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PREFACE

The investigation reported herein was conducted by the U. S.

Army Engineer Waterways Experiment Station (W~~) under joint sponsor-

ship of the Office , Chief of Engineers, U. S. Army (oCE), and the New

Jersey Department of Transportation (NJDOT). OCE sponsorship was

authorized under the Military Construction RDT&E Program, Project

~A7627l9AT~ O , ~Pavements, Soils, and Foundations ,” Task A2, Work Unit
OOle. NJDCYP sponsorship was authorized by FY 77 Agreement No. YES—
77—02, State of New Jersey , dated 3 May 1917, signed 8 June 1971 (New

• Jersey State Project No. 77140). The New Jersey Department of Trans-

portation received partial funding from the U. S. Department of

Transportation , Federal Highway Administration. The study was con-

ducted during the period June 1977 to September 1978.
The gyratory shear testing was conducted and the test data were

reduced by personnel of the Pavement Materials Research Facility ,

Geotechnical Laboratory (GL), under the supervision of Mr. T. D. White.

A data report on the gyratory shear test was prepared by Mr. L. N.

Godwin. The repeated load triaxial tests were conducted and the data

reduced by the Soils Research Facility, GL, under the s~upervision of
Mr. V. H. Torrey III. The data report for the repeated load triaxial

tests was prepared by Mr. R. D. Barnette. The conduct of the investiga—

tion was under the general supervision of Mr. H. H. Ulery, Jr., Chief ,

• Pavement Design Division, and Mr. J. P. Sale, Chief , GL. The data were

• analyzed and the report w~s written by Dr. W. R. Barker and Mr. R. C.

• Gunkel, both of the Pavement Design Division, GL.

NJDOT personnel involved with the project were Mr. K. C. A1Terton,
• 

• 

Mr. G. S. Kozlov, and Mr. B. Cosabocsn.

COL J. L. Cannon, CE, was Commander and Director of the WEB during
the conduct of the study and the preparation of this report. Mr. F. H.

Brown was Technical Director.
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (SI)
UN ITS OF MEASUREMENT

U. ~~. custo:nary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

Fahrenheit degrees 5/~) C’i~~iu~ degrees or Kelvins
5

feet ) . ~ •~1~3 metres

gallons (U .  ~~. liquid) 3.78514l~’ cubic decimetres

inches ~5.14 millimetres

• miles (U.  3. statute) 1.60931414 kilometres

pounds (mass) O.l45359.~37 kilograms

pounds (force) 14.14148222 newtons

pounds (mass) per cubic foot 16.018149 kilograms per cubic metre

pounds (force) per square 68914.757 pascal s
- inch
• square feet O.(N~.NO3014 square metres

square yards 0.83612714 square metres

• tons (2000 lb mass) 0.9011814714 kilograms

• * To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F — 32). To obtain

• Kelvin (K) readings, use: K • (5/9)(F — 32) + 273.15.

L 
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STRUCTURAL EVALUATION OF OPEN—GRADED BASES
FOR HIGHWAY PAVEMENTS

PART I : INTRODUCTION

1. Evaluating the performance potential of pavement materials

without the benefi t of performance data from realistic test sections or

actual in—service pavement s is a major deterrent in the development of

innovative pavement systems. The principal factor motivating researchers

toward the development of theoretically based desi gn procedures is the

desire to take advantage of new concepts in pavement construction.

Despite this factor, the methodo1o~~r for theoretically predicting

performance of pavement systems containing granular structural elements

is almost totally nonexistent. Thus, when the question arose of how to

improve the internal drainage of pavement systems, a methodolo~ r could

not be found , within price constraints, for evaluating the structural

performance of highly porous materials required to provide drainable

bases.

Background

2. The U. S. Army Corps of Engineers has long recognized the

problem of subsurface drainage and has published Technical Manual

5-.-820.-2, “Subsurface Drainage Facilities for Airfields.” The criteria

• for base course drainage were developed by Professor A. Casagrande based

on a subsurface drainage study conducted by the U. S. Arn~’ Engineer

Division, New England , and its Boston District during the period 19145-

1914?. Methods developed by K. Terzaghi for design of filter courses

around subdraina were later modified as a result of investigations con—
ducted at the U. S. Army Engineer Wat erways Experiment Station (W EB ) .

An additional study , reported in WEB Technical Report No. 3-786 , July

1967 , entitled “Drainage Characteristics of Base Course Materials, Labo—

ratory Investigation,” states that recent observations indicate the base

5
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courses and fi l ter courses are periodically saturated at certain air-

fields and some extensive subdrainage sy stems appear t o  be largely

ineffect ive. In the study , i t was concl uded t ha t  i t is t heoret ical ly

possible for a base course materi al to meet d rainage cri t eria in Tech-
nical Manual ~— $. ‘O— .~ and st i l l  remain nearly l~~’~ percent saturated.

Even when a material contains as l it t l e  as ‘ percent fines , the e ffec-

t ive porosity can approach zero. It is apparent tha t  t o  ~-~bt ain highly

porous bases , materials not meeting present gradation requirements -
•

for bases must be employed.

3. At the University of Illinoi s at Urbana , I ll i n oi s , Barenherg

and Tayabji
1 

conduct-ed a laborat ory experiment ai med at evaluating the

performance ci’ an open—graded , hot —mixed bitumi nous aggregate mi xture

(OGBAM ) as a porous base for pavement drainage. In the experiment , a

circular test track was used t o  t e st  s ix  d i ff e ren t -  pavement systems

employing  OGRAM bases. L)ynsznic load i ng was applied to  the t est pave-

ments • and water was passed through the O’3RAJ1 drainage l ayers to  simu-

late sur face and lateral ini’iltrat .i~ n.  The results of t~~e experiment-

indicat e that the OI3BAM pos sos ses a very hi gh order of pormeabi l i t  y

and c a s i d o r i n g  the seve r i ty  of t h o  l oading ,  por t ’or med a~lo4 uately as a
St ruct -ural base. I t  was tnt ‘t’~~t lag t o  not e t h a t  at- t he o::d ci’ the
experiment- t ho ~GB AM in the wheel pat h was 1 Ocst’ and i ~: he s -t a t e  ci’

a cohesicnless granular material.

• The New Jersey Department ci’ Trans p~’ rt at. ion ~, N.1 1\~T) re~’ ent ly
• ini t iated a study ci’ rapidly draining has es t hat I t c o ulmi nat e in t he

field testing ci’ pavement systems employing such bases. In this study ,

the NJDOT has set drainage criteri a vhere n t h e  base material must- he
drained within hours as opposed to 10 days for drainage allowed by the
Corps of Engineers cri teria.  The rapid drainage criterion was established
to prevent freezing ci’ water in base courses by falling t emperatures
that usually follow wintert ime rains. ~3uch rapid drainage wou’~d requIre

very highly effective porosities and necessitat e the use ci’ open—graded

materials for which performance data are not available.

_ _ _ _ _  - __ __ ; A
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Need for and Purpose of study

S~ Pri or t o investing in expensive field testing or even the less
expensive small—scal e model tes t ing ,  the N.fl\’~T wished t o  conduct lahora—

tory tests to evaluate the structur al potential ci’ a nonstab ilized open—
graded aggregate and a bi tuminous—stabi l iz ed open-graded aggregate to
serve as bases for high—volume pavement a.

~~. Bince W}~ is involved in research ai med at the  development ci’
more rational procedures for design ci’ pavements and has had an ongoing
proj ect f~r characterizing pavement materi als , WE~ felt i t  would he

