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SYNOPSIS

Laboratory stress-strain curves of granular soils were analyzed for the
purpose of formulating a general law of deformation for these materials. The
analysis led to the develocpment of a mathematical expression that describes
the deformation characteristics of granular materials more accurately than the
elastic theory equation which it is intended to replace. The proposed deformation

law contains three constants - Ky, K3, and K3 - in lieu of the two constants,
Poisson's ratio and Young's modulus, used in elasticity. The constant K, is
analogous to Poisson's ratio, and Ky to Young's modulus, while K3 is a new
constant with no counterpart in elastic theory. They are experimentally de-
termined from triaxial compression tests,

The deformation constants Kz and K3 were obtained from measurements
made on specimens subjected to rapid repetitive loading similar to that ex~
perienced by materials in a highway. They were also determined from speci-
mens not previously stressed, and loaded at relatively slow rates. The results
suggest that the values of K, and K5 vary with molding moisture content, unit
weight, particle angularity, speed of load application, and the number of pre-
vious repetitions of the load.

A few tentative values of K; were computed from the measured deformation
of specimens subjected to a confining pressure which was maintained at a
constant ratio to the applied vertical pressure, a manner of stressing believed
to approximate field conditions. Because of technical difficulties in measuring
the relatively small deformations occurring in these tests, the values of the
deformation constants computed from the measurements were not considered
acceptable. However, the general shape of the stress-strain curves appeared
to confirm the proposed deformation law.



1. INTRODUCTION

Most flexible pavement design methods in use today have been termed
"semi~empirical." This implies that the methods are based on theoretical
conslderations but are modified on the basis of experience, or vice-versa.
The present Texas Highway Department flexible pavement design method falls

in this category.

Semi-empirical design methods have many limitations: it is difficult to
extend them for new types of construction materials, for new loading arrange-
ments, or for evaluation of existing pavements,

Research Project HPS-1{(27)K, "Distribution of Stress in lLayered Systems
Composed of Granular Materials, " has as iis final objective the development

of a rational approach to pavement design. As set forth in the original project
proposal (1), the first objective of the project is:

"To formulate a general law of deformation for granular materials analogous
to Hooke's Law for metals."

The development of the deformation law and evidence of its validity are
covered in this report.

1. DEVELOPMENT OF DEFORMATION LAW

: Need for the Study

The theory of eiastlclty has been used frequently by highway - de51gners in :
the development and modification of semi»-empirical pavement design methods.
For example, ‘the theoretical portion of the present Texas Highway Department
flexible pavement demgn method was reported to be based on the stress dls--‘
' trlbution in two—layered eiastlc systems (2) ' o o S

There appear to be two basm con51derations whlch render the use of the
elastic theory 1nappllcable in pavement design. First the variable and seemmgly
‘unpredictable stresg- strain propertles of soils. preclude the selectron of proper

~elastic moduli. Second ‘the stresses predicted by. the. elastlc theory often appear
-'unreahstlc._ This is partlcularly true at - layer mterfaces in the upper layers of

.- the pavement where Stiff layers overlie more. resrlient ones, . Here, the: elastlc
. "'_"_'_theory predlcts tensile Stresses which are’ much higher than the strengths of the
2 materials as shown by laboratory tests. : As a result the eiastic theory 1s often




relegated to stress computation in the subgrade where it predicts stresses
which are more in line with those believed to exist.

In view of the difficulties involved in selecting appropriate elastic moduli
of roadway materials, it appears that a stress distribution theory based on
their actual deformation characteristics is required., If these characteristics
follow some physical law in the same manner that elastic materials follow
Hooke's law and if this law can be expressed mathematically, then it is
theoretically possible to predict pavement stresses.

Stress-strain Characteristics of Granular Soils

To explain adequately the problems existing in defining the deformation
characteristics of granular soils, a brief review of the stress-strain relations
in perfectly elastic, ideal solids (Hookean solids) is warranted. The approach
used in this investigation parallels the elastic theory approach but differs in
the evaluation of the fundamental factors.

