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BEHAVIOR OF GRANULAR MATERIALS UNDER TRIAXIAL 

COMPRESSION WITH PULSATING DEVIATOR STRESS 

1 J. J. Marley and R. L. Handy 

ABSTRACT 

Behavior of granular material subjected to repeated load triaxial 

compression tests is characterized by a model based on rate process 

theory. Starting with the Arrhenius equation from chemical kinetics, 

the relationship of temperature, shear stress, normal stress and volume 

change to deformation rate is developed. The proposed model equation 
. r 

includes these factors as a product of exponential terms. An empirical 

relationship between deformation and the cube root of the number of 

stress applications at constant temp_erature and normal stress is combined 

with the rate equation to yield an integrated relationship of temperature, 

deviator stress, confining pressure and number of deviator stress applica-· 

tions to axial strain. 

The experimental program consists of 64 repeated load triaxial 

compression tests, 52 on untreated crushed stone and 12.on the same crushed 

., storn~:-. material treated with 4% asphalt cement. Results were analyzed 

with multiple linear regression techniques and show substantial agreement 

with the model equations. Experimental results fit the rate equation 

·somewhat better than the integrated equation when all variable quantities 

are considered. 

The coefficient of shear temperature gives the activation enthalpy, 

which is about 4. 7 kilocalories/niole for untreated material and 

*~espectively, Instructor and Professor, Civil Engineering, Iowa State 
University. 



39.4 kilocalories/mole for asphalt-treated material. 'This indicates the 

activation enthp.lpy is about that of the pore fluid. The proportionality 

coefficient of deviator stress may be used to measure flow unit volume'. 

The volumes thus determined for untreated and asphalt~treated material 

a.re not substantially different. This may be coincidental since 

comparison with flow unit volumes reported by others indicates flow unit 

volume is re lated . to gradation of untreated material. The flow unit 

volume of asphalt-treated material may relate to asphalt cement content. 

The proposed model equations provide a more rational basis for 

further studies of factors affecting deformation of, granular materials 

under stress similar to that in pavement subjected to transient 

traffic loads. 
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BEHAVIOR OF GRANULAR MATERIALS UNDER TRIAXIAL 

COMPRESSION WITH PULSATING DEVIATOR STRESS 

Jo J. Marley and R. L. Handy 

INTRODUCTION 

Solution of engineering problems involving soils or aggregates re-

quires knowledge of the material properties, the nature of imposed stresses 

and other·contemplated environmental changes, as well as response of the 

material to environmental changes. Among th~se requirements, the most 

easily determined is environmental changes. Considerable knowledge 

exists pertaining to material properties and response due to certain 

types of stresses and modes of stress applications. 

One connnon mode of stress application about which little is known 

concerning response is the repeated application and removal of compres-

sive and flexural stresses on highway or airfield pavements. 

Without adequate knowledge to describe response to repeatedly ap-

plied stresses, solutions of pavement design problems have rested largely 

on empirical knowledge gained from in-service and full-scale test pave-

ments. Because of an inability ·to control all envi"ronmental variables, 

results of such observations have beeri qualitative~ 

The objective of .this study was to determine the nature of response 

of a crushed limestone aggregate subjected to repeatedly applied compres-

sive stresses in a controlled laboratory environment, and thus determine 

tfose properties pertinent to behavior of materials subjected to this 

mode of stress application. 

The study used a triaxial compression apparatus on compacted 

specimens of crushed limestone, either untreated or treated with asphalt 
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cement as a stabilizing additive. The triaxial appar~tus was designed'to 

apply repeated uniaxial stress under controlled temperature conditions. 
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LITERATURE REVIEW 

Studies of the shearing resistance of soils often assume that 

behavior of material is described by the Coulomb equation: 

where 

I 

T = ·c + P tan ¢ 
n 

Tis shear·stress, 

C is cohesion, 

P is the stress normal to the shear stress, and 
n 

¢ is the angle of internal friction. 

(1) 

However, there are difficulties with this approach. Values of C 

.and ¢may not only be a function of the material but also of the type 

and conditions of the test by which they are determined. Since these 

parameters are dependent upon test conditions, their determinat'ion under 

conditions other than those corresponding to prototype conditions has 

limited value. 

The Mohr-Coulomb theory describes material behavior at a 1 failure 

condition where total rupture of the soil mass occurs. The Coulomb 

equation and the Mohr-Coulomb theory provide no information about 

deformation from application of stresses lower than the failure stresses, 

or about any cumulative effects of repeatedly applied subfailure 

stresses. 

Since pavement design involves determination of a pavement structure 

that will sustain repeated application of many thousands of wheel loads 

with neither total rupture nor exce.ssive deformation of the pavement 

structure, the Mohr-Coulomb theory is inadequate to describe b~havior of 

materials .under such stress. 

I 
I 

J 
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The Coulomb parameters C and ¢, as determined by conventional, con-

trolled strain triaxial testing, have been qualitatively correlated to 

performance of in-service and_ full-scale test pavements with limited 

success. 