beneficial to both N.T I ~C~T and WEt~ t o  joi nt ~~~
. 

~~~~~~~~~~~~~ t h e  l aboratory
evaluation of the NJPt YP open—graded base mat erials.

7. Although WEB has no funded st uly in  b ase drainage, i t  has been
previously recognized that the present gradat ion cr i teria for a i r fie ld
pavements do not ensure a base of adequate drainage. Thus, in addition

to material oharacteri :at ion , W~f has an Interest in ho application

of the results 01’ the N.~\~T study to the design of ni rfi o~ d pavements.

Scope of Work

S. The NJDOT selec ted  f ive base course mate r i a l s  for evaluation

in the test progr am . Three of the mat erials were standard bas e mat e-

rials used by the NJDOT ; the other two  materials were open—graded hares .

Laboratory tests were conducted to achieve a dual purpose: produce a

relative evaluation between the different materi als and provide strengt h
parameters for each i~at  o r i a l  . ~ht ’ r o i n t  i v o o~’~~ nr~ so:~ of ho di ~‘ ro:~
materials provided a subj ect ive analysis of pavements cont aining open—
graded bases • who r on t he st rt’ng~ h parano t or~ prcv  i dod an nra ii on

analysis. In par t , funding and t ime restraints dictated the particular

laboratory test and placed limit ations on the number of t e st s t o  be

conducted. A literature review was conducted t o  ensure that- the  l abors—

tory tests selected would yield the desired data. 

__:_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~J
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PAI~~ II: TESTS AND PROCEDURES

Selection of Test Methods

Literature review

9. In the development of a structura..~. design procedure for

• flexible airport pavements , Barker and Brabstori6 chose not to specify

laborat ory testing for granular materials but to rely instead on grada-
tion requirements for strength and charts for determining st iffness.
Obviously , thi s limits the usefulness of the procedure , particularly
in evaluating the performance of dif ferent  granular materi als. At the
time of the development of the procedur e , analytical models and labora—

tory test procedures were revi ewed , and no combination was found that

could be incorporated into a practical design procedure . It was felt

that the behavior of granular material s is dictated by the fact that

they are composed of separate discrete particles ; therefore , modeling

pavements containing these materials as layered—linear elastic con —

tinuunis involves simplifi cations of such magnitude as to require an

empi rical approach to predicting performance.

10. Chou 3 conducted sri extensive state—of—the—art  revi ew of the

engineering behavior of pavement materials and of laboratory tests
being conducted to characterize these materials. From Chou ’s report
it is evident that the main thrust being made by researchers to charac-

terize granular materials, both non staoilized and bituminous—stabilized,

is through the use of the repeated load t r i axial test .

11. Even though the literature is full of research being con-

ducted to quantify the engineering behavior of pavement materials, a

realistic methodology still does not exis t  for predicting the perfcr—

mance of granular materials in pavement syst t ’ns. Barksdale
4 

used the

repeated load triaxial test to measure permanent deformation and a sys-

tem for rating of the different materials relative to each other. To

evaluate the effect of fines on the behavior of granular base materials,

Ferguson5 also used the results of repeated load triaxial tests to make
relative comparisons of bases having di fferent fine contents. From the

8
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study made of the literature , it was concluded that for the requirement
of the NJDOT , primary reliance should be placed on a relative evaluation
of’ different base materials.

Repeated load triaxial test

12. It was believed that such an evaluation could best be accom-

plished by conducting repeated load triaxial tests of the NJDOT open—

graded base and for comparison standard base materials. When considering

the number of materials, the different states of stress , and the dif-

ferent temperatures for the bituminous—stabilized materials, the total

number of triaxial tests required for the study would be prohibit ively
costly. Also in the liES material characterization study , one objective

has been to identify a laboratory tect that could be conducted as a

routine material test without the requirement of’ highly skilled labora—

tory technicians. Thus, although it was felt that the repeated triaxial

was the laboratory test most suited for evaluating the materials, there

were motivating factors for considering an alternate test.

Gyratory shear test

13. In seeking an alternate test for the repeated load triaxial

test , it was suggested that the use of the ~ rratory shear test be con-
sidered. Although the concept of ~ rratory testing originated in the

Texas Highway Department,
6 the major development of the gyratory testing

machine (GTM) has been at WES.~~’
8 Early research with the GTM has been

in connection with compaction of soils and bituminous materials.

Mr. J. L. McRae developed an equation for computing the shear stress

within the material during gyratory testing. Based on the computed

shear stresses, McRae9 advocates the use of’ the GTM as a means of
evaluating the strength parameters of pavement materials. In addition

to strength data, McRae computes a gyratory shear modulus that is a
measure of’ stiffness. At the present , the GTM is marketed by SOIL TEST ,
Inc., who now publish the instructional manual prepared by McRae,9 which
provides instructions for conducting the gyratory shear test. Research

projects have been conducted by Parker1° and by Wahls~~ that involved
measuring strength parameters of soils using the GTM. In both studies,

it was concluded that the gyratory shear test provides data indicative

of the shear strength.

9



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

l~4. If t hE’ information provi del ~~ gyratory t e~t tug ~‘on l 1  ~‘~odnoe

the necessary materi al ev-alnst.hin , then t hi ~ ;~~~~ j oular l e s t  has several

advantages over other 1 ahorni cry test s . The test I a on~y I ‘ condu ct  an~i

would be re lat ively Inexpen sive . ‘Vhe st a t e of ~ ~~~~~~ and mater ia l

temperature can he varied vii ii relative ease. ‘in  a~1dii Ion I c  at rength

and at ! ffn ess, Informat ion concerning ‘usi I y rec~uiremeut a can i’s ‘i’—

tam ed with almost no extra e f fo r t  . ~‘‘nr.idsri ng t ho very favorab le

results obtained in previous studies ~~~~~ t i ~~ (vrM, the decision was

made to conduct the evaluat ion ~d th  t he ~~ r aI  cry shea r t eat as the

primary pr ’coIuro hut with a I us! I ed number ci’ repeated 1 cad t ri I

tests being o~~~iu o t e d  for veri float ion .

Experiment al ‘i~e~ i P r ~~~ am

Test materials

1” . To accomplish the primary object ire of the study , ~~ratcry

shear and repeated 1 ‘ad tn ax! al I eM s were conduct ed on both noust a—

hilt sed open—graded K N~C~1) an~t i i  i-urn! nous— s I al’ Ii ~ei open—graded i

base mater! al s • and on a dense—graded h i t  utni nous — st ahi I ~e I  t’SSe c ’urs r

(HSliC) material and a dense—graded crushe~i— etone base ~‘ourse mat sri al

designat ed NJP~T bass “~ A • ~‘ In add! ti ‘n • ~~ r a t  ‘rv shear I set a were

also conducted on a bank—run mat-en a] Isal gnat Pt! 55 NJPt~T hare “1 A .

Al I material a and the gradations ~ f the mat-en a s t est  ed • I no 1 ui I ug the

bitumen for at  aPi  11 ~at - ion , w-ere oPt al net! f rom I he N,tb~T. The deacri p—

I cii ci’ the materials and dot qi  a of the sample preparat I on are ‘~‘n—

tam ed in Appentib A.

Test~~ roc~~lur~ a

1 (‘ . t~y-ratci~ shear te_at- a0 The basic pre.’c’dnre used I n t he  ~~r r a—

tory’ shear testing is given in American ~h’~’1et y for Testing anti Mate-

rial s (ASTM) Met hod b ~S.’. in t he gyratory shear I eat tug , each sample

was tested ~t ~ rrntory angles of ~i . ~ . ~ and 1 • deg* and ~t appl 1c’~t

A table for converting U. ~ . oust any imit s of measurement
metric (~;t ) irni I is given on page ~i

ill

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _______- ~~~~~~~~~~~ -—--‘-.- -- 
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vertical pressures P~, of 25, 50, 75, and 100 psi for each gyratory

angle. In addition , the complete series of t ests for the bituminous—

stabilized sample were conducted for temperatures of 75°F, 90°F, and

110°F. The tests necessary for making the corrections for machine

error :tnd wall friction were conducted as specified.

17. A description of the test and tabulated test data are con—

tam ed in Appendix A.

18. R~peated load triaxial tests. The repeated load triaxial

tests were conducted to determine the permanent deformation charac-

teristics and resilient modulus for each of the materials tested .

Available funds limited the triaxial testing to a single sample for

each of  four materials: I (BSBC), III (BSOG), V (base 5A), and II
(open—graded unbound base). The test procedure employed was designed

to obtain from a sir.~le sample a measure of permanent deformation

characteristics for each material and the resilient properties as a

function of state of øtress. The details of’ the tests and test data

are contained in Appendix B.

11
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PART III : ANALYSIS OP TEST RESULTS

Material Characteristics

Material densit~
13—1519. Considerable research has been accomplished at WES con-cerning the compaction of pavement materials utilizing the GTM. Onestu~

j
~r
1345 in particular dealt with materials very similar to the NJDOTbases 14 and 54. The study indicated that the compaction effort usedin the GTM for base 1A, i.e., 30 revolutions at a vertical pressure of50 psi and an angle of’ tilt of’ 1 deg , tiould produce densities comparableto those produced by 56—blow impact compaction in materials similar tobase 14. For the base 54, the indication is that the compaction effortused would produce densities somewhat less than those that would be

obtained from 56—blow impact compaction . Thus, it was felt that the
densities obtained in the GTM would be somewhat representative of den-
sities that would be obtained by impact compaction. The resuits of
~~ratory compaction are given in Table 1. As can be seen from theresults presented , the change In densit y of the bare 1A with increased
compaction effort was less than the change in density for either theNSOG base or the base 54. If the GTM better represents field compaction ,as claimed by some researchers, then densities specified by impact com-paction will be much more difficult to obtain in the field for the base54 than for the base 14.

20. In compaction of the bituminoUs_stabilized samples, it wasapparent that a higher compaction eff ort would be required to obtain asatisfactory sample for these materials than was used for compaction ofthe nonstabilized materials. The compaction effort, which producedsamples in the expected dens ity range and was used in prepar ing thesample, was 30 revolutions with a ram pressure of 200 psi and angle oftilt of’ 1 deg. This compaction effort is in agreement with the effortused in the study reported by Reference 8.
21. The densities obtained for the triaxial testing were comparable

but s1ight~~ less than the densities obtained in the GTh. The compaction

12
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of the nonstabilized samples for the triaxial testing was by impact,

using a procedure to obtain densities close to the densities obtained in

the GTM. The ener~~- used in the compaction was not measured. For the

bituminous—stabilized sample, a static compaction procedure was employed.

Thus , little information is provided by the comparison of densities be-
tween the samples prepared in the GTM and the samples used in the
tria.xial testing.

22. The densities of the bituminous—stabilized materials and the

NSOG material obtained in the WES tes~.ing were very close to the ex—

pected densities as furnished by the NJDOT. For the bases 14 and 54,

the densities obtained by WES, approximately 8 pcf for both materials,
were much greater than the expected densities as furnished by the NJDOT .

To check the densities , WES compacted a sample of base 14 according to
the procedures of ASTM D 698_70.

16 The sample was to be compacted at

a water content of 8.8 percent , which the NJDOT had indicated was the

optimum water content. During the compaction , free water was squeezed

from the sample; therefore, the final water content of the sample was

less than the 8.8 percent. The density obtained in the test was

136.8 pcf, which agreed with the densities obtained by the GTM. No

— explanation can be offered for the difference between the densities

obtained in the WES testing and the densities furnished by the NJDOT.

The indication is that the WES densities do correlat e closely with the
ASTM D 698_7016 densities.

Gyratory shear strength

23. The formulas developed by McRae9 for computing the ~ rratory

shear strength SG* in psi when the GTM model BG—14C is used are as

follows:

90 — 2 . 5 5 F + N • b O
- p max

°G — 12.56h 0
0

* For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix C).

13
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in the case of a. h—in, sample and

90 — 3.82F+N~~~b Op max
G - 28.26h 0~

in the case of a 6—I n. sample where

p = gage pressure for upper roller
F = force caused by wall friction

N = normal vertical load on specimen

b = arm of vertical force couple = h • tan 0
~

h = height of sample
0max = maximum ~ rratory angle

= Initial ~ rratory angle
2)4. These equations were derived from simplified free—body

representations of the GTM and were used In th is study for comput ing
the ~ rratory shear. As noted in the equation , the computations in—

elude correction for sidewall friction forces. This friction correc-

tion requires conducting special tests for measuring the sidewall

friction for each sample at each vertical pressure. In addition, there
is a machine correction that Is determined by conducting ~~ratory shear

10for dry Ottawa sand. Parker also included a correction for the weight

of the GTM housing that surrounds the soil sample. This correction is

probably indirectly taken care of by the machine correct ion and was not
used in the WES study.

25. The results of the ~ rratory shear testing are given in Ap-

pendix A. The results, in regard to the computed cohesion , are an imme-

diate reason for doubting the validity of the test data. The fact that

negative values of cohesion (Table 2) are computed for the bituminous—
stabilized materials and relatively large values are computed for the

• nonstabi lized open—graded mate ri al is certainly sufficient evidence

for discounting the values for cohesion.

26. It Is apparent from the data that the side friction correc-
— tions cannot be applied to the gyratory shear in the manner indicated

in the formula. Undoubtedly, in the gyra.tory test the full friction

_____ -. 
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resistance is not developed . To make a prop er correction for the t ri o—
tion, a method would have to be devised for considering the relative

movement of the sample with respect tr~ the mold. wall. Such considera-

tion would appear to be so complicated as to be impracticable. Also,

there appeared that little was gained in applying the machine correction
to the computation. Plots in Appendix A (Figures Ab—413) provide the
relationship between ~ rratory shear, as computed without the friction
and machine corrections , and the applied vertical pressure. A sumaary

of the test results is provided by Table 2 with more complete results

in Tables A5—A9.

27. In comparing the behavior of the different materials, it is

seen that the bituminous materials do not far e as well as woul d be
anticipated. The NSOG base performed surprisingly well, and from the
results of these tests, appears to be the best of the different mate—

ria.ls. Ranking of the materials based on the gyratory shear strengths
Is as follows: materials II (NSOG), V (base 5A), Iv (bas e IA),  III
(BSOG), and I (BSBC).

• 28. Such ranking must be j udged with regard to the procedures
used in conducting the test . Of particular importance is the fact that
the upper roller pressures were taken with a static loading, i.e., the

GTM was stopped and the load was allowed to stabilize. Such a test

procedure simulates a static loading on a pavement more than a moving
load end may be overly severe for asphaltic materials.

29. In the gyratory testing , the viscous behavior of the bitu-
minous material could be noted in that when the GTM was stopped there
was a large drop in the upper roller pressure 

~R 
prior to recording

a reading. In the dynamic triaxial tests, the bituminous—stabilized
material did perform more favorably with respect to the other materials.

30. The values of the gyratory shear modulus G
~ 

are provided in

Tables A5—A9. The gyratory modulus of elasticity E
G is related to the

G~ by equation E
~ 

= 2G
0(l + v) where v is Poisson’s ratio. The

practical. range of Poisson ’s ratio Is between 0 and 0 .5 ,  which means

will, be between 2G~ and 3G0 . From the table, it is seen that

the re sulting E
~ 

Will be very low when compared with the modulus of

15
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elasticity determined from repeated load triaxial tests. It is noted

that the GG ’S for lover shear angles are greater then for the higher

shear angles. Thus , one possible cause for the relat ively low value s of

could be the large magnitudes of shear .

3].. Little was gained In the at tempts at conducting gyratory tests

for materials of varying water content. Either the gyratory shear param-

eters of the materials were unaffected by changes in moisture content ,

or the procedures and/or equipment used for r etaining the moisture in

the samples prevented isolation of the moisture effects. In studies

reported by Parker1° and by Wahls,11 the effects of moisture cont ent on

the strength of fine—grained soils were clearly evidenced by the results

of the gyratory shear tests. Since there Is no reason to suspect the

test procedures or equ ipment , it is concluded that the changes in
moisture content have little influence on the strength of the test
materials .

Triaxial Compression

32. One triaxial test was conducted for each of the mater ial s

except the base 1A. The description of the tes t s and the results from

the test are contained in Appendix B. A summary of the test results is

contained in Table B) 4. It is immediately apparent t hat the bitumi nous—

stabilized materials fared much better in the tri axial t es t ing  than In

the gyratory shear test . The resilient modulus was much higher for

the bituminous—stabilized materials than for the nonstabilized materials.

Also, in determining the permanent deformation characterist ics , a more

severe loading of the stabilized materials was required to  obtain mea-
surable permanent strain. Even with more severe loading permanent

deformation for the BSBC was much less than t hat of the nonstabilized

materials. The influence of temperature on the behavior of the bitu—

• minous materials was not invest igat ed, but certainly the performance
of these material s at higher temperatures would not have been near ly
so impressive.

33. In comparing mhterial I (BSBC) with material III (BSOG), it

16
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was evident that the BSBC was superior to the BSOG . As for the c~~pari—

son between the two nonst abilized aggregates , the results are not so

conclusive . The M~ of material II (NSOG) was higher and the permanent

defo~~~ tion less than for material V (base 5A). At the conclusion of

the repeated loading tests, each of the nonstabilized materials was

loaded to failure in the manner of a standard triaxial test. In this

test , material V (base 5A) had the higher shear strength. Undoubtedly,

the effect of cohesion was being reflected in the results of the test.

The material II (NsOG ) was obviously a cohesionless material , and thus

a Mohr ’s diagram (Fi gure 1) could be constructed front the single test .
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This di agram yielded an angle of internal friction ~‘ of 50 deg. The

material V (bas e 5A) did possess some amount of’ cohesion * as evidenced
by the manner in which the sample stood without confinement. If the

value of cohesion is assumed to be 5 psi for the base 5A , the material

would have a • of approximately I~8 deg. It can be noted that the •
values obtained from these tests agree with the obtained in the

~ rratory testing (Table 2).
31k . The relative ranking as a result of the trIaxia.l testing is

as follows : materials I ( BSBC), III (BS OG) , II (NSOG) ,  and. V (base 5A ) .

35. No tri axial test was conducted on materi al. IV (base lÀ) ,  but
based on the comparison of the ~ rratory test , it was felt that this
material would have been ranked last. The ranking provi ded with the
triaxial testing was based on the dynamic loadi ng and would correspond
to moving t ra ff ic.

Materi al Performance Potential

RankIng of materials

36. In the evaluation of the performance potential of the mate-

rials tested , the simplest procedure was to rank the materials relative

to each other. For static loading, the ranking (from best to worst) is

as follows : materials II (NSOG) ,  V (base 5-A) , IV (base lA ) -, III (BSOG ),

and I (BSBC). For moving loads, the ranking is as follows: materials

I (BSBC), III (BSOG), II (NSOG), V (base 5A) ,  and IV (bas e lÀ) .

37. In considering the ranking of the bituminous—stabilized
materi als , It should be kept In mind that the ~ rratory tests were con-
ducted at temperatures of 75°F or greater, which would greatly affect
the performance of the bituminous—stabilized materIals. This ma,y be
particularly significant since the asphalt used was selected by the
NJDOT for use in a relatively cool climatic area. Such an asphalt —

would tend to have a low viscosity and would have poor strength quail—

ties at higher t emperatures. Also, the ranking does not include the

benefit of the waterproofing to be gained by use of the BSBC . The tests

illustrate that under static loadings at high temperatures the asphalt
* This cohesion would appear to be due to the presence of’ moisture in

the sample.
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acts as a lubricant arid reduces the shear strength of the aggregate.

38. The ranking of the nonstabilized aggregate indicates the
NSOO material to be superior to the base 5A. Again , as with the sta-
bilized materials, the ranking must be considered with regard to the
test conditions. In both the ~ ‘ratory and the triaxial tests , the
materials had positive confinement. Such confinement is essential to

development of the strength of the NSOG material, whereas the base 5-A

did possess some cohesion. Also, certain aggregate materials, when

compacted in a dense state, tend to develop a cementat ion and thus an
ability to sustain tensile stresses.

39. From the laboratory tests, it appeared that the relatively

high percent of fines in base 5A was detrimental to the material’s

performance. This behavior had been noted In previous studies. A par—

ticular study cl~iarly Illustrating the effects of fine content was
reported by Ferguson.5 The results of the \IES tests agree with the

results of Ferguson’s tests in that the materials with the lower fine

content had higher M.R and lower permanent deformation under repeti-

tive loadings. Agreement of results between ~ rratory shear testing

arid triaxial testing was encouraging; that is , the materials with the

higher fines content appeared to be the poorer quality materials.
1~o. For evaluating material IV (base L A ) ,  there are only the

results of ~ rratory shear testing. The results of these tests indicat e
that of the three nonstabilized aggregate materials the base lÀ was the

poorest quality. This was as expected since the NSOG and base 5A are
both crushed materials having very angular particles , whereas the
base lÀ was a pit—run material having rounded particles.

n].. The convent ional bases , i . e . ,  the BSBC , the base lÀ , and the
base 5A, have an experience data base from which to predict performance
and to select placement depths. Thus , the relative ranking of the
open—graded materials with respect to conventional bases can be used

to determine placement of the open—graded materials. Either of the

open—graded materials could replace the base LA with no anticipated
problems . For highways subjected to high—speed traffic , neither of the

open—graded materials would match the structural. performance of the

19
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BSBC ; however, If adequate confinement were provided , both materials
would have better performance than the base 5A. One aspect of the better

performance of the open—graded materials over the base 5A is that the

higher M
R 

of these materials would result in less fatigue damage to

asphalt surfacing. The use of the open—graded materials in place of 
*

the base 5A was predicated on the assumption that the material would

be adequately confined to prevent intolerable plastic yielding.
Stress resistance

1i2 . The approach for pavement analysis advocated by McRae9

utilizes the stresses as determined by the Boussinesq stress equations.

In the procedure , the shear stress at a point is compared with ~ rratory
shear strength for the vertical stress corresponding to the vertical

stress in the pavement. Application of the procedure as given in Ref—

erence 9 was attempted; however , for the cases in this study , a corn—
plete stat e of stress and a failure theory were necessary .

~3. Consider a pavement subjected to a dual—wheel loading of

5000 lb per wheel at a tire pressure of 78.6 psi. The Bousslnesq

stresses can be determined by assuming the pavement to be a single—

layer system and using a layered—elastic computer progr am to compute

the stresses. The particular progr am used for this study was the BISAR

L 

pr ogram developed by Shell Oil Co. The advantages of using the program

are that the complete state of stress is computed and computations are

for both wheel loadings. For the 6—in, depth , the maximum shear stress
is 17.9 psi with a vertical, stress of 38.8 psi . For a vertical stress

of 38.9 psi , the ~ rratory strength of the NSOG material would be

approximately 50 psi , indicating a factor of safety close to 2.8.

However, if the principal stresses (a major principal stress (1
1 of

39—psi compression and a minor principal stress (1
3 of 3.1-psi

compression ) are considered (Figure 2) with Mohr—Coulomb failure

criteria, the indication is that the material fails. For the material

to remain in static equilibrium would require the development of addi—

tiona]. confining stresses. The overburden does provide some confinement,

but f or  the 6—in. depth this would only be about 0.5 psi. Additional -
confining stresses can be developed by the passive resistance of the

20

-- A  -
~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --  -



-~ ~~~~ ~~~~~~~ ‘~~~~~~~~~~~
‘ .  

~ ~ 
c i ’

— -  
:

-,