Elastic theory. If a material is subjected to normal stress, ¢, then

o . ' .
E=. R - B o ) i : : .Eq- (1)
- €g . ' o ' L

Where E modulus of elasticity, and

P 'e_ '— strain in the direction of E resulting from the
' application of 05._-_ P o RO

'I‘he quantity E is a constant independent of the initial state of stress in the'_:":"'-"':-
P :material thus the relation between stress. and strain for an elastic material
s hnear._ Furthermore,_the ratio, : L L

-'__w_her__e H.?."'_P_Ois_son’s' _ratiofand_ R
.: €rz”" Strain normal to directlon of applied streSS.-

. '_1s also a. Constant_. mdependent of the 1nitial state of stress in material The |
-'-_'stress—sl:rain characteristics _of an elastic material are completely defined _by
g the Constants E and “’ : L . . : RUSEEES o KRR i e Lt
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Observed data relative to E and u.  The stress-strain curves for most
soils are not stralght line relationships like the similar curves for metals.
Instead, they are often curved throughout their entire length so the relation-
ship between stress and strain, unlike that of slastic materials, is not ex-

: pressed by a single value of E, However, for certain applications, "Modulus
i of Deformation" (See Figure 1) has proved useful. One of three quantities
may be used:

M;, the initial tangent modulus,
MS, the secant modulus, or

My, the hysteresis modulus,

The secant modulus Ms represents the average slope of the stress-strain curve
in the region of interest; for example, M50 refers to the secant modulus deter-
mined at 50 percent of the ultimate strength.

L The above concepts have been extensively used in analyzing stresses in

PEPER gsoils having significant plasticity, such as those which might be used in the
lower layvers of a pavement, But observation of numerous stress-strain curves
of granular roadway soils has revealed two important characteristics:

1. A significant portion of the stress- strain curves of dense granular
soils 1s hnear. : . _ :

2, The modulus of defcrmatmn of granular soils varles w1th the magm-_-_-
tude of conflmng or lateral pressure. S > Sl :

St The flrst observatlon 1s 1llustrated by Figure 2 whlch shows a typical i
~stress-strain curve for a crushed limestone specimen tested triaxially. - Ex-—'_:.'__"___ ey
" cept for.a.small curved section at the. beglnnmg, there is a sizeable portron' S
“that is lmear before the failure stress is approached Most stress strain i
e ;'curves of granular soils exh1b1t the 1n1t1al ncnhnear portlon to a greater or S
o _”_lesser degree, -This 1n1t1al curvature has been ascrlbed to "seatmg error. s
" It may be the result of the high stress concentrations that occur at the ends :
© . of the specnnens durlng loadmg, or 1t may be: the result -of uneven bearmg sur—-_' :
__"-"faces at the ends of the specimens. The latter ‘seems to be quite probable .
. since the ends of granular specumens cannot be trimmed ﬂush after compaction,“
ﬁ1nstead they must be hand fmlshed and smoothed : : S

Although the lmear relatlonshlp ex1sts in the 1nstances descrlbed othe
:-_factors or envzronmental condltlons consrstent w1th usage asa’ base course
material aISO affect the __s_t__ress straln properties. It has been observed that .

_'_"'3--_f_repet1t10n of: loads 1nfluences the - shape of: the stress straln curves of granular :
-_"materlals.;_ Prevmus research (3) (4_)_;"'(5) at ‘I‘exas A&M Umvers1ty has shown :
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that prestressing triaxially confined specimens with 10 to 50 repetitions of
a light load reduces or completely eliminates the seating error, It also acts
to improve the linearity of the stress-strain curve, as illustrated in Figure 3.

In summary it may be stated that the stress-strain curves of granular
soils exhibit significant linearity. The linearity can be expected to improve
and the linear portion extended under the influence of repetitive loads. The
seating error often observed appears to be a result of testing procedure and is
not a property of the material, Asg such it can be eliminated from considera-
tion and the linear portion of the stress-strain curve can be extended with
justification as shown by the thin line in Figure 2,

The second observation stated above concerns the influence of lateral or
A _ confining pressure on the modulus of deformation for sands. Terzaghi and Peck
o "~ (6) state that the tangent modulus of deformation for a loose sand increases
in simple proportion to the confining pressure, or:

M; = Co, G Eg. (3)

where: ¢ = confining pressure, and .°

O a constant of proportionality. o

_-In support of th:rs concept Bulsman modlf:red Boussmesq g theory of stress
.. distribution in elastic half—-masses to account for a linear. increase in modulus
“oiwith depth for sands (7) (ThlS was accomphshed for vertlcal stresses only )

i Unhke sands, granular 30113 used m roadways have some strength and
o thus a S1gn1flcant modulus, even when unconfmed But observatlon of thelr 3
R -..stress stram ‘Curves indlcated that - hke sands = they also exhrblted an 1n—-3
P crease m stlffness w1th an 1ncrease m confmmg pressure. T T O

| ".:_ZProposed Deformation Law- '::i:’f}'ﬁi

SR Based on: the Cons1deratlons expressed above, it | is beheved that the
INOE Z_modulus of . deformatlon for granular roadway materials ‘can; be expressed as'

*Stresses and strams throughout thlS report w1ll be referred to cyhndrical
coordmates X, 6 and s,_ Compress1ve stresses and"stralns will be taken




-_:'_'-elastic case, con51der the elemental cube in Figure 5 ‘acted: on by prmmpal_-“’_"'"

e -:the directlon of % is

| ':-:':'-In i:he hypotheszs proposed herem, E W1ll be replaced by the right hand

o :._'_',u., w1ll be. replaced by Kl, resultmg 1n . }Z' :

M, = Kg +K3 (o +0g) Eq. (4)

where Mz = modulus of deformation measured in the direction
of an applied stress, 04,
KZ = modulus of deformation for the unconfined condition, .
K3 = constant of proportionality expressing the influence
of confining pressures on Mg,
0 .0g = radial and tangential stress, respectively.

- The modulus, Mz, is not, strictly speaking, similar to any one of the three
previously defined moduli values, It will be used in 11eu of E, which isre- . '
 tained for perfectly elastic materials, : - L
“For the famihar tr1axial case, _Equation (4) reduces to:
Mgy = Kp +2K3 Ur o S . Eq. {8)

- Equation (5) is illustrated graphically in Figure 4, |
: 'For convenience, the subscript on M will be dropped hereafter, since | '_ ARE
no. measurements of I\/Ir and Mg were made. Thus M will be understood to . ..

mean Mz~ L

To illustrate how the concept expressed by Equation (5) Varies from the

stresses gz, Oy, and 0'8 Accordmg to the elastlc theory the deformation in

:"-'-.'member of Equation (4), and for consistency in notation Poxsson S ratio, L
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for the triaxial case, Equation 7 reduces to

- 2K; o
S 1T Eq. (8)

€z

On the basis of this analytical procedure it appears possible that the three
empirical values K3, K,, and Kq (hereafter called deformation constants)

can be determined in the laboratory for specific materials and the deformation
relationship verified in subsequent thecoretical and applied regearch, Labora~-
tory procedures to determine the deformation constants are described in the
next section,

II1, CONFIRMATION OF DEFORMATION LAW

- Texas Triaxial Tests

As the initial step to test the proposed deformation hypothesis expressed "
by Equation (7), the results of fifteen Texas triaxial tests were analyzed. Some -
of these tests were conducted by Texas Transportation Institute personnel; in
_other cases test.results were selected at random from ‘the files of the District 17

“laboratory, Texas Higthy Department In all cases the mdteriels Selected have
been used as roadway subbases or base courses : S

o In the Texas triax1al test 6 by 8—1nch spe01mens are tested at a loadmg
o rate of 0.15 inches per mmute after undergomg a dry-—curing and capillary '
' --'__absorptlon treatment, ’l‘he stress strain curves are generally shaped hke

RN the example in Figure 2

k failure were. 1gnored ‘A best-fit straight hne was’ passed through the remain—'"_..;

_ '_'_.'I;ing data points (usually five in number) usmg statistical procedures to ehmmw—' "
i ate possxble human bias. Usually six lines representing the modulus of de~
" formation at six different confimng pressures ‘were obtained for- each material

S To obtain the modulus of deformation the curved portion of l:he Stress..- A
: *stram plot attributed to seatmg error. and the curved portion just preceeding

: '_-_:'The resulting moduh values were plotted agamst the confining pressures ‘and.
‘the best fit straight lme through these pomts was obtamed also by statistical

: -i_-:"procedures.. Ina few instances, pomts were not included which were obvious lyj_;--" '