Repeated load tr'iaxial testing is a relatively recent approach in 

soil and highway engineering. While interesting aspects of material 

behavior under this type of loading have been reported by Havers and 

. ' 
! ' 

Yoder (1957), Haynes and Yoder (1963), ,Seed and Chan (1957, 1958), 

Seed et aL (1955), Seed et aL (1958), and Seed and McNeill (1956, 

1957)' little attempt has been made to de.scribe observations other than 

phenomenologically, probably because there is no generally accepted 

behavioral model_ available by which the observations could be related. 

Larew and Leonards (1962) observed that behavior of soil materials 

subjected to repeated loads appeared to be analogous to behavior of 
I 

soil materials subjected to creep loading; that is, a time-dependent 

de formation under constant stress. This s.eems reasonable, considering 

that the number of applications of a repeatedly applied stress is a 

function of the frequency of load applications multiplied by elapsed 

time: 

N :::; f x t (2) 

where 

N is number of load applications, 

f is frequency of load applications, and 

t is elapsed time. 

F'rom this simple relationship and since the number of load applica-

tions is a function of time, the behavior of material subjected to constant 
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stress may well be analogous to the behavior of material subjected to 

constant stress intermittently applied a .. numbe:t of times. 

Recently, the theory of rate processes has been applied with con-

siderable success to the time-dependent behavior of soils and highway 

pavement materials by Herrin and Jones (1963), Herrin et al. (1966), 

Christensen and Wu (1964), Mitchell (1964), Mitchell and Campanella 

(1964), Mitchell et .. al. '(i968),. Moavenzadeh and Stander (1966),' Noble 

(1968), Secor and Monismith (1965) and Pagen (1965). 

The potential for applying the rate process theory to processes as 

widely divergent as chemical reactions and shear deformation of particulate 

systems such as soil or mineral aggregates was recognized by the authors 

of an early definitive ~ork on the rate process theory when they wrote: 

(Glasstone et al., 1941, p. vii) 

••• the theory of absolute reaction rates is not merely 
a theory of the kinetics of chemical reactions; it 
is one that can, in principle, be applied to any pro­
cess involving a rearrangement of matter, that is to 
say, 'any 'rate process'. 

Application of the theory to creep behavior of metals has been 

known for some time and was investigated by Dorn (1957) '· Ree et a!, •. (1963), 

' 
Andrade (1951, 1957), and Schoeck (1957). Considerable data have been 

accumulated allowing many authors to hypothesize deformation mechanisms 

which agree with observed kinetic data. Attention has also been given 

to application of rate process theory to ?eformation of ice and snow by 

Barnes and Tabor (1966), Glen (1955), Glen (1953). Landauer (1955), 

Kingery (1960), Telford arid Turner (1963) and Gold (1967). Hahn et al. 

(1967) applied the theory to plastic deformation of marble, Goughnour arrl 

Andersland (1968) to a sand-ice system, and Ree and Eyring (1955) and 

Andrade (1951) to generalized plastic solid systems. 



6 

Applicability of rate process theory to shearing deformation or 

viscosity of fluids has been known for some time and was treated in 

detail by Glasstone et al. (1941). 

Applicability of rate process theory to behavior of metals subjected 

to intermittently applied stresses has been investigated by Caughey and 

Hoyt (1954), Smith and Houston (1954)., Sinnnons and Cross (1954), Manson 

and Brown (1959), and Feltner and Sinclair (1963). They found that rate 

process theory adequately described the observed behavior, although 

they do not agree on the relationship between' "static" and "cyclic" 

creep. The relationship between the amount and rate of deformation as 
1 · 

I observed by these investigators for materials subjected to constant 

stress and intermittent stress, apparently depends on the various stress 

levels, temperature conditions, and other test variables. 
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THEORY 

If a material does not deform instantaneously under load, deformation 

of its mass requires an input of energy. In the particu,late systems .con­

sidered in this study, this energy must (1) break or deform any bonds 

(friction or cohesion) that exist between particles or groups of particles, 

and (2) change or rearrange the relative configuration of one particle 

or group of particles relative to another particle or group, if this re­

arrangement requires a change in volume of the material. This energy is 

released by the material system when the interparticle bonds reform, 

and particles and groups return to their initial configuration. 

The deformation rate is a function of strength of interparticle 

bonds, relative configuration of the particles or groups, and rate of 

energy=· input into the system. 

Chemical kinetic theory provides a means by which deformation rate, 

and those properties which affect deformation rate, can be related. The 

process rate theory cannot provide information about the state 9f the 

material before, during, or at completion of a reaction or rearrang.ement 

of material, but can provide information about the rate at which the 

reaction or rearrangement occurs. The state of the material before or 

during the reaction process affects the rate. Any such effect must be 

experimentally determined in order to develop an equation to adequately 

describe the rate process involved. 

In any system of matter there are continuous movements. These move- · 

ments are, in the absence of any external stress, nondirectional or 

randomly directed and result in no net movement of the material. Ap­

plication of an external stress to such a system results in a net movement 
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in the direction of the ·imposed stress. This concept has been stated 

by Eyring (1967, p. 20): 

Electrical potentials, or other kinds of stress, ap­
plied to any system do not ordinarily initiate a new 
process but simply bias existing rates, thereby 
modifying the rate of passing to equilibrium. 