~~~ . r .~~ ~
-
~

--j-
~ r~

-
~~

-
~

-- -
~r : : ;~~~~~ Q~ b~~~~~~2~~ L~~~ :

3 1 ~~~
• 

~~~~~~~~ *
. t t ~ 

—
~ -t --• • 1” -, • ~- -~ - - ‘

• 1 ’
• • * 4

. 4  , 3 q  -
.—.- ~ - — - -.-—.----.--- . -  -.--_._-._.

~
- - -.--.4---..-- — — - ~ .---4- ~~~~~~~~~---. ~~~~~~~~~~~~ -. -3 --.

4 , , ,  - , , , ,

~ “•~~~~~~~‘ ~~~~~ ,

I 

t
:
~~

j

~~~ 

~
‘ !
~

-: ~~ 
* ~~~~ ~~~~~~~~ ~~~~ ~~ -r ~ept

’h. ~

Figure . .  - !‘ Lr-~’.~ :1~’mt~ failure cri teria

soil. Estimating frc~ ‘-~~•t t -iagram ~~~~~it a maximum of .~~ psi additional

confinement is neede d t c  maint ai n Stat5i.Ity, the required coefficient

of passive earth pressure L~, is 5.0. rhis value appears quite

reasonable and may be a good value w i t ~. whioh to consider the other

depths. Similarly, Mohr’s diagrams were c ‘nstructed for various depths

(Figure 3) ,  and a diagram for the development ot’ confining stresses is

shown In Figure 14, The diagrams show t hat the minimum placement of the

NSOG material would be 6 In. The data are not available for analysis ,

but under moving loads the test results indicate the J3SOG material would

be placed at depths slightly less than the NSOG. Considering the

Barenberg ’s results with the model test sections , the BSOG probably

should be regarded as a cohesionless material and no benefit given to

the addition of asphalt . Such a practice would also guard against the
possibility of stripping of the asphalt . Thus , the BSOG material would

be placed at the same depth as the NSOG material.

2].
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14 14~ In the above analysis , there are two assumptions that warrant

comment. The first is that a single homogeneous layer was assumed in

computing the stresses. For a pavement system thi s assumption is not

true , particularly in the case of a PCC pavement , and would result In

computing unrealistically high stresses. For flexible pavements, the

assumption is not a serious factor when computing the stress for a slow—

moving load during a period of time when the pavement temperature is

high. Even for this case , it is felt this stress analysis would lead

to conservative stresses. The other assumption is that yielding must

occur to develop the passive stresses, and it is assumed that the

yielding necessary to develop the confining stresses would be of suf—

ficiently small magnitude so as not to cause cracking of pavement sur-
facing. In a finite analysis of’ an airfield pavement , Barker~~ has
shown that plastic yielding with the resulting development of passive
stresses explains the behavior of granular material . The deformat ions

and strains resulting from the yielding were surprisingly small.
Bearing capacity

~~~ Another approach , also dependent on passive pressure , is to
analyze the pavement based on the bearing capacity formula given by

Terzaghi and Peck)’8 The formula for a circular footing is as follows:

q 1.2 eN + y Df N + 0.6 r r N
1

where

q = bearing capacity per unit of area
c = cohesion

y = unit weight of soi l
Df = depth of footing

N c Nq , N
1 = bearing capacity factors

r = radius of the footing

~ 6. For checking the bearing capacity of NSOG material placed at

the 6—in , depth , it is assumed that the 10,000—lb dual—wheel load is
applied to the materi al by a circular footing having a radius of 6.~~ in .

Using a • of 50 deg for the material , Nq and N
1 

are estimated to
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be 320 and 1400 , respectively. Since the cohesion is zero , there is no

need to determine N
~ 

. Using the stated formula , the bearing capacity

Is computed to be approximately 290 psi. This value is well above the

applied stress assumed for the contact pressure of the tires. The

analysis has several assumptions that should be considered . First , the

bearing capacity formula is for a single static loading to ultimate

failure. For repetitive loading where fatigue of the surfacing and

ctunulative deformation are major considerations , then the allowable

load must be lower than the ultimate failure load . Second , except for
unit weight , the overburden is assumed to have the same properties as

the NSOG material. In actual practice , the material above the NSOG
material probably will be of better quality . Third , the radius of the
loaded area is computed as if no load distr ibution were occurring in
the material above the NSOG. If the surface material is PCC or a high—

grade bituminous concrete , the effective radius of loaded area will be

greater. Even with the gross simplifications , the procedures do provide

some assurances that large plastic deformations will not occur wi th in

NSOG material that is placed with €~ in .  of overburden. Fourth , the

assumption Is made that the thickness of’ the NSOG material will be

sufficient to protect the subgrade and that the subgrad e will not

affect the strength of the NSOO layer.

