalt Mixtures 

In 1940, Hillman (1/17) reported the effect 

of consistency and type of asphalt on the 

Hubbard-Field stability of sheet asphalt 

mixtures. Mixtures were made with 10 

different grades of Mexican asphalt having 

penetrations that ranged from 23 to 182 and 

that were obtained from the same producer, 

and with two grades of asphalt, 50-60 and 85— 

100, that were obtained from each of five 

different sources. The mixtures prepared 

with the different asphalts were tested for 

Hubbard-Field stability at temperatures of 
104°, 122°, and 140° F. 

The findings of this study are summarized, 

as follows: (1) For asphalts from the same 

source, the stability of sheet asphalt mixtures 

depends on the consistency of the asphalt at 
the temperature of the stability test. (2) 

There are greater differences in the stability 
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APPENDIX F 

of mixtures made with the same penetration 

grade of asphalts from different sources than 

in the stability of mixtures made with 50 and 

100 penetration asphalts from the same 

source. (8) There are some characteristics 

of asphalt that caused mixtures made with 

asphalts from different sources to vary in 

stability even when the consistency of the 

asphalts, measured by penetration, was the 

Same. 

Effect of Characteristics of Asphalts 

on Physical Properties of Bitumi- 

nous Mixtures 

In 1948, Lewis and Welborn (1/2) reported 

on the effects of the characteristics of asphalts 

on the physical properties of bituminous 

mixtures. This article included results of 

laboratory tests conducted on a particular 

bituminous mixture and a review of other 

investigations. It was concluded that: (1) 

The strength of a given mixture is dependent 

upon the consistency of the contained asphalt 

at the test temperature. (2) The test data 

from other investigations indicate that there 

is some characteristic of asphalts that causes 

comparable mixtures prepared with different 

asphalts to vary in strength even when con- 

tained asphalt has the same consistency. 

Flow Properties of Bituminous 

Binders 

In a paper published in 1950, Lee and 

Warren (13) commented on the fact that the 

flow properties of asphalt or other types of 

bituminous binders are recognized as being 

of primary importance in road construction. 

These authors stated that most of the speci- 

fication tests, such as penetration, softening 

point, ductility, and furol viscosity, had no 

relation to the fundamental nature of flow and 

that up to that time little reliable information 

had been established to correlate road behavior 

with fundamental characteristics of binders. 

To develop such fundamental information 

the Road Research Laboratory (England) 

obtained viscosity-temperature relations over 

a temperature range of about 15° C. (59° F.) 

to 180° C. (355° F.) on a number of asphalts 

of approximately 65 penetration, which had 

been obtained from several sources. Ro- 

tating-cylinder, Ostwald, and falling-cylinder 
viscometers were used to cover the temper- 

ature range. On the basis of the results of 

their tests on specimens of road surfacing 

mixtures made with the different asphalts, 

the authors concluded that the temperature 

susceptibility of the road mixture is determined 

by that of the binder. However, their tests 

also indicated that differences in the plastic 

and elastic properties of the asphalts were of 

more significance in determining the mechan- 

ical properties of mixtures than differences 

in viscosity-temperature coefficients. 

Effect of Asphalt Viscosity on Stabil- 
ity of Asphalt Paving Mixtures 

Weetman and Hurlburt (7), in 1947, in- 

vestigated the effect of temperature and 

asphalt viscosity on the punching shear 

stability of a sheet asphalt mixture. Three 

asphalts of different penetration grades, from 

each of two sources, that differed widely in 

temperature susceptibility were used. Stabil- 

ity of a sheet asphalt mixture in which each 

asphalt had been used was determined over a 

temperature range of 40° F. to 160° F. 

Absolute viscosity of the asphalts recovered 

from the stability specimens was determined 

at several temperatures within this range by 

a coaxial-cylinder viscometer. The more 

important conclusions drawn from this study 

are: 

e The punching shear stability of sheet 

asphalt mixtures at temperatures in the range 

of 40° F. to 160° F. are linear semilog functions 

of temperature. 

e For asphalts of the same penetration at 

77° F., the high viscosity-temperature sus- 

ceptible asphalts had higher stabilities at lower 

temperatures and lower stabilities at high 

temperatures than asphalts of lower viscosity- 

temperature susceptibility. 

e Comparable stabilities at 140° F. can 

be obtained by using a low-susceptible asphalt 

having an appreciably higher penetration 

at 77° F. than a highly susceptible asphalt. 