Application of a stress alters the rate of, and gives direction 

to, an already existing process. This directional "biased" rate of 

passing to equilibrium is the concern of this study. 

In chemical kinetics, the rate constant of chemical reactions is 

represented by the Arrhenius equation (Moore, 1962), 

where 

- E 
k =A exp __ a 

RT 

k is the specific rate constant, 

(3) 

A is a pre-exponential multiplier, often called the Arrh12!nius 

frequency factor, 

E is the activation energy of the process, 
a 

R is the universal gas constant, and 

T is the absolute temperature at which the reaction occurs. 

Equation (3) is generally accepte_d as an adequate representation 

of the tempe.rature dependence of any rate process, as Glass tone et al. 

(1941, p. 1) $tated: 

••• it is now generaliy accepted that a relationship of 
this kind represents the temperature dependence of the 
specific rates of most chemical reactions, and even of 
certain physical processes •••• 
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Energy Concepts 

For this study, resistance of a soil to shear deformation is assumed 

to result from an energy barrier for bonding units in the material. This 

energy barrier results from two faciors mentioned previously; viz •. , bonds 

between particles or groups of particles, and other resistance to rear-

rangement of particles or groups of particles. This energy barrier is 

the so-called activation energy" The number of bonding units having 

enough energy to surmount the energy barrier, i.e. the number of bonding 

units with energies greater than the activation energy of the material, 

is given by the Maxwell-Boltzman distribution law. The rate of bonding 

units passing over the energy barrier is proportional to the number of 

bonding units with energy greater than, or equal to, the activation 

energy. 

The number of bonding units which pass over the energy barrier per 

unit time is a measure of the deformation rate of the material and may 

be expressed as 

where 

. 
e 

t,F-l• 
K exp - kT 

e is deformation rate, 

K is a proportionality constant, 

6.F~~ is the activation free energy of the material, 

k is the Boltzman constant, and 

(4) 

T is the absolute temperature at which the deformation occurs. 

The energy barrier with no externally applied stresses is illustrated 

in Fig. 1 by the solid line. 
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\ ' ,,,/ ......... _ 

Fig. 1. Energy barrier for defonnation, with and without shear stress. 

The applied stresses in a triaxial compression test are illustrated 

in Fig, 2, cr1 being the major principal stress and cr
3 

the minor princi­

pal stress~ Considering the stresses acting on ·an element of the material 

such as element A in Fig. 2a, and expanded in Fig. 2b, the imposed 

stresses are resolved into normal and tangential stress components, 

designated P and r, respectively. 
n 

The work done in deforming this element of soil from configuration 1 

show~ with solid lines in Fig. 2b to configuration 2 (dashed lines), 

consists of breaking interparticle bonds and changing the volume of the 

element against the normal stress P • The work done in breaking one 
n 

interparticle bond is the stress on the bond multiplied by the volume of 
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(a) 

Pn 

(b) 
___ __.._.-. .,. 

I 

\ 
\ 
\ 
·~ 

Fig. 2. Applied stresses in triaxial shear testing. 
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the bonding unit. The stress on the bond is 'f and, designating the 

volume of a bonding unit as 13' , the energy required to break one 

interparticle bond is - 13 1 'f, which is the errergy acquired by the 

bonding unit in exceeding the energy barrier. The work required to 

change the volume of material from configuration .1 to 2 is Pn (V2 - v1) 

or P 6V, representing the total volume change work done on this element. n . 

The volume change work'done on the element per unit volume of bonds is. 

the volt.nne change work done on the element multiplied by the ratio of 

the volume of a bonding unit to the total volume of the element o'(" 

B'Pn 6V/V. The total wo~k required to deform the element is then 

- 13' 'f + B'Pn 6V/V or 13' (- 'f + P 6V/V). 
n 

The height of the energy barrier designated as fiF~'< in Fig. 1 is 

changed by an amount 13 1 
(- 'f + P 6V/V) when an external stress is ap­

n 

plied to the system as shown by the dashed lines in Fig. 1. The effect 

of the term P 6V/V depends on the nature of the volume change of the 
n 

material. If the volume must be increased, 13 1 P 6V/V represents energy 
n 

that must be surmount,ed by the bonding unit, and the activation energy 

is increased by this amount. If volume is decreased by deformation, 

i3'P 6V/V represents energy acquired by the bonding unit, and activa­
n 

tion energy is decreased by this amount. Since an increase in volume 

was considered in this derivation, the effects of shear stress and 

·volume change .on activation energy are of opposite sign. 