147. If the same computations are made for a material such as the

base 1A for which a 4 of 140 deg might be representative , the bearing

capacity is only 65 psi. This bearing capacity may be too low , and the

t’fl~~ U i n~ p1 a~; t .1 c do format. .1 oiw re~;ult in ~~ early pavement. f ai l  tire

148. The two examples serve t o  Il lustrate the sensi t ivi ty of the
bearing capacity to the strength parameter • and gi ve some j u s t i f i c a—
tion to using a material characterization procedure that provides an

indication of the material strength as well as the s t i f fness .
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PART IV: CONCLUSIONS AND REC0*~ENDATI0NS

Conclusions
r

149. Based on the laboratory tests and the literature revi ew con-
ducted in this study , the following conclusions are presented:

a. When provided with adequat e overburden for confinement ,
both the stabilized and nonstabilized open-graded
aggregates will perform as highway bases. For normal
highway loading , the minimum overburden would be ap—
proximately 6 in. With this overburden , the performance
of’ the open—graded bases should be superior to base IA
and on a par with base 5A.

b. Gyratory testing provides material properties that can be
useful in evaluating the performance potential for pave-
ment materials . The most useful parameters appear to be
sample density and ~ rratory shear ; the cohesion and
shear modulus appear to have limited value.

c. When ~ rratory shear tests are conducted on asphalt mate-
rials, attention needs to be given to simulation of the
rate of’ loading to which the material is to be subjected
in the actual pavement system. Such ettention may re-
quire development of equipment for measuring the upper
roller pressure in a dynami c mode -

d. Methodolo~ r does not exist for adequately quantifying the
performance potential for granular materials in pavement
systems. Present methodologies rely almost entirely on
the resilient properties of’ material without regard to
material strengt h parameters ; although , in the case of’
the cohesionless materials it was shown that the develop-
ment of strength to prevent plastic y ielding was the prime
consideration .

Recommendations

50. The study has justified the following recommendat ions:
a. If the open—gr aded bases are to be used in actual highway

pavement s , a minimum of’ 6 in.  coverage is to be used .
b. Additional work should be conducted using the ~ rratory

testing machine for evaluation of pavement mat erials.
Particular attention should be given to the dynamic mea-
surement of the strength parameters. Gyratory shear tests

25
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should be conducted on materials of different qualities
in order that the results from the tests might be cali-
brated to performance. Also , strength studies are needed
for correlating the gyratory strength parameters with
strength parameters determined by more conventional
testing.

c. The equipment and procedures for testing saturated mat e-
rial need additional development work.
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APPENDIX A: GYRATORY SHEAR TESTS

Introduction

1. A laboratory testing program was conducted to determine the
various ~ rratory shear properties of five base materials. These base

materials were supplied by NJDOT. The procedures used in processing ,
compaction , and shear testing of these base materials are described in
the following paragraphs.

Material Identification and Preparat ion

2. Base materi als used in the ~~rratory shear testing progr am are
ident ified as follows:

a. Material I — bituminous—stabilized base course (BSBC).

b. Material II — nonstabilized open—graded (NSOG).

c. Material III — bituminous—stabilized open—graded (BSOG).

d. Material IV — “IA” bank—run base (base lA).
e. Material V — “5A” crushed stone base (bas e 5A) .

The sources of the materials are listed as follows:

a. Materials I, II , and. III — Kingston trap rock.
b. Material IV — Ogdensburg quart z , quartzite glacial till.
C . Material. V — Pennirigton trap rock (crushed).

d. AC 20, Arco Refinery , Philadelphia, Pennsylvania.
e. AC 20, .Arco , Gloucester.

3. Gradation tests were conducted on four of the five base mate-
rials as received from the NJDOT. A gradation test was not run on
material. I because it had been separated into four sizes prior to ship—
ment to WES. Both the as—received and the NJDOT gradations are shown
in Tables Al and P2 . Material IV did not have the same gradation as
reported by’ the NJDOT; therefore, it was separated into various sizes
so that blending of the aggregate would be possible. Material V was
processed in the same method as material IV. Since the open—graded
aggregate was essential].y one size and contained a minimum of fines,

Al
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it was not separated and recombined but was split down to the weight

required for making ~ rratory samples. Table A3 gives the gradations

of the various aggregates after being processed and recombined or split.

These are the Control gradations of the aggregate prior to ~ rratory

shear test ing . Gradation curves depicting these five materials are

shown in Figure Al.

Sample Preparation

1~. After- the aggregates were processed , the amount required to

produce a 6— in . —diameter sample , 3.75 in.  high , was determined . Aggre-

gates representing materials II , IV , and V were then mixed with a pre-
selected quantity of water. The aggregate and water were allowed to

equilibrate in a sealed container for a minimum of 2~ hr before being

compacted and tested. The various water contents used in each material

are shown in Table At~
5. The bi tuminous—stabil ized mixtures were prepared by heating

the aggregate to 300°F and the asphalt cement to 2T0°F. Material I

aggregates were mixed with 14.8 percent asphalt , and the material III

aggregates were mixed with 3 percent asphalt.

Test Equipment

6. The GTM used in this laboratory testing program was a model 6B ,
serial No. 1, which utilized a 6—in.—diameter sample mold. The GTM was

also equipped with an oil—filled roller. Details of the GTM and opera—

tional information are described in ASTM D 3367 .19

7. In an effort to stop the leakage of water from the sample mold
during compaction and testing, 0—rings were placed at the bottom and top
of the test samples. When it became apparent that the use of 0—rings

alone would not sufficiently stop the leakage of water from the mold

whenever saturated samples were being tested, a special base plate was
made to prevent leak age . This special base plat e was referred to as
an 0—ring base plate. It was only used when saturated samples were

compacted and tested. j
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~~. The 0—ring base plate oonpisted mat nly ot’ t~a~ sect t ons a

bottom plate and a top plate. The bottom plat-e was dr l l i e d  and t appe~i
In the oenter so water oonl d he added t o s sa3np l S after  t he  ~‘ mpaot on

had been ~‘omp1 Stett . The top surface of t h e  hot t om p at e was ‘~~~v~~l i n
a radial design with all the grooves meet-i ng at the cent-er of the pla t e
These grooves allowed water 1 o be ~iis t— ri but ed nut fonniy over I he l’oi I om
of t he t est  sample. The t op seot I on ot’ in’ bsae p1 ate had ho es ~Ir i  11 ad
through it  to al low passage o t’ the natura l- -i on w a t e r  from I he ~-r r, ’, ’v ’r1 ‘

~~the b-~”t.t om port I on o f the base pl~ te t n t  o i-he I eat sam;’1 e - bot h I he t op
nn~t hot-tom sect- ions hail ‘oovr~ ont ‘ound the pert phery no t hat ~‘ -- r
could be Inst-ailed. Th.i ~ 0—ring base p1 ate amt a a tat 1 ar t op p1 at r wr re
also used when applying a. vacuum ,tuat- prt or 1 o s atur at i ng he t e at

samples - Figure A~ shows the general rel at- I oush I p of t he ~‘—~-i ugn
t h e h~~e plate .
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Sample Compaction

9. The compaction basically consisted of applying a specified

number of revolutions of the ON at a specified ~ rratory angle and

vertical pressure to the prepared sample material . The procedures

used for materials III , IV, and V are given as follows :

a. Paper disks were placed in the bottom of the mold and on
top of the base sample materi al to prevent the material
from adhering to the base plat e and top plate of’ the ON.
Two filter papers , Schleicher and Schnell No. 595, were
substituted for each paper disk when compacting a sample
that would be saturated prior to shear testing .

b. 0—rings ‘were also placed in the bottom of the mold , on top
of the paper disk , and on top of the loose sample material.
When samples to be saturated were compacted , the bottom
base plate of the GTM was replaced with the special 0-ring
base plate.

c The GTM ~ i-ratory angle was ~et at 1 .1 deg.

d. Alter the mold and sample material were secured in the (‘ITM,
30 revolutions at a vertical pressure of ~~‘i p~r i were ap-
plied to the sample.

e. After the first 30 revolutiom; at Th p~;i were ~— onipleted .
the height of the sample was recorded before increasing the
vertical pressure to 50 psi and applying an additional
30 revolutions of’ compaction .

f.  Most samples were le f t  in the 0TH for shear t est ing  except
those to be saturated prior to  ~0i~’nr testing .

10. The bi tuminous—stabi l ized materi als ( I  and i i i )  were not com-

pacted with the same compaction effort used on the nonstabiliCed mate-

rials . Mixtures for materials I and III were compacted at a temperat ure

of 250°F in the ON with 30 revolut ions at a ~~ratory angle of L 1 deg

and a vertical pressure of 200 psi.

11. The compacted unit weights and water cont ent -n for a ll  the I

samples are given in Table A 14.

12. During the initial phases of’ compacti ng material s iv and V and

before incorporating the above compaction procedures, two problems were

encountered. One problem was obtaining the requi red unit weights speci-

fied by the NJDOT . Only one or two revolutions of the 0TH ~‘ ‘duced a

unit weight higher than that specif ied , and additional revolutions, which

AS
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occurred during the shear testing, continued to increase the sample unit
weight and affect the shear properties to a large degree. Therefore,

after some discussion , it was decided to use a higher but more constant

unit weight that would not be affected by the addition of GTM revolu-

tions from the shear testing. To obtain this higher unit weight ,

30 revolutions at 25 psi , followed by 30 additional revolutions at

50 psi, were selected to be the compaction effort on materials II, tV,
and V.

13. The other problem was the water content of the compacted

samples. As samples were compacted in the 0TH, water was fr equently

squeezed from the sample . Therefore, it was not always possible to com-

pact a sample at the optimum water content specified by the NJDOT.

Table At~ lists the initial water content of the sample before compac-
tion and the fi nal water content after compaction .

Saturating samples

114. Of the .~1 samples tested in this  laboratory program , seven

were saturated with water prior to being shear tested in the 0TH. These

saturated samples consisted of two each from materials II, III , and V

and one from material IV. The procedures used in saturating these

samples are as follows :

a. The mold containing the sample and the 0—ring base plate
were removed from the GTM after compacting the sample.

b. A small pipe and hose with a control valve were connected
to the 0—ring base plate . This hose was used to supply
water to the sample through the 0—ring base plate.

c. The mold , base plate , and sample were then placed on a
stand, and a cover plate was placed over the mold. This
cover plate was designed to seal. the top of the mold so a
vacuum could be produced on the sample. The 0—ring base
plate provided the seal at the bottom of’ the sample .

d. A vacuum line and gage were then connected to the cover
plate.

e. The control valve on the water supply hose was closed
before applying the vacuum .

f. A vacuum of 27 in. of mercury was applied for 1 hr.
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~~. After 1 hr, the water control valve was opened and water
was allowed to enter the sample from the bottom. When
free water appeared on the top surface of the sample , the
water control valve was closed, and the sample was allowed
to soak for 1 hr prior to shear testing.

A general cross—sectional view of the device used to saturate the samples

is shown in Figure A3.
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Testing

15. Each sample was shear tested at three different ~ rratory
angles and four vertical pressures in accordance with ASTM D 3387)~
The three gyratory angles were 0.3, 0.7, and 1.1 deg, and the four
vertical pressures were 25, 50, 15, and 100 psi. The detailed testing

procedures of ASTM D 338719 were followed for the shear test ing, but
the basic procedures were as follows:

a. Set the gyratory angle at 0.3 deg and apply a vertical
pressure of 25 psi to the compacted sample.

b. Take data readings, then increase the pressure to 50 psi
and take data readings again.

c. Continue this procedure until readings for pressures of
75 and 100 psi are obtained.

d. Take vail friction readings at the same angle and pres-
sw-es as stated above. (Wall friction readings were
taken after the shear test data readings.)

e. Repeat the above procedures at gyratory angles of 0.7 and
1.1 deg.

i6. The nonstabilized materials (II, IV , and v) were tested at

room temperature, whereas the stabilized materials (I and III) were
— 

tested at temperatures of 75, 90, and 100°F. The gyratory test values

from this laboratory program are shown in Tables A5-A9 and Figures A14-
AlO. A comparison of the gradation before and after testing shows that

very little degradation occurred in materials I , IV , and V. However ,

some degradation was apparent in the open-graded aggregates used in

materials II and III. Figures All—A15 show the material gradation

curves for this comparison.

17. Valid data could not be obtained on material I test samples

that were run at temperatures of 75 and 90°F due to several reasons:

a. The jacking yoke used in the wall friction would not
carry the load necessary to overcome the frictional
forces of these stabilized test samples.

b. A wide variation in roller pressure readings occurred at
75 and 90°F. This problem was caused by the slow re-
sponse of the test sample to defo rm under applied pres—

— sure; therefore, a wide range of roller pressures could
be obtained under a given set of loading conditions.
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C.  This slow response also influenced the sample height
readings.