. out of line’ with the remainder of the data. Aocordlng to Equation (5); the. =

S _fjﬁintercept of this line’ with the ordmate represents the deformation constant
R __Kz,. -while the slope of the lme 1s 2K3 (Figure 4) o R
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Texas trlaxiai test curves for materlal desngnated
RP 23 =3 compactive effort of 2. 65 ft
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The results of the tests are shown in Figuresg 6 through 20, The first
figure on each page represents the complete array of stress-strain curves
for the soil, while the second figure shows only the initial points on the
stress~strain curve and the straight lines which were fitted to these points,
It should be noted that while points are plotted up to a strain of 0.012,
the points considered in establishing the modulus of deformation seldom ex-
ceeded 0.0070 inches per inch., The third figure on the page shows the plot
of M versus ¢y and as a matter of interest, the Mohr's circles at failure are
shown in the last plot. The results are summarized along with the pertinent
characteristics of the materials in Table 1

The curves show that, in most instances, a large portion of the stress- _
strain curve. (following the part attributable to seating error) can be adequately
defined by a straight line. Furthermore, the slope of the stress-strain curve =

is definitely a function of the confining pressure, although there is some ex-
-perimental error noted. However, based on the correlatlon coefflclents the
: -data are con51dered hlghly s1gn1flcant : : : : S

_ While the experimental error is annoying, it is not unusual. Anomalous -
“values are commonplace when plotting series of Mohr's circles representing - o
‘triaxial test results on granular materials. These deviations must be expected -
~unless a method can be developed for. producmg several specimens that are - -
- identical as far as gradation,, unit weight, moisture content, etc., are con- .
‘cerned,’ Another p0551b1e source of experlmental error is the ratio of triax1al
spe01men dlameter to maximum partlcle size, . The approx1mate ratio of 4:1 R
{6-inch dlameter to 1 1/2 1nch partlcle szze) somewhat llmltS the rellabtllty of _

: . the data.

Wlth the results from only flfteen sets of tr1ax1al tests, 1t is dlfflcult

Coiko determme prec1se1y what factors ‘may. mfluence the deformatlon constants

SR K, and K3, as measured in the Texas triaxial test. The results in Table 1 G
R _-_1ndlcate that texture plastlclty, ‘and. classﬁlcatlon are not s1gn1flcant1y re- '_ _--:: i
" lated to the deformation constants, but any significant relationship may be =

o masked by the fact that these factors fall Wlthin rather Narrow ranges for iy :

A percent sandy clay and once when mixed with 25 percent fine field sand ’I‘he

. grada tion,.; had a Ky approximately one- ~half that of the sand admixture

_ same parent aggregate, the sand admlxture would prov1de maximum stlffness
Tt at low confmmg pressures, but at htgh confmmg pres sures the sandy clay

_' 3_'these materlals. - One mterestmg exceptlon is the mater1a1 de51gnated 17—.'5--'
- 62-T-42, . a ‘crushed’ sandstone whlch was tested once when mixed with 20

sandy clay. admlxture, which resulted in. higher plastictty but overv-all coarser

__:: (2473 psi. compared to 4880 psi) but it had twice the value of K3 (315 com—-
s -:pared to 157) From a praotlcal v1ewpomt this would indlcate that for the




admixture would produce the stiffer material. In this respect, it should
be noted that limited studies by Chen (8) indicated that the modulus of
deformation of cohesionless sands is not influenced by texture (as mea~
sured by the coefficient of uniformity).

Chen also studied the effect of particle angularity on the modulus of
deformation of cohesionless sands and reported that the modulus decreased
with increasing angularity. Since there is no quantitative measure of
particle angularity, it is difficult to determine the effect of angularity,
on the deformation constants, even though it seems plausible that it would
be an important factor, It was noted that the two materials consisting of
predominately rounded particles — RP 23=1 and RP 23-4 — had somewhat
smaller deformation constants than observed for the more angular crushed
limestone materials, This is not consistent with Chen's observations on the
cohesionless sands,

McDowell (9) has presented evidence that the molding moisture content

influences the modulus of deformation as measured in the Texas triaxial
test, As the molding moisture content decreases, the modulus of deformation
~can be expected to increase. In the research conducted for this report, no
‘attempt was made to vary only the molding moisture content. However,
‘three of the materials were tested at varying moisture contents and unit
-weights. 'The material designated RP 23-1 was tested once at a molding
~moisture content of 5.5 percent, and again at a moldlng ‘moisture content of
5.1 percent, . At the lower. rno;.sture content the spe01men5 had a umt welght
_approx1mately 1p. c.f. less than at the higher moisture. contenl:. Thus, R :
. ‘associated with a. lowermg ‘of both moisture content and umt wetght was, a reductlon