Introducing the relationship from thermodynamics that 

6F~'< = 6H* - Tt§3* (5) 

where 

6H* is the activation enthalpy, 
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l:S* is the activation entropy, and 

other terms are as previously defined, 

and considering the further subdivision of 6F* when an external shear 

stress is applied as developed above, 

= !§I•'C' - T68* - ~r T + ·~rp 6V 
. n V 

Substituting Eq. (6) into Eq. (4), 

• 6H•'C' 68•\' U ~ 6V 
e = K exp - kT exp k exp kT exp - kT pn V 

(6) 

(7) 

If it is· now assumed that 65•\' is independent of temperature, this 

term may be included in the pre-exponential .coefficient, and further, 

settings.= S'/kT, Eq. (7) becomes. 

e = K' exp - ~~•\' exp ST exp - SPn ~V (8) 

Soil Structure 

The relationship expressed by Eq. (8) indicates the deformation 
I 

. rate is independent of total deformation (other than that represented 

by volume change) and time, since neither quantity appears on the right 

side. However, in deriving Eq. (8) it has been assumed that any change 

in structure is completely represented by volume change. Also, time-· 

dependence of deformation rate is implicit in Eq. (8) since volume 

change is time-dependent. 

Time-dependence of deformation rate presents a problem in applying 

Eq. (8) to shear deformation of soils. In order to determine the effect 

of varying Ton deformation rate, the rate at constant T must be constant, 

_}_ ______ _ 
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or the functional relationship between time and deformation rate must 

be known" 
I 

Since constancy of the deformation rate can be assured by determining 

the rate when its derivative is zero (€ :::: 0), this. seems to be a much' 

simpler criterion for determining a meaningful deformation rate than 

attempting to determine a functional relationship between deformation 

rate and time. However, since none of the terms on the right side of 

Eq. (8) can be zero and the derivative of exp - ~p LlV/V is generally 
n 

'not zero, this equation inadequately represents the deformation rate of 

soils unless some further ~elationships are known. 

Since there is experimental evidence that deformation rate is a 

function of deformation (or time), this relationship should be included 

in Eq. (8) so that 

LlH~'( LlV 
E: :::: K' exp - kT exp ~'I exp - ~pn V · f(e) (9) 

where f(E:) is an unknown function of deformation. 

Both f(e) and 6V/V are measures of the rearrangement of the 

material during deformation or, combined, represent a change in structure 

of the material during deformation. Representing these combined effects 

by a single factor S, an unknown function describing the dependence of 

deformation rate on any changes in structure :.during deformation, Eq. (9) 

becomes 

:::: LlH~\-
e K' exp - kT exp ~'I • S • (10) 

Equation (10) expresses a relationship among deformation rate, 

activation enthalpy, shear stress and structure; the structure factor 
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S is an unknown function, and this equation is of little value unless 

the effect of this function can be detennined or eliminated. Since the 

structure function is probably a complex function, the possibility of 

eliminating its effects will be considered. 

One possibility is to consider the relationships of strain rate 

and other variables at a condition of constant structure in each spe~imen 

tested. Under these conditions, the effect of structure would be constant 

and could be included in the pre-exponential coefficient. 

With introduction of constant structure, Eq. (10) is a useful 

relationship if two conditions are met when the equation is applied: 

(1) that € = 0 and (2) that a constant structure exists. But a means of 

insuring constant structure is necessary. 

It is assumed that initial structure of specimens prepared in the 

same manner is essentially constant (or nonnally distributed about some 

mean value of the structure parameter), and that each specimen, as it 

is defonned under differing test conditions, could attain another value 

of the structure parameter which is identical in all specimens. The 

structure at any time aft,er the start of a test is a function of time, 

shear s_tresf?, temperature, and normal stress or 

S = f('T, P, T, t). 
n 

(11) 

There .are other functional relationships of structure that could be 

considered. For instance, t could be replaced by deformation, e, but 

the variables chosen are obvious independent variables assumed for develop-

ment of the theory. 

Differentiating Eq. (11) at constant temperature and normal stress, 
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aS OS 
as = <a?T P t a 'I+ <at)T,P , 'I dto 

' n' n 
(12) 

Introducing the condition that when the structure function is constant, 

dS = 0, and setting the right side of Eq. (12) equal to zero, gives 

(13) 

Again differentiating Eq. (11) but at constant temperature and shear 

stress gives 

dS = (.QL) dP + (OS) d 
n at T, 'I, Pn t ' aPn T, 'I, t 

(14) 

and setting the right side of this equation equal to zero gives 

aP 
(as ) (_!2) + <·as) = o. aP at T' T, s at T . T p n T, T, t ' ' n 

(15) 

Di~ferentiating Eq. (10) with respect to time at constant temperature, 

shear stress and normal stress, 

= L'iH'"' ( aS) e K' exp - kT exp [3 T at T T P 
' ' n 

(16) 

Where € = 0, the right side of, Eq. (16) must be zero. S iilce the only 

term on the right side of this equation which can be zero is (OS/at)T p , 
'T, n 

this term must be zero when e = 0. Thus, when one necessary condition 

for valid application of Eq. (10) is met, (OS/at)T T p is also zero. 
' ' n 

Substituting this relationship into Eqs. (13) and (15), when € ~ O, 

aP 
( ~~ T P t ( ~;) t , P S = O ' and ( ~ ) T (at n) T, T, S = O ' 