18. Calculations and corrections of the laboratory test data were
made in accordance with ASTM D 3387.19 The GTM corrections used to cor-.
rect the calculated shear values are shown below for gyratory angles
0.3, 0.7, and 1.3. deg. These GTM corrections are part of the require—
ments of ASTM D 3387 , Annex A2)9 Data for 0—ring base plate correc-

tions are as follows:

Mach ine Correct ion Values~ psi
0.3 0.7 1.1

With wall friction, readings
included +21.8 +14.0 +19.9
Without wall friction ,
readings included +0.3 -9.5 -)i.7

Correction values for standard base plate are as follows :

Machine Correction Values, psi
0.3 0.7 1.1

With wall friction , readings
included +2.1 4.8 +5.2

Without ‘vail friction ,
readings included — 8.2 —17.2 —10.2

A9
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Figure A9. Uncorrected gyratory shear versus vertical pressure ,
materials IV—l through IV—5
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Table Al4

c~yratory Test Sample Data

Compacted Unit Weights, pcf0
Test Water Content , %  200 psi 25 psi 50 psi

Material No. Initial Final at 1.1°~~ at 1.10+ at 1.1°tt

I 1 —— —— 159.8 —— ——
2 —— —— 158.1 —— ——3 —— —— 157.7 —— — —

II 1 —— —— 103.3 109.6
2 —— —— —— 103. 4 109.5
3 1.0 1~ .l* —— 105.7 112.3
4 1.0 1.~.6t —— 106.1 112.4

III 1 —— —— 129.6 —— ——
2 —— —— 128.9 —— ——
3 —— —— 126.2 —— ——
4 —— — 126.9 —— —-

IV 1 5.0 5.0 —— 132.8 136.8
2 7.0 5.6 —— 134.6 138.9
3 8.8 5.5 —— 135.2 139.2
4 8.8 9.1* —— 134.9 138.8
5 2.1 2.1 —— 133.7 137.4

V 1 4 .8 4 .8 —— 127.9 136.4
2 6.6 6.6 —— 136.6 144 .7
3 8.0 7.9 —— 138.7 146.9
4 6.0 9.0* —— 137.2 145.3
5 6.0 8.3* —— 131e.8 1144.3

* Total unit weights for test samples I and III; dry unit woi .tht~ for
test samples II-, IV , and V.

0* GTM compaction effort of 30 revolutions at 1.l~ g.yratory an~ 1c and
200—psi vertical pressure.

t GTM compaction effort  of 30 revolutions at 1.10 gyratory angle and
25—psi vertical pressure.

tt Vertical pressure was increased to ‘40 psi, and an addi t ional  30 rev-
olutions of GTM compaction effort was applied to the test sample.

* Water content after test sample has been saturated.

A2’
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Table A5

0~’ratorx Shear Data--I
Avg

lnt t tal Vertical Roller 
~4eaaur r t i onAngle Pre ss . Frees. Uncorrected GyratoryPest Avg A ~ 

Max )‘.rcs 1.heer shear
Peat Temp 

~~~ 
~~ Height ~~ ~,‘ StraIn lb 1~1r ee s M.’.lu l s4e

..i!~. ~~~ _ a v j~~ 0 max 
_______ ~‘ p~~~ 5 t j~~

1..l 75 0 .3  25 3.644 32 3 3 . 7  ~1 4 ( ~
50 3.636 63 55. 4 0.30 0. ’.
75 3.630 101 80.1 0.28

100 3.62 3 136 99.7 0. 2’. CL).

0.7 25 3.681 74 100. 4 1.09 1.9
50 3.668 135 160 .0 0.06 1.6
75 3.614 6 1614 151 . CI .76  1.

100 3.628 170 150. 6 0. To 1.2

1.1  25 3.676 34 29.9 1 . l s ~ 1. 0
50 3.665 87 7 4 . ’. 1. 04 ~ 1 . 8
75 3.648 1114 “ .0 1 .0 5  1 . 8

100 3 . 633 137 111.i’ 1.0’.

90 0.3 25 3.62)4 27 27.8 0. 46 0. )
50 3.620 51 ‘.2.7 0.4 -  0. 4-
75 3.616 82 81 . 0. 46

100 3.615 110 1 1 3 . 7  0. 36 0 .1’

0.7 25 3 .637 36 314.1 0 .76  1. 4
50 3.622 70 1”c.5 0.7’. 1. 4
75 3.618 90 88 .2  0. 77 1. 4
100 3.617 100 115.2 0. 00

1.1 25 3 .6 145 17 141. 6 1 .1 0  1 . 0
50 3.632 t~14 61.1 1.18 0 . ’
75 4 .620 97 *.4  1 . , ’.’ ‘.1

100 3.618 110 100.1’ 1 .4. ’ . 7 . 4

110 0 .3  25 3.618 •‘0 -‘7..’ o.l.6 o .8 8,_ f - ~~~~~ 4

50 3 .6 114 38 ‘36.0 0. 60 0. ’~ 01- -~ 0 . 1’ -~ 
- -

75 4 .611  51 7” .) ’ 4~. 6I~ 0. 0
100 3.N ~ 58 136.0 0. 60 0. 0

0.7  25 3 .617 20 ‘6 . )’ 1.00 1 . 1 3  - 0 1 :
50 4.61’- 35 60. 4 1.10 ‘.0 1374- —6 . -)
75 3.613 ‘.4 78 .3 1.16  , . ~~ ~~~,‘ 6-0

100 3.6 10 ( ‘7 100.0 1.16  ‘ .0  1003 00. 0 1 4 1 6

1.1 25 3.624 26 27.8 1 .41 ~~
, 

~~~~~~~~ 
_ 1 - ~

50 3.618 39 48.1 1.64) ~
‘.(‘ 1004  — 0 . . ’

7’. 3.616 61 130.2  1.60
100 3.614 01 124 .0 1. 70

1—2 75 0 . 3  05 3.768 (‘5 110.1 0.4-0 1 . 0

~o ~.i148 112 159. 4 0. 60 0. -)
75 3.73). 1142 120. 4.’ 0. 4.’ 0.4-

100 3.727 l.’(’ i1’~.S 0..”.

0.7 25 3 . 755  00 24.9 0. 70
50 3.741 61 61.0 0.4-8 1 .0
75 3 .736 * 80.3 0.68 1..’

100 3 . 7 4 0  100 100.6 0. oi~ 1..’

1.1 25 3.17k 37 3 1 . 7  1 1 0  1. 0
50 3.758 66 56. 4 1.00 1.9
75 3.747 102 86. 14 1.08 1. ’-)

100 3.735 138 117..’ 1.08 1. 0

(Cactin,~e41 __________________ - -• roy material I at temperature. of 76 and 90°? the capacity •‘r the ,mlI  f r Ic t i on  Milir lient vas ~~~~~~~~~~

“ Do compute shear vmluesl * - ~~
8

~
2

~~~t L.1_..~
) 

~~~~~

t Value, cannot be coap uted when ma ll f r ict ion is m1a.i~g.

_   _  J
L ~~~~~~~~~~~ 1 _~~~~-- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



Table A5 (Cctclud_4)

Avg
Initial Vertical Roller Max Meas ur ed Friction

Test ~~~~~ Press. Avg Pre ss. Uncorrected Gyrttory Max Force Shear Shear
Teat reap deg p5i Height pit Shear , psi Angle , leg Strain lb Stress ~~dulu,

No. °F 0 v in. N 0 max 
______ 

F psi psi

1—2 90 0.3 25 3.729 141 38.7 0. 33 0.6
50 3 .723 67 63.3  0 . 3 3  0.6
75 3.718 85 80.5 0.33 0.6

100 3.716 914 89.2 0.33 0.6

0.7 25 3.730 32 30.7 0.78 1.1.
50 3.722 42 1.2. 4 0.81 1.4
75 3.720 70 78.5 0.90 1.6

100 3.719 77 91..7 0.99 1.7

1.1 25 3.734 39 36.8 1.20 2.1
50 3.725 53 51.8 1.23 2.1
75 3.723 72 78.2 1.36 2.4

100 3.720 95 105.1 1. 40 2 .4

110 0.3 25 3.720 214 30.3 0.44 0.8 748 -7.4 —925
50 3.116 38 514.7 0.50 0.9 824 7.3 811
75 3.713 48 70.7 0. 51 0.9 938 15.2 1689
100 3.710 47 77.7 0.57 1.0 1071 6.2 620

0.7 25 3.721 19 21.8 0.92 1.6 900 —26.0 —1625
50 3.718 36 48.5 1.08 1.9 938 — 9 . 3  —489
75 3.715 51 70.1 1.10 1.9 995 8.0  421

100 3.112 67 92.3 1.10 1.9 1125 22.9  1205

1.1 25 3.721 20 22.4 1. 40 2. ). 710 _ 1i.9 —201.
50 3.718 41 51.8 1.58 2.8 786 16.3 582
75 3.715 55 72.0 1.63 2.8 976 21. .6 879

100 3.716 15 102.3 1.70 3.0 1128 44.5  1483

1—3 110 0.3  25 3 .723 20 23 .6  0.41 0.7 900 —1 8.6  —2657
50 3.118 32 4l~.3 0.48 0.8 995 — 11.0 —1375
75 3.712 414 61.0 0.48 0.8 1185 — 6. 14 —8 00

100 3.709 58 80.5 0.48 0.8 1375 2.4 300

0.7 25 3.718 23 25.7 0.90 1.6 862 —19.4 —1212
50 3.714 45 56.5 1.01 1.8 976 0.9 50
75 3.711 60 82.4 1.10 1.9 1166 10.1. 547
100 3.706 77 107.8 1.12 2 .0  1280 27 .5  1315

1.1 25 3.722 33 32.1 1.23 2 .2  1090 — 7 . 3  —332
50 3.716 48 54.3 1.42 2.5 1185 3.5 1140
75 3.713 66 79.2 1 .5 0 2.6 1471 11.7 450

100 3.710 98 125.2 1.60 2.8 1651 142 . 9  1532

L I ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
--—
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T&bje A6
Oyratory Shear Data--Il

Avg
Initial Vertical Roller Max
Angle Press. 

Avg 
Press. Uncorrected Oyra tory t4emsure ~ 

Shear Shea rdeg psi Hei ght ~~~ Shear . pal Angie . .ieg Strain lb Stress ?4,dulus
Test No . a V In .  R C max S F psi psi

14—1 0 . 1  25 3.o). 7 0 7  14- . ). 7. 1~ 0.13 4” .~ 113.0 ~. 1-.
50 3 .6413  ) . i. 68 .0  0. 16 ~ .5 1.81  4 1 .5 ., 1513
15 3.t-30 63 7 1.0  0. 1.0 0.7 ( 1 0  1.’- .o ( , . 1 0

100 3.821 130 Ot’ . -) 0. 10 ~‘. 7  1317 613 .7 3 . 4131-

0.7 .75 1.807 17 1.6.8 1.00 1.13 1.131 1’ .O 5140
‘-4 ) 3.815 0” $0.o 0.07 1 .7  ,71 4 s ’.3
76 1.601 147 101. 1. 0. 0 3 1.6 317  ‘.7 . 6 4 40..

l0~’ 4.’-80 11-1 11.0.1. 0. ’).’ 1 . 1 -  07 ’.  13t- . o ‘ - .-. 11

1. 1 .75 1. 60 1 40 1 . 1 3 . 8  1. ’. t  . 7 . 7  .713. - . 1 , 5)’- .’
65) . 6 7 4 ’  7.’ 130 . 1  1. 51 .‘.4- 1-0-1 O f .) .  2 , :. 413
7~’ 1 , 660 10,1. 4013. 0 4 , S~’ .7.8 ‘14 .8 . -0$
15)0 1.61.0 ~ 41. 1~~1. .13 1. 1.13 .‘ .b S ) ” . 4 _ ’. . 1  -. , --l o

41— 2 0 . 3  .7’ 1 .1-Os ’ .77 17, 6 0. 1.13 0. 13 L’.~ ~‘0. 1
60 4 .8713 50 (“- . 1  0. 1.6 0 , 1 3  I _- I  t 5— 
76 1.01’? 6). 141 . 0 0. 16 0 . 1 3  ‘- ‘0 ‘— 7 . 4

100 1.o” 13 89 15)1 . 5) 0 . 10 0 .7  (“ —5 11 - 7

0 . 7  .7’~ 1 . ’-8 31. 1.1.1- 1. s1.’ 1. 13 10 .0  l , 0~-
SO 1.4- - I’ -0 71 . 5 1.00 4 . 1 3  .Os ’ . . 5 )
75 f .~~ t I  83 101.1  0. 013 1. 005 O~~.1

15)0 ~.t - 113 111 1 1 .7 . 8 0. 0.. 1.1- 1311’ 13— . 7 ‘- . 4 1 -

1 . 1  .~S 1.1- .’-. 1~ i,~)~~7 l . ’-O 0 . 7  1.11 11 .13 1, :
55) 4.1-20 4,7 1 3 1 . 1  1. -I 0 , 7  “ 7)  “13. 6
7’ . t ’ .Q~ -1” 1113 .1 1.’..’ .7. - . 0.13 3 7 . 2

45)5) t ’.(,-) 116 11-1- . ’) 1.’.s~ LI’ 13 11- ~~13. 6 .., 0.