'of roughly one- half in Kz and roughly one quarter in K3 ' : I e

i T The materials de51gnal:ed as. RP 23 3 and RP 23 4 are the AASHO Road

_ _"I'est base course and subbase, respectxvely. These matemals were tested

-.once at the optlmum ‘moisture content and maximum unit welght for 13.26 L

o lbs /cu in, compactlve effort and onge at. the f1e1d placement m01sture : i

S content and unit weight. To reproduce the latter,. a laboratory compactive - o
effort of 2., 65 ft, 1bs: /cu. in. 'was used The combmed effect of lower unit. S
“‘welight-and higher molding - moisture content was roughly 50 percent reduction R
“-in K.2 and 25 percent reductlon in K3 i SRR '

The fcregomg ana lysm of Texas trlaxxal test data has been concerned

: w1th the determination of K, and’ K3 Theoretlcally, the constant Kl could

L also have been evaluated from these tests. For example when =0,

i Kl og/zo‘r, accordlng to Equatlon 8.-_ Thus K = at least m theory '—-5.-.-




axis at zero strain. However, it is in the vicinity of zero strain that the
seating error is manifested, and the intercepts on this axis shown in
Figures 6 through 20 appear too erratic to provide reliable data for esti~
mating Ky.

In summary, based on the results of a limited number of Texas tri-
axial tests, it appears that molding moisture content and unit weight have
significant influence on the deformation constants, K2 and K3. Particle
angularity undoubtedly has some influence, but the results are insufficient
to establish a definite relationship. Seating error precluded the possibility
of making reliable estimates of the constant Kl'

Repetitive Triaxial Tests

Roadway materials in-place are not subjected to a single failure load
as they are in the usual type of triaxial test. Instead they are subjected to
a large number of short duration stresses which are generally smaller than
their failure stresses. The influence of this type of loadmg on the proposed
deformatlon constants has also been analyzed ;

_ At the Texas Transportation Institute, equipment is available for apply~- |
ing repetitive loads — similar to traffic loads - on 6~ by 12-inch triaxially

confined specimens, In general, this apparatus {Figure 21), applies a re~ -~

- peated vertical stress (the deviator stress) by means of a solenoid~actuated

- hydraulic cylinder. This 'Stress is accurately controlled by a pressure regu¥
“lator, ‘and its magnltude is measured with a force transducer whose srgnal

Cods displayed on a recording oscillograph, ‘Based 'on earlier research, a load- .
L ing rate has been selected ‘such that the dev1ator stress is. applred, reaches JESNNA

~a ‘maximum and decays, all within 0, 2 secmds (Flgure 22). - The loadmg
U pattern is believed to. approxrmate the near—surface stresses produced by
vehlcles movmg at speeds of 30 35 mph I EREEE SHEEPR

o Deformatlon of the specrmen due to the repeated devrator stress 1s
"-_:measured by a dial extensometer._ R R IR ST I I

. The results of a repetltwe tr1ax1al test are plotted in the form of. a de-—"
. _'formatmn-repetlts.on curve as. shown in: Figure 23. The upper lme on the

. curve represents the cumulatwe total deformatlon of the specrmen Whlch is. oo i
" obtained from the dial extensometer at the instant the load reaches a maxx-':.35'::'_:*_.'-':-:-ff :

. 'specimen after the load is removed it is obtained from the dial extensometerr?-'
“when the load is removed "The. dlfference between the two 15 the recover= ..

' '-"_-g'-'catlon.._ By expressmg ‘the’ recoverable deformation in. terms of: stram and

i :'_tlon _1s_ obtamed for a smgle repeated load

mum, " The lower 11ne is the nonrecoverable deformatlon remaining in- the

'-.--'_able deformatmn ‘or that whtch results from a partlcular smgle load apph—"' '

i diwdmg it mto the repeated dev1ator stress a dynamlc modulus of deforma




Figure 21, Texas Transportation Institute repetitive triaxial

test apparatus.

Load ——w

a

0.2 sec. cc.e]

in—(] 2 sec-—--w—l 8 sec -—-"\.—————o

spemmens. o

Flgure 22 Typical load trace for repetitively stressed '

Yamt

LA

< Rec'ovéjr'a"bfké __::'fZ:_'-.;: s

Deformation =in, .