'n' . 'n' un ,T,t 

if the structure remains constant. These conditions may be satisfi.ed if 

either the produc.ts are zero or if one of the terms in either equation 

is zero. 
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Generally, neither (o'T/ot)T P S nor (oP /at)T s are zero. If 
'n' n ,'T, 

they were, no relationship would be indicated between 'T and t or P and 
n 

t, which is contrary to experimental evidence. If the relationships 
I 

between 'T and t or P and t had maximum or minimum values, the partial 
n 

derivatives would be zero at that point. However, for these relationships 

to have maximum or minimum values, the value of the structure function 

at a 'low value of 'T or Pn must be dupli,cated at a higher value of 'T 

or P • At an intermediate value of 'Tor P , the value of .the structure n n 

function would be either greater or less than that occ~rring at higher 

or lower values of 'T or P • Since it seems unreasonable to expect 
n 

this to occur, it is unlikely either (o'T/ot)T P s or (oP /ot)T S 
'n' n ,'T, 

have zero values. If neither have zero values, then (?§!,/o'T)T p t a~d 
. ' n' 

(oS/aPn)T, 'T,t must be zero whenever (OS/ath· 'T P and (OS/o'T)T P t or 
' ' n ' n' 

(?§!,/()Pn)T, 'T,t are zero at any point of inflection, which means that at 

points of inflection the structure remains constant when t, 'T, or P is 
n 

varied. 

T,he relationship for constant structure has b_een developed for 

constant temperature. However, the same reasoning would lead .to the 

possibility of (oT/ot) P S having a zero value and result in conclu- · 
'T' n' 

sions similar to those above. 

Failure Criteria and Deformation 

Use of € = 0 as a criterion for applying the rate equation to deter-
1 

mine the effect of stress on deformation rate is conunon in creep testing 

of metals (Dorn, 1957; Schoeck, 1957). The deformation rate used by 

these researchers is the rate in a secondary creep portion of the 



r 

18 

time-deformation c,urve where the deformation rate is constant. Time-

' 
deformation relationships are usually considered to consist or' sever,al 

different sta?"es, as shown in Fig~ 3. Stage I is the inst~ntaneous 

z 
Q 
I-

~ 
1¥ 
0 

ill u.. 
~ 

{a) 

TIME 

Ffg• 3. ·Generalized deformation versus time relationships. 

deformation which occurs when the load is applied. Stage II is transient 
. \ 

creep in which the deformation r·ate decreases and may terminate under 

low stresses as shown'. in curve (a) of Fig. 3. Stage III represents 

ste.ady-state creep characterized by constant rate of deformation, and· 
/ 

stage IV is tertiary creep characterized by accelerating deformation and 

leads to rupture a.s shown in curve (b) of Fig. 3. 

Some researchers (Noble, 1968;'Singh and Mitchell, 1968) have found 

that steady-state creep, se,ldom occurs for any significant time in soils 
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tested in direct or triaxial shear. However, in creep tests exhibiting 

a .transient creep zone and a tertiary creep zone, there is a point of 

inflection in the time-deformation curve where the second· derivat~ve ~·of 

deformation with respect to time is zero, even though there may be no 

evidence of a significant period of steady-state creep • 
.. 

Failure criteria have been proposed by Schmidt (1962b) as the point 

at which strain acceleration becomes positive (i.e. where € > O), and 

by Hughes (1967) as the point of inflection 'on the strain repetition 

curves for repetitive loading of asphaltic concrete. The Hughes criterion 

is identical to the e = 0 criterion and, if the material exhibits no 

secondary creep, the Schmidt criterion is also essentially the same. 

Noble (1968) also proposed the criterion of e = 0 for determining a 

' meaningful deformation rate in applying the rate equation to soil 

deformation. 

Conditions under which the rate equation is applicable to soil 

deformation, as developed above for constant structure, are consistent 

with any of the proposed failure criteria. Equation (10) may now be 

writte1~ 

6H~'<' 
K" exp - kT exp ~ 'f (17) 

where ~· is a coefficient that includes the proportionality constant, 

the entropy of activation, and the effect of structure. 

Equation (17) describes the effects of shear stress and temperature 

on deformation rate at a point defined as incipient rupture. However, 

in many engineering applications, incipient rupture is not a satisfactory 

failure criterion since deformations detrimental to the intended use of 
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the engineering structure may occur before rupture. One such application 

is to highway and airfield pavements where the pavement may exhibit 

deformations detrimental to its function before rupture of the pavement 

mass. 

Therefore, it is desirab.le to be able to relate the amount of 

deformation to shear stress, normal stress and temperature. To do this, 

the functional relationship between deformation and time in the transient 

creep portion of the time-deformation curve is needed. Considerable work 

has been done on this aspect of the behavior of metals, and a functional 

relationship has been proposed by Andrade (1951): 

where 

€ - € 
0 

= btl/3 

g is total deformation, 

(18) 

e is instantaneous (elastic) deformation which occurs with 
0 

application of the stress, 

b is a proportionality, constant, and 

t is elapsed time after application of the stress. 