11— 3 ~‘. l .76 4 .681  .4 -.1 .2 C L ’ s’ 0. 0 401  -.‘- . “.41.1.
( Saturated ) “5) 1.5 7 1  1.13 t ’1..~ 2. 1.’- ,‘ . 1 3  1.1.1 I’i . 5  - .

74 ~~~~ 7 $  oi . 1 3  0. 1.’ 0 . 7  ‘-Os’ 1i&- . 5 I. ’ .
405) 1, ~“7 Os’ IO$ . 1 2 . 1.~’ o.7 o’.13 -It - . 1’ 1 , I L ’

0.7 .‘-- 1. 608 4’. 1 . 8 . 7  1.013 1.9 1)4 ,’ 1.5) . 8
‘-0 4. ’-1 86 1~b , t-  ‘, , 5 ) 1  1. 8 ‘ -Os’ 7.L0 1. .,’ 1
1’. ~. ‘.1.’ 01 4 1 1 3 . .’ 1.00 1.13 s- C”) 00.0 “ , --~V

15)0 1. ”. 7  115 11.6.1- 2. 07 1 .7  ‘113 1 1 1 .  7 , )- . :

1.1 05 t~~’.).5) 113 ‘-0. ). 1.1’0 . . 8 11..’ - 5) • 1.13:7 -
~0 f .’..7.7 ~-) 0.’.1 1.t-0 2.13 Lo~ .7 1,5).”
76 ~. -~o1 98 131.7 1.60 - . 13 1-30 i i ’ - . ‘,

15)0 3 . 1.1~0 123 186.5 1.80 .- . 13 13 11- 110 .4

I t — ) .  0. 4 .76 1. 688 28 113. 1 s~. ’-O 5 ) 0  10 1 ) . 1 . s~ -‘~~~“l
(Saturated) 50 4 . 670 1 . 7  (‘1. 1 0. 1.’- 0. 13 IsV t’.. 1- 7

76 1. ’.70 66 81.7 o.1.: 0 . 7  1.81 7 7 . 1 -  11 .5)131-
100 i.”6.’ 13o 98.s 0.10 0.7 1-10 So . I I ’. 7-7

2 . 7  .7” 3. 67. 7 ‘8 46 ..’ 1.08 1. -) 6.4 11. 1
“0 4.~~$’) 61- 76 . 1  4 .0 6  1 . 1 3  1.1-4
7’- 1. 51.0 7 4. 08..’ 1.0.’ 1.13 —1.~’ 80. 8 1, -SO
1.00 1. 541 101 13 1.13 1.05’ 1.13 1- 1’) i l s ’. ’)

1.1 .7” 3 .544  44~ 7 1.62 -LIt  ft ’.’ -. ‘- . 1  4 , 4 - i . ’
‘.0 4. 527 1’l 112.0 1.61 .‘.1~ 0s’ 70 . 1
7’- .500 84 112. 1. 1.6 1 : 1 3  t-08 -4,’ . ‘3 1, 15)1.

100 4.1.87 1.09 4147.1~ 1.60 .‘ .13  8’-t- 11-4 . .’ 1.• ‘67

~ 

.— _-- .- -- --- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -~~ a~1~~~~
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Table Al

Gyratary Shear Dat,~ — 111

Avg W 11
Initial VertIcal Roller Max 

~~ 1 F ~~~~~Angle P ress. (‘rex, .  ‘ns-~-rre ~ tr1 lyrat’1ry ~~ — 
- -Teat - Avg M.x Force 4 , -,. r Shear

‘1eS 1-51 Height psi Shear , (-S i Ang.e, deg .7tr , . , ,s lb .‘l re ss Ie doi u s
Teat No. F ~ -.- in .  R - , ~~ x _______ F ~~~~~ _~~5j~~

111—1 5 0 . 3  25 3 .732 4 ’) ‘ 4 .1. o . .. ‘ 0.8 )1-’  it - . .- 2 , 2 ’ ’-
50 3 .719  ‘14 41. .7 0 . I. 4  0.8 .10~. 0 1 .2
15 3.101- 314 -.7. 1. 0. 1.5 0 .13 .14. 4 3 7 . 2  -. , 

100 3.to11 L~- 41 .9 0. 1.1 0.7 .25 4  1.0 ,3

75 0 . 7  25 4.10 3 5- ‘7.  0 .65  1 . 5  85 19.2 1 , .’1-1
50 1.1-9:. Is’ .4 . t, 0. 0 1 1 .1  :2’ - 46 . 4 L~ ’5)(
7’- 3 . e~14S ‘,I, t.1 - 5)05) 1.(, :1.7. ,‘l. -1 4 . 1

100 4 .oS.1 11. 30.5 5) . ’10 I I -  ~sI. 1 - 7 . 5 )  -. , 11~

75 1.1. .75 3.1-91- .11. 2 ’ S  1 . 7 .7.1 Ss :1 . -s i,1I’1-
60 3.88 4 -.0 5 4 . 1 1 . 0 -  ‘ . 1. 106 53 .9  , .~-
75 3.88.7 t- I LI . 3 . 1.5) .L1. 1.1’- 72. 0 ‘.000

100 3.1-7, 114 4 4 . 5 : . -.i~ ~ .I ’ 151. .11 . . 3. - i ’ -

02 0.4 2’- ‘. o I b  1.7 1 1 . 7  0. 1.2 0.7 04 11. 0 i , I 7 s ’
50 3 . 1 - 7 3  2 1 ‘5. ’1 0. 12 0.7 125 1 . 1
75 3..- L7 .4 4 3 1 .  0. 1..’ 0.7 1.5 1. .77 . 1- , 4.. I

100 1.1-f’S 31 47.5 0.11 0. 1 4( 7, 4 1 . 7
90 0.7 S 3. 1-11 . 7 5  .5 . t  5). ’1. 1.1 ’  85 41.7

50 3.1-71 ‘S -.‘- .o 2. 0’- 1 .1 0’ 34 .0 . 5)-) -.
75 3. - .2 t - 4 .3  I s ’5) 1 .13  11’ ‘-2~~i : - -15) 5) 3. 1-I—I ,‘~l SIL O 1 . s’0 1. 14  1~~. ‘-I t- ~_ L . ’

JO 1.1 .15 1. 1 - 7 7  1 4  26 .0 1. 1.0 ‘ .‘ 05 L 3 0
‘-5) 3 . o 7 5  111 -.‘..1~ 1. 1:5 .7 . t  - 1 - 5 )  1 , 1 4 )

3 .t- t -14 ..iI ‘-I~ .14 ‘-0 .1.o 1.-. ‘- . - -100 1. 10-1. -‘1 1’5 .0 1. 4 1 .1.1’ 1S~, 1 5 ) . ’ 5 , 0.4 .

115) 0.3 25 3.81, 1 11 &- ..7 0. 50 0 ’ 1  14~ 1.’. t -  ..-.5) 5)
50 4.I’l’O 10 .114.4 0. ‘-0 0. 1 10’ - 1. . .7

LI 10.1’ 5) 1,0 2.13 1.’ - 3 1 . 7  5 , 45) 5)
15)0 i . o6t- I2 - . 1 ’  5) 1.5- 0 . 14 )1... 1 . 0 -. 1 51’

110 0.7 .15 3. - o-. 20 :6.7 1.04, 1. -) 5’. :,- . 5) 45)1.
50 4 .1-05) 1 4  11 . 1. l Ot- 4 . . ’) 10’- 11 .0 1 , 1304’
76 1 .~~ ’-~- 1.8 o_’. 3 1.0.’ ‘. . I~ 1 5 ’ - -~0 . I’ 2,1~-

100 f . . ’- I ~ 0 7,- . 5 1.00 1 . 5 1 1-. - . . - - 3 , - .

115) 1 .1 25 3.81- 1 .2k. 30.0 1.5’- .1 . -4’- ls~.i7-0 3.ho. ’ 10 - -1 . 1 1.58 ‘ .5) 125 50 .3  1 , 1-5 -
75 1.~ - ’-7 “6 7 0 .9  1.5 14 .7.14 1,0.
100 3 . t 4 1 .  72 ‘42 . 9 i . ”1~ IL8 201. :17. 1

1 1 1— 2  ~7’- 0 . 3  .25 1.51.1 15 .70. 1 0. 1.11 0. 1’ ‘1.1 8 .1 - -
50 1 . 5.70 .11’ 1’- . 0 0. 1.13 0. 5 . 5 ) 5  .70.7
74 s 1 4~, 47 .1- ) O.1,

~ 0.4 1.7.’ ‘1. ’- I.-~314
100 3.801 1.~ 57.~ 0. 5.6 0. 14 15.7 15 . ’. . ,14::

75 0.7 25 1 . 799 ILl .4,). 0. 9’- 1. 7 151. l i i . 171
50 4 . 4 0  45 1 . 1 0  0 .90 1.1’ _~s’l, .17 .1 1, 10~-
75 3.777 53 ‘0 .4  0. 01 1. 1, .L~ 4 . 3 . 1 .‘. 700
100 3.761. 66 71 .2 0. 01 1. 1’ .43 5(’.4 5 , . I )

iS U I  25 1.771 .4 IL’.5 1.25 ...‘ I t - I . ‘- .0  1, 131-
50 3,7 4-4. 1.’. 1 .7 . 9  1 .3’ - - ‘. 1. s’I. - .5 1 ,712
15 1.761. 1,1. m . o  1. 1.5 :.,- .-1.~ (18.4

100 3 .711 .  11: ‘ 17 . 7  4 , ’~Ct . 1 ’  ‘-13 03 . 0 1.1.10
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75 4 . 7 18  60 72 .5 1.51 . . 5  Oil. 1.6 . 6 ‘ . 1-.