Nonrecoverable

R R T

oo
4 - N L -
o OO - o

1 g 100 1000

Figure 23
o repetltively stressed specmens

Repetluons

Typmal -defcrmation—repetltion relatlonship for '

10,000 100,000




160 -
5,080 Reps. 36,008 Reps.

Ka = 32,901 _ | Ka = 37,710
Ka= 1,138 Ka = 1,082

140

120 F -

Medulus of Deformation - M - ksi

20 L I L I 1 I 1 I 1 i 1 )
160 - A . T :
’ : 55,125 Reps, . - R L .. 171,400 Reps,

T Ka=40,343 - 0 | : : Ka = 37,996
140 T PR ST o
- © - Kao= L23 S : © . Ka = 1,081

“Modilus of Deformatich LM kst

SO s e R .'-.-:*zo L zs 30 0. S 10 5.0 zo:'_-'.-._'-z_s_.._ 180

! Lateral Pressure - o = psi ' -: L SRS - : Lateral Pl‘essure =0, - ps[

__."'-Plgure 24 Reiation between Modukus of Deformation and _
- lateral. pressure for. repetitlvely stressed specimen of RP: 23 1
e :::'Specimen Was sub;ected to ‘a repeated deviator stress of
'-51 8 psi :



160 "
5,300 Reps, '
20,150 Reps,
28,202 3 Kg =31,317
1,370 K = 1,424

n

Ka
Ka

140 [0

n

120 [

Modulus of Deformation - M - ksi

20 i ] i ; P ) 1 i 1 1 1 )

160
50,200 Reps. _ 131,000 Reps,

L Ka = 31,161 N L Ko = 26,968
Ks = 1,591 . - _ . Ka = 2,313

148

Modulus 6f Deformation - M ~ kst

Sy - SRR 5L N L '.l_ T S '

v 0 5 . 10 15 20 . ...25 ._._'-:30.0 ) 5 ._ 10 - 15 . '-20 -_ 25 ]

La;‘e;el_Pressu.re -o '-_ psf LT Laieral Pressure - = psi ERERTAN

o -_.'Flgure 25 Reia’uon between Modulus of Deformation and
1aterat pressure for. repetitively stressed specimen of RP. 23 1
;‘-'Speclmen Was sub;ected to.a repeated deviator stress of
'34 5 ps1 B LI R




To obtain the influence of confining pressure on the dynamic modulus,
similar specimens can be tested over a range of confining pressures.
However, it is also possible at some particular instant in the life of a
single specimen to vary the confining pressure in increments, and measure
the resulting changes in recoverable deformation. (This procedure has no
discernible influence on the long-term deformation characteristics of the
specimen provided it is done rapidly, i,e., no more than 150-200 repetitions
occur between the time that the confining pressure is first changed until it
is returned to the nominal value.)

_ Plots of the information obtained in the manner described above are
contained in Figures 24 and 25. These plots show under conditions of
repetitive loading that not only are the moduli values linearly influenced

by the confining pressure, but that the relationship is much more significant
‘than in the case of the Texas triaxial tests. There are probably two reasons

- for the better agreement of data: only one specimen is tested, thus eliminating

the influence = of variations inunit weight, moisture content, and specimen _
. gradation; repeated loading eliminates seating errors and other differences -
5 -that tend to ogcur when a Spe01men 1s 1oaded Oniy one tirne. '

_ Figures 24, 25, and other data not presented herein (10}, show that

the deformation constants are influenced by the number of load repetitions
‘applied to a specimen,  The general trend is an increase in the deformation .=

 constants followed by a decrease as the number of repetitions becomes large. s

. The initial increase in the deformation constants may be accounted for by -

_increased density of the spec1men._ In later stages.of the test, degradation o

- of the. aggregate particles —_ presumably by grindmg off the. sharp corners_
~and edges — may. decrease the rigidity of ‘the specimen._- However, this . .~

- also opposes Chen's cbservation that: the modulus of deformation decreases
2% _W1th particle angularity (8) -Another. posszbility that should not be overlooked
Cisa decrease in stiffness due to the buildup of. pore pressures Within the B M

Vspecmen. SE : S L N RS A

The deformatzon constants at all stages of the repetitive loadmg tests fRRe

E '.are surprismgly high compared to. those obtamed on the same materials m the
E '__'Texas triaxial tests. - Obv1ousiy, some of this'can be accounted for by

. '_densz,fication during stressmg, but much of: the increase must be attributed :
to the. rapid loading rate to which: the specimens are subJected during repeti-—*'

7 tive loading. ‘From the research by Casagrande (11) and others, itis known

that an mcrease in ioading rate resuits m higher stresses and lower strains.