Differentiating this equation, 

and solving for t from Eq. (18), 

(€ - € )3 
0 

t = 

(19) 

(20) 

Substituting the relationship for t in Eq. (20) into Eq'. (19) gives 

___ _L__ --
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b3 1 
3 2° 

(e - e ) 
0 

(21) 

If e is very small compared to e, its effect can be neglected and 
0 

(22) 

There are now two equations for deformation rate, one derived from 

theoretical principles and the other an empirically proposed relationship 

which later will be shown to be consistent with results of this study. 

If 1/ e2 is the unknown function of deformation in Eq. (9) and the 

3 coefficient b .·of Eq. (22) is represented by the other terms on the right 

side of Eq. (9), the rate equation becomes 

K' t.H~'<' t.V 
e = 3 exp - kT exp (3'f exp - !3Pn V 1 

2· 
e 

(23) 

In this form, the rate equation is more complex than Eq. (17) ·and 

as such is a less desirable form for evaluating the t.H~'<' and (3. Howeve:i::-, 

by separating variables and integrating this equation, a relationship 

between total deformation and other variables results: 

3 = K' t.H~'c Q QP t.V • t e exp - kT exp !--' 'f exp - !--' n V • (24) 

Because of its empirical nature and the assumptions used in its 

derivation, the validity of Eq. (23) can only be ascertained by experi-

mental evidence. Inclusion of several interdependent variables in the 

equation poses the question whether the correct functional relationship 

among them is stated in Eq. (23). For example, the effect due to t.V/V 

2 3 . 
in Eq. (9) may be included in 1/ e in Eq. (22) rather than in b as 

was assumed in Eq. (23). 
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Implications of Eq. (23) may be further examined to determine if it 

implies conditions contrary to anybasic laws. One such.condition is the 

relationship between total deformation and volume change when € = 0. 

The time derivative of Eq. (23) at constant T' p 
n' and T, since K' 

' 
T and T are independent of time, is: 

K' 6H* d 
(exp - [3P 6V 1 

ii =- exp - exp ST dt . -) 
3 kT n V ' 2 

€ 

e Kv 6H'°" 
ST (- SP SP 6V 1 d t.V/V 

::; exp - kT exp exp - 2 3 n n V dt 
€ 

- 2 SP .&... d €) +- exp -3 n V dt 
€ 

e K' 6H* 
ST exp - SP t.V 1 

(- SP 
d 6V/V 1 ~) = exp -kT exp 3 n V 2 n dt € dt 

or 

Setting e 

d = 6V/V 
E:(- SP ~ ~). € n dt € dt 

0, 

€(-'SP d 6V/V 
n dt 

1 d €) = 0 
€ dt 0 

E: 

(25b) 

Neglecting the solution when e = 0, which occurs only when no shear 

stress is applied, 

SP d 6V /V ::; 1 d € 

n dt e dt 
(26) 

at the point of inflection. 

Since increasing volume has been considered positive throughout the 
\ 

derivation, Eq. (26) .shows that slope of the volume change-time curve 

must be negative, and the slope must equal .:. 2/ SP € d €/dt at the point 
n 

of inflection. 

(25a) 
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Other investigators (Be.st and Hoover, 1966; Ferguson and Hoover, 1968) 
\ 

have p~oposed a failure criterion based on volume change measurements in 

constant rate-of-deformation triaxial compression tests. The condition 

they chose to indicate failure was " ••• the minimum volume condition, or . ' 

some point near this condition •••• " 

It would be desirable to compare this failure criterion with that 

proposed in this investigation, especially since Eq. (26) indicates 

the l;! = 0 criterion is related to rate of volume change. The minimum 

volume criterion implies a zero rate of volume change (d t::.V/V/dt = O)·. But 

this relationship cannot be substitmted into Eq. (26) because in constant 
) 

rate-of-de formation testing, T :i..s not independent of time as it is in · 

constant lo'ad tests. Therefore, it is not possible to make a direct 

comparison of these two failure criteria. It is significant, however, 

that both are related to rate of volume change, one requiring rate of 

volume change to be negative, the other specifying a zero rate of volume 

change. 

Verification of any relationship between these failure criteria 

awaits further understanding of material behavior mechanisms under dif-

ferent test conditions, This discussion has indicated the empirical re-

lationship of Eq. (23) is not, nor does it imply conditions, contrary 

to any basic principlesor the energy barrier concept of shear strength. 

Consolidation Pressure 

As:·stated before, a relationship similar to Eq. (17) is desirable' 

for evaluating llH?'c' and [3. These parameters can be evaluated from that 

equation if all other variables affecting deformation rate or the value 

of these parameters are held constant. 
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Experimentally, however, deformation rate also varies with normal 

stress P , temperature of consolidation T (distinct from the temperature 
n c 

at which deformation occurs, designated T ), and consolidation pressure s 

p • 
c 

The effect of normal stress on deformation rate has been shown in 

Eq. (8), which also includes part of the time-dependent structure changes 

that occur during deformation. However, at the point of inflection, the 

structure is constant for any normal stress. The effect of normal pres-

sure can be separated from the pre-exponential coefficient of Eq. (17) 

without changing the fact that the point of inflection represents a 

point where effect of structure is constant. 