100 1.711 75 ‘11.0 1.51 2 .4’ 24, 4 1 4 4 . 4. 1,. -s’5)

110 0 .3  25 4. 107 1). ‘0 .3  0. ’-0 IL ’) I l ’ - 11 .1 I . ‘- .~.
-
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110 0. 7 25 4.106 18 .0 .5  1,05) 1.8 1. ”- 10 .14 6Os’
50 3 .70 1 41 4 7 . 0  0 .4-  L i  1-1. .4.7 1 , 401.
7 5 4. 1-06 lIt ‘~‘ .t -  0.92 1 .1’ :01. 10.1’ .‘, - - IS

100 3 .1-9.7 t ’I 4--) ..’ 0.90 1 . 1- 1.-I. 4 4 . 0 5 , 5,..)
110 1.1 25 3.706 .21 .214 . il 1. 40 . 7.1- 11.1. .‘,- . 8 1 . ’s:

‘.0 3.71)0 1.1 S Q l .  I t . 5 0  ‘.1’ illi. 1, . ’~ ,

76 4 .1-QI, SI. 4-4 . 1. 1.50 .1.1- .LI1. -0 . 1
100 4 . 1-88 71 13’- . 1 1. 1.8 ‘ .4 ’ .7 7 1  7 1 . . ~ .4-140
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(Satur s t e.i ) ‘-5) 4 . 51. ‘S ,$ . c 5) . -. ’. ‘ 4 4 5 ) 1  4 4 , 7

75 4 . 2 0 2  ‘-0 4 - 5 . ~‘. 1’ 0. 8 0’. ( 0 . 1
1:5’ 1. 7111- ‘-7 -1 . - 0. , - 0. 14 4.) .’ T I . . ’

75 001 ,“ ' 1. 2 0 7  .~I .5- . .) 0 . 8.’ 1. ’ 11--. 11 .0 .7 , ,. )
‘.5) 4 , 7115 4.0 -.1 .0 0 . 5) 0 0.4-  .‘~~~ 1’ .
7’ 3.779 ~1. tn ’. 0 . 01 0 .4’  .~~~ 0.’ .0 5 , 1- ’ ’

105’ 3.7 71 WI 74- ..’ ~‘. -L 1. 1’ 12. 1’- .6

75 1.1 2’~ 1. 2148 40 ‘ 4 . , 1. 05) 1. 14 1” 1 7 .  •
8(t 4. 1714 1.1- 1113  1.3 6  .‘.~~ . .‘-. “4 .2
1’- 4.77 .’ ~.I , r.14.1 i’- - ‘ j -. 0 1 5  t- . 14 - . ‘

100 4 .14,’. 81 s 4 1 ,  ) , 0- 0 . .. 1.4 0’ .C’ 4 , 5 -

.40 0 .3  .1’. 3 .76 1 .70 :7 . ,- . 1.8 , . 14 .4.. 1-4 1-

‘-0 4 , 7 4 ’ .  :8 114 . .. ,‘ 4 . 1 4  - . 1- . 11. , T . o ‘- , ‘)I’14
7’ 1. 75, 49 ‘. 5) . .  ,‘. s .1 1  ‘-S . .) 

~, ‘(4 ’

100 4 .7 1 .8 11- ‘.‘.. 4 ,‘. ,. 0.7 .51 1-1 . ’ 4 , 04
,

00 0.1 .7’, 1 . 1- 1 . 4  ~~~~~ 0.08 1 5  ) 4 ’ . 14 . 1 1 . 01-1
4,~) 4 . 7 - 1  .5) 15 . 4 0. 08 1. 1 1 47 ) .  ‘- 1 . ,’ 5 , 5)5)5 )
1’- 4 . 151 ‘-‘ 1-4 . 3 5). ’)). 1.1- :21. ( 7 . 1  ‘. 1’)-.

1 352 4.7 1.- 17 71, 5  0. 05) 1.1’ ‘1- 5 71- ..’ ,,

90 1. 1 .“- I Tt-I. , ‘. ,‘14 . ’. ) . I, . .‘. ‘ ) ‘ .I, 1 . 1 . ’.
45) 4 . 74 1- . .7 41. . .) I . ”~- .~. t- .721. 1—. -) 2 , -. ’), -

78 1. 7 8 5 )  ~.7 7. 5 ~88 0 . 1-  .“ — l  50 .14 1 , 105
F- 100 4 . 781 1 4 t  .4 .1’ 1 . 17 . 1 -  113 5) 1. 0 ,- , 15I” -

110 0 . 3  25 1. 2 40 .‘l 40. , ’ 5) . 4~’ 0. 0 11-1 1 . 1 , - 1, 011
‘.0 4 . 741  4 1  ..‘-~ ‘- c. -.5 0.5 . 01. ‘ . 8 . 5  1 , 0011

75 4 . 7 4 1  11. ‘ -(- . 0 .‘..‘. 0 . 11’ .1.5. 1 - I s’ 73 , ’.
j,’.~ 4 . 728 - 4  c - : . :  ,‘~ 

- ,_ ‘ 5\ 7 .5-1 7 5 ) . . ’ 10 , 0.4

115) 0.7 .7’- i~~71i. .‘2 .‘8. ’ 1.04 1. 5 I I-.., ,‘ i ..~~~~~~~ 1 , 14,,
50 ( . 7 5 1 -  48 1. 7 . 1  i s ’s’ 1 . 14  .41. ‘-0 . 1  :, 1 4 s
74 4.7 1,7 45) 50 .0 . 4 ’  1. 7 . 7 1  ‘--4 . I

1~ ’.7 I . L I I  (-7 74 ..’ 0. 05) . (  1.’.’ 71. .. ’

140 1.1 . ‘. 1. 7 1 . 5  ‘1- l,’ . I  ‘-5) .1. 1’ 11--. -.~~-~~
..5~ — 7 ‘S ,7, ‘_ ,‘ - , - - .7 -  1- , .~ - 

- . 
• 

.

75 4 ’  11 (- 4 -. . 1 1 . 15 . 1 ’  .5’ 15 0 . 5 )  ‘ 5 ) 7 7
100 4 . 1 .” 14 5) 7 3 . ’~ .‘.‘- 1, . 04 5 1 , 1 3 ’.

111— I. 74 0 . 1 .4 4 . 4 1 4  -- 4  . 6. 1. 5). ’.,- s’. ‘ 111 .~~ . ‘4 5 , -4I~,-
I Satursted ) ‘.0 3.870 1.0 10 . 7 0. ’’- 5 ) 1 4  ).~ 1 ‘.0 . 5. ‘- , 1’IL~

75 4 . 1419 ‘-1 t I . ’) 0. 1’ s- S  — 4.5)  ‘-o . 14
l I’s’ t. $.’T 1-0 141, 1. ,‘..‘. 5) 14 I I ’ )  - 4 4  . 5 -  - -

7” 0.7 .75 4 .8,1 .4 .“- .s ’ 0. 14,’ ~ . I. “s t  .‘7.4 1 , -), ’
‘-0 ‘. 8114 1.’- 1.0., ’ ‘.00 1. , -  5 1 5  1.Q .7 5 , .’. ’-

- 74 4 .80.7 4,1 L’.t- 5).’)’. 1.7 111.7 1-4’ .’ 5 , -) ) . ’
lOs’ 1. 784, 72 4 1 ’ )  ,‘ . ‘)“ 1 . 7  -.111 71 ..

75 L i  .2’- f . 50~’ “4 ,‘T. O 1 . . 5 )  ‘ . 1 “ - 1  lt. . 14 1 , ”’40 1 . 75-) ‘-‘ ‘.0 . 2 1. 114 .‘ . I. .‘- s  t -t- . I . , I t -.’

7’ 4 . 77 1 II. 5 - 0  1 . 1.5 .‘.l. s’-. 514 . - 1 , -.:.

100 f . 7 t - l  -5.’ 10.8 . 8 1. ’-5) . 1 -  ‘11 1014 .0

‘40 0 . 3  25 4 . 7 ” .  .22. 4 0 . 7  5). ,-- s’. 14 .11 10 .5)
60 4 .710 47 1 . 7 ’- ‘. 1.’ 0. 5 1.4 ‘-2 .14
7’, 4 , ‘1, 1. 1.14 ‘ . 7 7  ,‘l ,’ ~‘.7 1t . ’ 00. 14 14 , t18t-

100 4. 71.1 (‘3 7. ’ . ,  ,‘. I.0 s’ I .L ‘ 5 . 7  I s ~~~’-”)

90 5 ) . ?  5)” 4 . 7 ’ - . .72 04 . 2  0. ’)” 1 . 7  . 7 - .  . 1 3 . 5 )  0. 1-0..

‘.5) 1 . 7 1 . 7  1.,~ 1.’), 5 ) 0 ’  1 .  7 5:~ ,.I . , ‘ .000
7 ,  4 . 7 1.5) ‘4  ~~~~ 0. 0. 1. t~ 1.4 45~~11 1 , 1’ ’.
100 3 .711. 7s) Ss’. l  0. 0.~ 11.4’ 1)5 ,’ 7(1. 4

90 L i  .2” 4 . I ’ - l  .~Q 3. ’ . .  1. 1.1 .~. ‘- . 5 . 1  1.5) . ’- 1 , o..’
631 4 . 711 40 ‘ - 8 ’. 1. 114 ‘ i. S’ S  t- 1 ’  : ,~ ‘5 ’
75 ( . 7 4 4  71 54 . . 1. 114 ,L(- 1 7 . ’ 13’- . ’- ‘.41-1-

1100 4 .7,5) ~~ 1 04’.,’ 1. 18 .1.1’ 51 s”— . 5 1 , .”5)

4131 0. 1 ,‘S 1 ,7 .7,’ .4 51, ,‘. 1.14 ,‘,14 .1.’~.
‘-0 1.71’ Ii. 4 7 . , ) . .  1’- 5 ) 1 4  .5 (‘C- .’. 1~. 1SS
75 4. 7 1 1 4,- 1~7 . ’. .~. 1’. s’. 14 . 7 1  0 L 5 )  11

100 4 . 7s~’) 1’.’ 75. 4 .‘. 1’, s1. 7 1. .  1 4 1 . ,’ 11 . - I

l I s ’ 0 . 1  .26 4 , 7 . 5. . “ I,’ 4  1.~ ’ 1.8 .41, l ’ s  1 , 010

‘0 4 . 7 1 6  1.t- ‘ 7 . . l O s ’ 1.14 .~t ’  4 7 )
7 ’  — 1 , 7110 I - ”  7 7 . 0  s’ 0’ 1.  7 ( 1 1  7’. ’ .  . 1, ., )
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‘ 05,
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APP1~ND I X P : TIUAXIAL ‘i’ES’r(~

General

1. ‘rhe triaxial tests  were condu cted as supplementary testing to

the ~ rratory testing and as such the extent of t e st ing  was very limited.

Monies were available for the preparation and I ent lug of only a single

test specimen for each material and thus t 013 1 proceshlrell  were used t o

“t~tnin maximum information from the Ilingle specimen . The testing was

s’ondtk’tv ,l  by personnel of the Soils Research Facflhy.

Materials

• ‘. ~‘ 1’ t h e  f ive materials tested In the GTh . only four were

select esi for t- ri ax ial t 017 t I ng : it deuse l~ i t.umi nous — 1 7  nbi 11 ~~ sI base

course; a crushed aggregate idel’It ,i fled as NJDO T base 5A; i~ hit-untinous—

stabilized open—graded base material ; and a non stahil i~.esl ope n—graded

base material. In the ~ rratory t 013 t ~~~~ I 110130  551:11 l ’l’ 1$ I I I I S I t l  l’ecn ~l t~s i ~~~

nated as m a t e r t u i b l  t , V, I t 1 and Ii , respective ly.

3. Test specimens of the nonstabi1i~ est mntcrials, i.e., materi als

V and II, were compacted by impact compaction in seven 2—in. ln%vers.

The compaction effort used was the effort necessary to obtain dCflsitie~S

approximating the densities obtained i~ the ~~rat.ory testing . T h e

physical data for the specimens are given in Table P1

h~. The specimens of the bittnnlnous—stabil1~ cd bases were pre-

pared utiii~~nj~, sI nt -ic compaction . ~s wit-h the I I o n n t l l l ) i i  I zed specimens ,

the target densities were the same as those obtained in the ~ rratory

— testing machine. The compaction force used was nect’z~sary t o  ..‘l’taitt t he

target density. The specimen data are ~‘o n t u i n c s 1  I t i  ‘l’ab~ e hi

Test. Equi.pment. sm~1 h’ rs’s’eslurc

Test - tug ea,pipnent
‘ . The test equipment used In tlii s t t’~~ t I n~ program was elIsent I all y

P.1

_ _ _

~ I - ---~~~~~~~~~~~-~~~~



the same as the equipment described in Reference 20. Basically, the
equipment consisted of a conventions). triaxial cell, a closed—loop

electrohydraulic loading system, a miniature electronic load cell , and
an arrangement of linear variable differential transformers (LVDT) for

measuring specimen deformation. The loading system contained a function

generator such that the load could be programmed for application in
standard functions. The miniature load cell was inside the triaxial

cell to insure that accurate measurements of applied load were obtained.