Since the above effects have not been separated or evaluated, the most
that can be said at this stage of the research is that repetitive stressing in-
fluences the deformation constants, but the effects are not well defined,

Variable Confining Pressure Tests

In pavements, the stresses due to the overburden weight are small,

But as a vehicle wheel approaches a point in the roadway, the radial and
tangential stresses at points near the surface increase from the small static
values to relatively high values and then decay with a simultaneous increase
and decay of the imposed vertical stresses. These stress conditions are not
consistent with those developed in standard triaxial tests where the lateral
pressure is first applied and then held constant as the vertical stress in-
creased. OStated another way, the laboratory triaxial test can reproduce the
end field stress conditions (meaning ~a particular combination of shear and
normal stresses) but the paths taken by the stresses in getting there are
probably dissimilar., Since this may affect the stress-strain characteristics

~ and subsequently the deformation constants, K, and K3, the influence of
various stress paths on the stress-strain characteristics must be considered,

As a matter of interest, assume that the radial stress always varies
11nearly Wlth the vertlcal stress, such that : : :

}

e G - Cons.t'ant- _: _. G Eq )
L Ue;.:-“: B e o
_-.'-_Combmmg Equatlon (9) w1th the proposed deformation equatlon for the tr1ax1al_i'

"'case Equatlon (8) results in: oo : ' ' Rt

e 1 z RETERET TR I RN
_ G._g KE T ZK ) E (10)

Selectmg a hypothetlcal case w1th typlcal values of Kl, Kz, and K3 ,. and

o solving Equation (10) to.obtain the stress- strain curves for m—values of 3/4

1/2,°1/4, and 0 (the unoonfmed case) results in the famlly of curves shown .

~in 1jlgure 26, Itis seen from these curves that the . proposed deformation law- EEEER
: _predlots curv1lmear stress-sirain curves for 51multaneous increase of lateral

‘- and vertlcal pressures.._ Compare thls to the ‘dashed llnes on the same flgure

Rl varJ_ed s1mu1taneously.

I Whlch are the stress stram curves predmted by elastlc theory ( K= 0)

RN To conflrm the predicted shape of the stress stram curves, laboratory .. G
tr1ax1a£ tests were performed in whmh the vertxcal and 1atera1 pressures
These tests termed varxable conflning pressure
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(VCP) tests, were conducted on 6~ by 12~inch specimens at a constant rate
of strain. The values of m used in the tests were those previously indicated

and shown in Figure 26.

Since standard triaxial test cells were used in the VCP tests, it was
necessary to manually adjust both the applied lateral and vertical stresses,
Synchronization of the two stresses to obtain the desired m-value represented
a continual source of difficulty and probabkly resulted in some experimental
error. Additionally, during the latter stages of the tests when the lateral
pressures approcached their maximum values, the specimens were so rigid that
the data readings (taken at equal increments of vertical pressure) were too
rapid to record. This problem was minimized by reducing the rate of strain
to 0,005 inches per minute and then recording the data in a tape recorder
for later transcription. The VCP triaxial test does have this advantage over
standard triaxial procedures: a single specimen can be tested at all m-
values, thus eliminating experimental error that is inherent when several
supposedly similar specimens are tested.

Many VCP tests were performed, but the results of only three tests are
reported herein. As shown in Figures 27 through 29, the general shape of
the stress~strain curves is concave upward as predicted by the proposed de-
formation law, although the curves for the lower m-values often intersect
... those for the higher values. Apparently this resulted from seating errors,
- or from strains which actually occurred in the triaxial cells but which were
L unknowingly attributed to the specimens, .In an attempt to eliminate these .
“errors, the three specimens which are reported were repetitively stressed

" with 10 load applications prior to being tested, and the curves were corrected =

for the supposed deformation characteristics of the triaxial cells.. However,
- the ~seating and cell deformation errors remaining, apparently, were so large ..
._"-_m comparison to the observed strains that they. played an important part in = e
. determining the shape of the stress~ stram curves, " Thus, ‘it is obvious that '
in future tests of this type, spemal precaut:rons should be taken e1ther to )
r ehmmate or to evaluate correctly both seatmg error and cell deformatlon. R