• C''' t,H'l'~ o op 6V e == exp - exp I-' 'f exp - I-' kT n V (27) 

The coefficient C"' in Eq. (27) represents, in addition to the proportionality 

constant and the entropy of activation, resistance to deformation due to 
I 

structure changes, other than that due to P 6V/V. As such, C"' is. a 
n 

quantity which varies with P 6V/V. A constant value of these effects 
n 

can be evaluated by extrapolating Eq. (27) to zero Pn. 

The effect due to consolidation pressure can be envisioned by 

considering frictional resistance of solids proposed by Bowden and Tabor 

(1950). The actual area of contact between solids is very small compared 

to the total area. The area of contact is related to applied load on the 

contact area. When compared to molecular dimensions, the surfaces 'of 

solids are relatively rough and the loa~ is carried by the highest points 

of i~regularity on the surfaces. The stresses at such contacts cause 

elastic and plastic deformations of the material until the contact area 

is large enough to carry the load. 
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If the applied load causes plastic deformations, bonds may form 

between the solid surfaces. If release of the load allows elastic 

rebound sufficient to break any bonds that may have formed, no permanent 

adhesion between solid particles results. This probably occurs in granular 

materials and there is no frictional resistance under zero normal load. 

However, in clays, bonds probably form between adsorbed water layers 

adjacent to the surface (rather than between atoms of the particle 

surfaces). These bonds are not all broken when the load is released. 

This effect would also be present in granular materials containing 

some clay or clay-size particles. In granular materials containing no 

clay particles, the consolidating pressure may have an effect since the 

greater the normal load, the greacer the plastic deformations of the 

irregular solid surfaces, This .would bring the surfaces closer to each 

other, allowing more bonds to form between the adsorbed water on these 

surfaces. Since plastic deformation of· the ~rregular solid surface is 

itself time-dependent, the formation of such bonds would also be 

time-dependent. A consolidating pressure, applied for some period of 

time would affect the number of bonds between particles. These bonds 

between larger particles of a granular system would probably be broken 

by elastic rebound if consolidation pressure were released. If this 

occurred before application of shear stress, the effect of consolidation 

pressure on deformation rate would be negligible. Since the materials 

used in this investigation contained some clay particles and the consolida~ 

tion pressure was not released before application of shear stress, the 

effect of consolidation pressure must be included in the rate equation. 

The effect of consolidation pressure on activation en,~rgy can be 

represe~ted by - Y'Pc' where y' represents the decrease in volume of an 

average flow unit due to application of consolidation pressure. 
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Consolidation Temperature 

The effect of consol~dation temperature· on deformation rate was 

previously reported by Noble (1968) and was assumed to cause an exponential 

variation in deformation rate. Noble's experimental data fit that as-

sumptiono 

Campenella and Mitchell (1968) have shown that increasing consolida-

tion temperature causes a decrease in void ratio for any consolidating 

pressure. The increase in amount of consolidation is probably due to 

dec'reasing viscosity of water with increasing) consolidation temperature. 

The decreased void ratio also indicates water content is less, making 

the remaining adsorbed water layers thinner and bringing particle sur-

faces closer to each other. This allows more bonds to form between these 

thinner adsorbed water layers than between thicker layers resulting 

from lower consolidation temperatures. 

If the increased number of bonds per degree of consolidation tempera-

ture is represented by a', the effect of consolidation temperature can 

i 
be represented by - a'T • 

c 

Setting Y = y'/kT and a= a'/kT, the rate equation becomes 

-
- I t:.H~·~ t:.V 

e C' exp - kT exp 13'T exp - 13Pn V exp - YPc exp - aTc 
s 

where 

C" is the same a.s C"' but with the effects of T and P 
c c 

separated. 

(28) 

These effects of consolidation temperature and pressure change the 

height of the energy barrier of the material. Increased consolidation 

pressure increases the number of bonds, as does higher consolidation 
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temperature, thus reducing the flow unit size, ~'· Including these 

effects in the rate equation allows comparison of the parameter ~ among 

material specimens subjected to different values of P and T • 
c c 

Model Equation 

Information from triaxial shear test data is more readily expressed 

in tenns of principal and/or deviator stresses rather than shear .and 

normal stresses. The major principal stress applied to a circular section 

of the cylindrical specimen, i.e·. perpendicular to the longitudinal 

axis, is the confining pressure in the triaxial cell plus the deviator 

stress applied through the loading piston, if the effect of cell 

pressure on the loading piston is.neglected. This can be described in 

the equation 

(29) 

where 

CJl is major principal stress, 

p is cell pressure, 

L is applied force on the loading piston, and 

A is the cross-sectional area of the specimen on which the 

load is applied. 