The LVDT’s for measuring deformations were attached to the specimens
by two circular clamps. The clamps were placed at approximate thirds

of the specimen , thus the axial deformation was over the center third
of the specimen. The axis). deformation was the average of the d,eforma—

tions occurring at each point. A schematic of the equipment for the

repeated load triaxia). testing is given in Figure B)..

Testing procedure

6. The testing procedure used was aimed first at obtaining infor—

mation on the relative rutting potential of the different materials and

second at the resilient deformation characteristics of each material. To

accomplish these aims , each specimen was first subjected to 10,000 load

repetitions of a fixed loading that would. cause measurable permanent

L 

strain. The axial load applied was programmed to be a haversine stress—

time wave form for a 0.2—sec load duration at 2—sec intervals. A second

test of 10,000 load repetitions of a different loading was also con-
ducted. During the application of the repetitive load, both the re—

silient and permanent deformations were monitored. Additional tests

were conducted for each material to better define the relationships of

state of stress on the resilient properties of each material. For these

additional tests, various combinations of axial and confining stress

were applied until it was felt the resilient properties had been defined

for that state of stress. The sequence of the loading is given in
Tables B2—B5. It was noted that for the bituminous samples the testing

with the long—term cycling was not the first test performed. This re-

sulted from the fact that several loadings had to be applied before a

loading was found that caused measurable permanent deformation.

B2
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1. After the repested loading was conducted , the unstabilized
specimens were loaded to failure in the manner of” a conventional triaxia].
test. The bittmiinous—stabilized specimens were not tested to failure
because the failure loads exceeded the load capacity of the test

equipment.

Results

8. The condensed results of the repet itive tests are given in
Tables B2—B5. Figure B2 presents the results for the nonstabilized

materials of the conventional triaxial test. Additional information

for the tests involving the permanent deformation is provided by

Figures B3—B6.

B3
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ACTUA TOR
SERVO VALVE

SERVO FUNCTION
CONTROLLER GENERATOR

TRIAXIAI. CEL L 
~ 

,_. j-~JIj~.,,g~ 9~--- L VOT (MEASURES OVERALL
STRAIN OF SPECIMEN)

LOAD CELL— LVO T CLAMP

LVOT CORE RODS SPECIM EN
SUPPORT ROD FOR LVO T

LVOT (VERTICAL) — LVD T (HORIZONTAL)

OUTPUT FRO M INTERNAL LOAD CELL —~~
. —0.

OUTPUT PROM VERTICAL LYDI’S SIGNAL 
SWITCHIN G ~ OSCILLOGRAPH

CONDITIONING
OUTPUT FROM HORIZONTAL LVD~ S RACK 

PANEL _
_ 

RECORDER

OUTPUT FROM OVERALL VERTICAL LVDT’S—s . - 
—

DIGI T AL 
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Figure 131. Schematic of the electronic control at’ loading pistons
and the electronic instrumentation of the 8pecimen

(after Refe rence ,~O)
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Figure 132. Stress-strain curves for conventional triaxial shear test
with confining stress of 114.5 psi
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Table B2

Suamary of Tria.xia.l Compression Test Data
for Material V (Norist.abllized) Samples

Chamber Axial Resilient Permanent
Test Pressure Stress Modulus Poisson’s Strain

Material No. psi psi Qyçle psi Ratio -

V 1 114.5 146.2 a. 61,479 0.23 0.11
100 57,5414 0.23 0.27

1,000 65,640 0.27 0.4 14
10,000 76 ,344 0.25 0.69

V 2 7.5 32.1 1 42,507 0.145 0.01
100 53,122 0.28 0.02

1,000 53,113 0.28 0.03
10,000 53,082 0.28 0.07

V 3 10.0 41.5 1 64 ,014 0.30 0.03
10 61,016 0.29 0.03
50 61,014 0.29 0.03

V 4 20.0 83.0 1 84 ,479 0.29 0.02
10 73,185 0.27 0.06
50 68 ,504 0.29 0.18

V 5 20.0 91.8 1 67,379 0.28 0.01
10 69,929 0.31 0.05
50 64 ,789 0.30 0.22

v 6 20.0 101.3 a. 66 ,778 0.31 0.01
10 62 ,546 0.32 0.07
50 64 ,344 0.38 0.35
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Table B3

Summary of Triaxial Compression Test Dat a
for Material II (Nonstabilized) Samples

Chamber Axial Resilient Permanent
Test Pressure Stress Modulus Poisson ’s Strain

Material No. psi psi Cycle psi Ratio

II 1 14.5 143.8 1 97, 167 0.36 0.09
100 91,961 0.32 0.18

1,000 109,112 0.32 0.27
10,000 109,041 0.27 0.35

II 2 7.5 31.9 1 74 ,7 114 0.32 0.00
100 79 ,374 0.34 0.01

1,000 84 ,656 0.32 0.01
10,000 90,688 0.29 0.03

II 3 10.0 39.6 1 105,071 0.27 0.00
10 105,071 0.27 0.00
50 105,071 0.27 0.00

ii 14 20.0 79.2 1 102,365 0.22 0.04
10 95,952 0.21 0.06
50 85,266 0.21 0.08

II 5 14.5 77.6 1 73,097 0.24 0.00
100 69, 455 0.28 0.07

1,000 70 ,825 0.30 0. 144

II 6 7.5 37.7 1 62 ,189 0.3 14 0.00
100 82 ,903 0.39 0.01

1,000 87,767 0.36 0.02

B~~
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Table B4

Summary of Triaxial Compression Test Dat a
for Material I (Bituminous—Stabilized) Samples

Chamber Axial Resilient Permanent
Test Pressure Stress Modulus Poisson’s Strain

Material No. psi psi Cycle psi Ratio -

I 1 14.5 41.3 1 1,651,552 —— 0.00
100 1,651,565 —— 0.01

1,000 1,651,428 —— 0.01
6 ,ooo 1,651 ,333 —— 0.01

I 2 7.5 38.7 1 1,548 ,008 0.66 0.02
50 1,547,958 0.66 0.02

200 1,547,958 0.66 0.02
I 3 7.5 514.2 1 2,167,768 0.66 0.00

50 2 ,167, 642 0.66 0.00
200 2 ,167,517 0.66 0.01

I 4 7.5 70.6 1 1,410,885 0.33 0.00
50 1,410,651 0.33 0.01

200 1,410,523 0.33 0.01
I 5 7.5 84 .3 1 1,686 ,079 0.33 0.00

50 1,685, 800 0.33 0.01
200 1,685,562 0.33 0.02

I 6 7.5 98.6 1 1,314 ,483 0.44 0.00
50 1,3114,222 0.44 0.01

200 1,313,993 0. 1414 0.02

I 7 7.5 128.3 1 1,281,789 0.49 0.00
100 1,281,057 0.49 0.03

1,000 1,279 ,997 0.49 0.07
10,000 1,022 ,725 0.39 0.14

I 8 7.5 1414.8 a. i ,445,22s 0.33 0.00
10 1,414 5,142 0.33 0.01

100 1,44 5 ,105 0.33 0.01
I 9 7.5 153.4 1 1,531,224 0.33 0.00

10 1,531,186 0.33 0.01
100 1,531,014 7 0.33 0.01

I 10 3.3 ~8.6 1 1,170 ,098 —— 0.00
55.2 100 2 ,202 ,410 —— 0.00
55.2 1,000 2,202,265 —— 0.00
55.2 10,000 1,100,933 —— 0.01

I 11 10.0 153.14 1 1,020 ,672 0.44 0.01
153.4 100 874,332 0.38 0.014
162.7 1,000 926,581 0.38 0.09 

- 
-
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Table B5

Sumary of Triaxial Compression Test Data
tor Material III (Bituminous—Stabilized) Sample8

Chamber Axial Resilient Permanent
Test Pressure Stress Modulus Poisson’s Strain

Material No. psi psi Cycle psi Ratio ~~

iii 1 14.5 141.14 2 551,785 —— 0.01
50 551,716 —— 0.02
200 827,553 —— 0.03

III 2 10.0 163.0 1 402,029 0.214 0.00
50 379,144 0.23 0.02
500 379,063 0.23 0.07

III 3 7.5 37.6 1 752 ,119 —— 0.00
50 752,051 —— 0.00
200 752,051 —— 0.00

iii 4 7.5 51.8 1 690 ,480 —— 0.00
50 519,800 —— 0.01

200 690 ,360 —— 0.03.

III 5 7.5 65.0 a. 649,333 —— 0.00
50 519,389 —— 0.01
200 519,333 —— 0.02

iii 6 7.5 79.3 1 528,457 —— 0.00
50 452,8147 —— 0.01
200 452,784 —- 0.02

III 7 7 .5 9 14.3 1 471,324 0.08 0.00
50 418,837 0.07 0.02
200 417,189 0.07 0.03

III 8 7.5 123.7 1 352 ,981 0.09 0.01
100 328 ,059 0.13 0.08

1,000 305, 408 0.12 0.28
10,000 228,873 0.18 1.13

III 9 3.3 52.6 1 296,958 —— 0.01
53.9 100 355,256 —— 0.01
55.6 1,000 366,346 —— 0.01 i.._J.
55.1 10,000 1435,619 —— 0.0].

H.’ ’

(Continued)
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T~b1e 135 (Concluded)

Chamber Axial Resilient Permanent
Test Pressure Stress Modulus Poisson ’s Strain

Material No. psi ~si Cycle psi Ratio ~~~~~~~~~~~~~ _

III 10 3.3 60.9 1 801,622 —— 0.00
10 601,197 —- 0.00

100 604 ,528 —— 0.00

III 11 3.3 714.5 1 588 ,907 —— 0.00
10 588,888 —- 0.00
100 490,740 —— 0.00

III 12 3.3 81.6 1 537 ,372 —— 0.00
10 46o ,6o14 —— 0.00
100 1460,536 —— 0.01

III 13 3 .4  86.8 1 571 ,7 38 —— 0.00
10 490 ,033 —— 0.00

100 1490 ,017 —— 0.00

III 14 3.3 93.7 1 1462,900 —— 0.00
10 1462 ,885 —- 0. 00

-
~00 4f.~~,679 —— 0.01

III 15 3.3 106.8 1 469 ,093 0.07 0.00
10 469 ,o6~ 0.07 0 .00

100 469 ,009 0.07 0.01

in 16 3.3 112.6 1 14914,177 0.07 0.00
10 444 ,719 0.06 0.00

100 14144 ,~~ 0.06 0.0 1

III 17 3.3 118.8 1 469,297 0.13 0.00
10 1469,270 0.13 0.00
50 426,c146 0.i.’ 0.01

III 18 3.3 125.5 1 450,706 0.18 0.00
10 450,66k 0.18 0.01
100 1450,517 0.18 0.0.’

III 19 3.3 132.0 1 1 4 ’ ,.’6~- 0.i~ 0.00
10 1432,;~7. ’ 0.16 0.01
100 3QQ ,~4Q~ 0.20 0.02

III 20 3.3 139.2 1 392,(;5$ 0.23 0.00
10 392,604 O..~~ 0.01
200 365 ,0Q6 0. .~~~ 0 •

13 I”
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APPENDIX C: NOTATION

b arm of vertical force couple = h • tan 0
0

a cohesion , lb

D~ depth of footing, ft
EG ~ rratory modulus of elasticity

F force caused by wall friction , lb

G
G ~ rratory shear modulus, psi
h height of sample, ft

coeff icient of passive earth pressures
resilient modulus

N normal vertical load on specimen, psi

Nc~
Nq~

Ny bearing capacity factors

p gage pressure for upper roller , psi

average roller pressure , psi

F’~ applied vertical pressure , psi

q bearing capacity per unit of area

r radius of the footing, ft

5G gyratory shear strength, psi

• angle of internal friction, deg

+G angle of internal friction determined by GTM, deg

‘r unit weight of soil , lb

v Poisson ’s ratio

maximum gyratory angle, deg
00 initial gyratory angle, deg
a computed stress, psi

0
] 

major principal stress, psi
03 minor principal, stress, psi

I
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