For the asphalt from the two sources reported, 

this difference in penetration was approxi- 

mately 50. 

e Stabilities of mixtures made with asphalts 

from the same source but having widely 

different penetrations at 77° F. are directly 

related to the asphalt viscosity at the shearing 

temperatures. A linear relation between 

log log viscosity and log stability was found, 

but the curves for the series of asphalts were 

not coincident. This indicated that some 

factor other than viscosity, such as absorption, 

affected the stability of the sheet asphalt 

mixture. 

Viscosity Effects on the Marshall 
Stability Test 

In 1951, Fink and Lettier (14) reported on 

a study concerned primarily with the effects 

of the absolute viscosity of asphalt on Marshall 

stability. Nine asphalts obtained from sey- 

eral sources and of widely different methods of 

manufacture and temperature-susceptibility 

were selected for this study. 

Viscosities of the asphalts were determined, 

using the vacuum capillary viscometer, in 

the range of 120°-205° F. and the Saybolt 

furol viscometer at higher temperatures. 

The furol viscosities were converted to 

absolute viscosities. Marshall stability speci- 

mens were made by using one aggregate 

composition and each of the asphalts. Speci- 

mens for mixtures containing each asphalt 
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were molded at temperatures at which the 

asphalt had a viscosity of 6 poises, and the 

specimens were tested at temperatures at 

which the viscosity was 1,400 poises. This 

study emphasized the fact that the stability 

was strongly influenced by the viscous resis- 

tance of the binder. 

Influence of Rheological Charac- 

teristics of Binder on Mechanical 

Properties of Bitumen- Aggregate 

Mixtures 

In 1953, Neppe (8) reported the results 

of compressive strength tests on mixtures 

made with aggregate of one type and grading 

and with 40 asphalt cements having different 

penetration grades and rheological properties. 

The author calculated stabilities from the 

times required for the specimens of the mixture 

to deform by predetermined amounts during 

the application of a compressive load that 

was being increased at a uniform rate. The 

tests were made at 77°, 104°, 122°, and 140° F. 

for each asphalt mixture. The viscosities 

of the asphalts were determined at several 

temperatures. 
; 

The author’s primary purpose in this article 

was to show the usefulness of his ‘Softening 

Point Number” as a characterization factor 

for determining the influence of rheological 

characteristies of the binder on mechanical 

properties of mixtures. However, he also 

reported the effect of the viscosity of the 

asphalt on compressive strengths of the mix- 

tures. A summary of the study included 

the following information: 

e The results for compressive strengths at 

7° F. showed no marked differentiation 

Mixture Preparation 

The aggregates for the gravel and stone 

mixtures for the compression test were sepa- 

rated on various coarse and fine sieve sizes, in- 

cluding the 200 mesh. Portions of each size 

were then recombined to meet predetermined 

gradations in batches of sufficient amounts 

to mold two specimens. Similar test batches 

for the sand mixture were prepared by com- 

bining concrete sand, sheet asphalt sand, and 

limestone dust in definite proportions. All 

batches of aggregates were heated overnight in 

a forced draft oven at 325° F. The asphalt for 

each batch was prepared by putting a slight 

excess of the amount required per batch in a 

sealed, 8-ounce tin that then was placed in a 

300° F. oven 45 minutes prior to the asphalt’s 

being blended with the heated aggregate. The 

required amount of asphalt was added to the 

aggregate in a modified Hobart mechanical 

mixer and the materials were mixed for 2 

minutes. Each batch contained — slightly 
more mixture than that required for two, 
3-inch by 3-inch cylindrical specimens. 
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between mixtures prepared either from bitu- 

mens of low or high Softening Point Number. 

e The mechanical stability of a bituminous 

mixture at any temperature is approximately 

a direct function of the log log viscosity of 

the contained binder at that temperature 

and is independent of the source, nature, 

and proportion of the latter constituent. 

e The fluidity characterization factor, which 

is the numerical difference of log log viscosities 

at 77° F. and 275° F. multiplied by 100 was 

shown to be directly proportional to the 

Softening Point Number. The authors con- 

eluded that the Softening Point Numbers 

must also give a direct measure of the tem- 

perature-susceptibility of bitumens. 