Attempts to obtam the deformatton constants from the VCP tests have L

mét with questlonable success. -To. analyze these data, the curves were
o first corrected for seatmg and cell deformation errors by extendmg them
along a smooth line to a value of zero stress as. shown by the dotted l1nes

in Figures 27 {a); 28 ( ) and 29(a).  The curves were. then translated through :
‘the origin as shown in Flgures 27 - (b) 28 (b), and 29 (b).  From the correcteci

i ':_curves values of Kl, Kz, -and K3 were obtained The values of K, were in -

S pared to the Texas trraxral tests K3 values were of. the correct order of

-+ the range. of 0,40 to 0,45, and the values of Ky were in. the range ‘obtained
from . the . Texas trlaxial tests (see F1gures 6 through 20, .or Table 1), Com-— '_




magnitude, but they varied with the m-value. To explain this, it is helpful
to remember that only one specimen is used to obtain the stress-strain curves
for all m~values by performing first the m =3/4 test, and then the m =1/2
test, and so on. With each successive stressing there was evidence that
the specimen properties changed. If the specimens had first been stressed
with several thousand load repetitions, then the additional few repetitions
occwrring during the performance of the VCP test should not have resulted in
significant property changes. This will be done in future tests,

Even though acceptable quantitative results were not obtained, the
VCP tests nevertheless had qualitative value. The results certainly compare
more closely with the proposed deformation hypothesis (Figure 26) than with
the oft-used elastic theory. It is worth mentioning at this point that the VCP
tests did not originate with this research. In their investigations on pressure
and deflections in flexible pavements, the Corps of Engineers (12) found that
VCP triaxial tests produced laboratory stress-strain curves which closely agreed
with field stress~strain curves obtained from a homogeneous fine sand test
section.




SUMMARY AND CONCLUSIONS

The results presented herein show that the deformation characteristics
of granular materials can be adequately described by a mathematical model
which utilizes three experimentally obtained constants — Kj, K3 and K3,
The model differs from the elastic theory in that the modulus of deformation
depends on the state of gtress in the material,

Fifteen sets of Texas triaxial test results were presented as initial
confirmation of the proposed deformation law., The iriaxial siress~strain
curves often displayed an initial seating error, but this was followed by a
relatively linear stress~strain relationship from which the deformation con~
stants, Ky and K3, could be obtained. The deformation constants appear to
be influenced by the molding moisture content and unit weight, The combined
effect of higher moisture and lower unit weight is reduction of the deformation
constants. There are also indications that the deformation consiants decrease

with decredsing particle angularity.

While the Texas triaxial tests provide definite confirmation of the pro-
posed deformation law, the deformation constants obtained are not particularly
suitable for degign purposes. TFor example, minor differences between
supposedly similar specimens result in significant experimental error. More
important, however, is the fact that roadway materials are subjected to tran=-
sitory, repetitive and dynamic loads which are not reproduced in the Texas
triaxial test, - From specimens tested under simulated field loading conditions

in a repetitive triaxial loading apparatus, the deformation constants were .
. found to be much higher than ‘obtained in Texas triaxial tests. ‘It is believed
“that this results from two factors: ‘increase densification due to repetitive

loading and increased re51stance under rapid loading rates. Thus, ‘it is_

‘concluded that the deformatlon constants w111 also vary with the number and ki

‘--speed of load repetitions. o

S ' To further reproduce field loadmg conditions, tr1ax1al tests were per-- o
~formed on speoimens in which the vertical and confming pressinres were in-"

""creased 51multaneously Stress strain curves resulting from these. tests

g ':'jwere of the general shape predicted by the proposed deformation law, how-- o .-
" -ever, the mechamcs of the t.est must be 1mproved before reliable deformation

i : .' '.'constants can be obtamed

5 -'_-.'_:__-"the elastic theory equatlons often used for thls purpose U

As w1th any new hypothesis experimental work must be Contlnued to .

S evaluate and if necessary. modify, the. proposed deforma tion 1aw.__ But at _
oo this, stage of the research it is. obvious that the deformation law predlots the
deformation characteristics of granular materials with greater acouracy than




For future research, repetitive triaxial tests appear to hold the
greatest promise for verifying the deformation law and establishing the
deformation constants, If variable confining pressures can be incor-
porated in the repetitive triaxial tests, the results should be indicative
of material behavior under actual rcadway conditions.
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