Relationship Between Unconfined 

Compressive Strength of a Bitumi- 

nous Mixture and Viscosity of the 

Binder 

In 1958 Wood and Goetz (9) used a com- 

pressive strength test to study the effect of 

asphalt viscosity on mixture stability. One 

of the two objectives of this research was to 

determine the relation between the viscosity , 

of the binder and compressive strength of a 

mixture at several temperatures and rates of 

shear. The parallel-plate microviscometer 

was used to determine the viscosities at 

40° F., 100° F., and 140° F. over a range of 

shear rates for four asphalts from different 

sources. Sheet asphalt mixtures composed of 

74 percent sand, 17 percent filler (material 

passing the No. 200 sieve) and 9 percent 

asphalt were prepared with each of the four 

asphalts. Specimens 2 inches in diameter 

and 4 inches in height were molded by the 

APPENDIX II 

Compression Test Procedure 

Molding Procedure 

After being mixed the amount of material 

required to mold one specimen was trans- 

ferred to a heated mold. The bowl with the 

remaining mixture was placed in the 325° F. 

oven for approximately three minutes, after 

which the second specimen was molded. For 

each specimen, the mixture in the heated 

mold was spaded once around the inside of the 

mold, then subjected to a 3,000 p.s.i. compac- 

tion load that was held for two minutes by 
use of the double-plunger technique. 

Test Procedure 

After removal from the molds the specimens 
were allowed to cool to room temperature 
and then were placed in a forced-draft oven 
at 140° F. for 24 hours. The specimens were 
then cooled overnight at room temperature 
and the bulk specific gravity of each was 
determined by use of the water displacement 
method. The air voids were calculated on 

lil | eS ee eh his fo ele | Ce, 
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double-plunger method. Compressive strength 

tests were made at 40° F., 100° F., and 140° F. 

at three rates of deformations. Relationships 

between viscosity and maximum compressive 

strength at different shear rates were deter- 
mined. Conclusions drawn from the study 

were: 
e The shear rate has a very marked effect 

on viscosity of some asphalts and little effect 

on others. The effect of shear rate on viscosity 

also varies with temperature. 

e A plot of log compressive strength versus 

temperature gives a simple means of evaluat- 

ing the temperature-susceptibility of mixtures. 

e No direct relationship was found between 

compressive strength of sheet asphalt mixtures 

and the viscosity of the contained asphalt even 

though the effects of shear rate were taken 

into consideration. This indicated that fac- 

tors other than viscosity of the binder have an 

effect on mixture strength. 

Effects of Viscosity in Bituminous 
Construction 

In a paper presented at the 1961 annual 

meeting of ASTM, Verdi Adam (15) showed 

the effect of asphalt viscosity on the Marshall 

stability of an asphalt concrete mixture from 

tests in which several different asphalts had 

been used. The four asphalt cements used 

in his tests varied from 60-70 to 120-150 

penetration at 77° F. The furol viscosity of 

these asphalts at 140° F. varied from 3.5 104 

to 3.6 10° (determined by conversion from 

absolute viscosity at 140° F.). The author 

showed that a good relationship existed be- 

tween furol viscosity and Marshall stability, 

both at 140° F., for the different asphalts. 

the basis of effective specific gravity of the 

aggregate determined by the Rice vacuum 

saturation method. The specimens were 

placed in air baths controlled at the various 

test temperatures indicated in table 4. In 

general, the time in the air bath was one-half 

hour more than that required for a dummy 

specimen to reach the desired test temperature, 

which was measured with a thermocouple 

inserted in the center of the specimen. The 

bearing blocks of the testing machine were 

also placed in the air baths to bring them to the 

test temperature. The compressive strengths 

of the specimens were determined at a loading 

rate of 0.15 inches per minute. Each of the 
compressive strengths and specific gravities 

given in table 4 is the average result for four 
duplicate test specimens. 

(References for this article are listed on page 144.) 
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