The minor principal stress, or the stress on any, plane perpendicular 

to the major principal stress, is sfmply the cell/press4re, or 

CJ "" p. 3 (30) 

From Mohr stress theory, the maximum shear stress in the specimen is 
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r.= 

and the stress normal to the maximum shear stress is 

p = 
n 

+""'" ' (Jl v3 

2 

(31) 

(32) 

Substituting the relationships from Eqs. (29) and (30) into Eqs. (31) 

and (32), 

L 
'T = 2A 

(33) 

and 

p L =-+ P• n 2A 
(34) 

The consolidation pressure on any plane in the specimen equals the 

cell pressure since the specimen is isotropically stressed during 

consolidation in a triaxial cell, or 

p = p. 
c 

(35) 

Substituting the r'elationships from Eqs. (33), _(34) and (35) into 

Eq. (28) and combining terms, 

• 6H~'<' RT. 
e = C" exp - kT exp ZA (_l - 6V/V)exp - ((3 6V/V + Y)p exp - a.Tc (36) 

s 

' The effect of 6V/V on the term [3L/2A (1 - 6V/V) can be neglected 

since the value of 6V/V is small compared to 1, usually less than 0.02 .. 

Because of the nature of the triaxial test and the experimental 

tech~iques used in this investigation, the effects of P and P on 
c n 

deformation rate are inextricably interrelated. The effect of variation 

of the pre-exponential coefficient d~e to structural changes and the 

effects of ((3 6V/V + Y) can be combined into a new linear coefficient of 
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cel.l pressure, p. This coefficient, designated µ,, is theoretically a 

variable quantity dependent on !:,V and probably on other quantities as 

well. But analysis of experimental data indicates that considering µ, 

constant does not introduce serious. error. 

Substituting these approximations into Eq. (36) gives the relationship 

Lill"'"' 8L e = C' exp - exp ~ exp - µ,p exp - aT kT 2A c (37) ' 
s 

which is the model equation proposed for deformation of materials~ 

From Eq. (34) the normal stress on the shear plane is greater than 

the consolidation pressure. This increase in normal stress during shear 

could also affect the number of bonds. However, formation of bonds is 

time-dependent_and, since deviator stress was repetitively applied and 

released, there was probably insufficient time for permanent bonds to 

form due to increased P • If any bonds were· formed, they were probably 
n 

broken by elastic re'bound as the deviator stress was released. 

Application of deviator stress, thus increasing normal stress, 

would also cause elastic deformation of the particles. Since elastic 

deformation would occur on the surface irregularities, the amount of 

volume change necessary for the material to deform would increase, i.e. 

increased microdilation. 
1

The necessary increase in volume change has 

been inc·luded in the t:,V/V term, but D.V is a function of P • Because of 
n 

this interdependence and the relationship between normai stress and 

consolidation stress, these effects have been combined into an experi-

mentally determined coefficient µ,in Eq. (37). 

Equation (37) can be used to evaluate the parameters which charac-

terize the material. If information about total deformation or the time 

to reach a given total deformation is desired, Eq. (24) must be used. 
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Substituting the relationships for shear and normal stress into 

Eq. (2·4), neglecting the effect of 6V/V or( ~ as before, and including 

the effects of consolidation temperature and pressure, the relationship 

for total strain becomes 

3 e = M" exp 
t,H·k QT_ 

exp ~ exp - 11p exp - aT • t. 
kT 2A '""' c 

(38) 
s 

Solving this equation for t, 

3 t.H·k 12!! t = _§_ exp exp - 2A exp µ,p exp cxl'c Mn kT 
(39) 

s 

Equation (39) can be evaluated for t at any constant e, by writing 

t.H~'( QT_ 

te = M' exp kT exp - U exp µ,p exp a.Tc (40) 
s 

where the coefficient M' represents the effect of all quantities af-

fecting the time to reach a total defqrmation e which are not 9therwise 

included in Eq. (40). To use Eq. (40) in this form, the quantities not 

specifically considered, i.e. total strain, must be held constant. 

In development of the theory to this point, the rate of deformation 

considered has been, the time rate of shear deformation" Shear deforma-

tions in a triaxial compression test cannot be measured because of the 

inability to control either the shear plane or thickness of the shear 

zone. It is assumed the shear deformations are proportional to axial 

deformations, conveniently expressed as a percentage of the initi~l 

specimen height. The number of applications of deviator stress were 

measured rather than time. Therefore, time, when used as a variable, 

can be replaced by the number of applications divided by the frequency 

of applications as shown in Eq. (2). 
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The deformation rate then becomes the rate of axial deformation per 

application of deviator stress if the frequency of application is included 

in the pre-exponential coefficient. Frequency of application was held 

constant throughout this investigation. Dimensionally, this rate of 

deformation is in units of percent per application. Likewise, .the time 

to reach a given deformation in Eq. (40) can be replaced by N/i and the 

constant .frequency included in that pre-exponential coefficient. 

These exponential relationships can be conveniently expressed by 

taking logarithms of both sides of the equations. Equation (37) then 

becomes 

ln ln C -
6H'>'c .Bk - aT E: = kT + µp -2A c (41) 

s 

and Eq. (40) becomes 

(42) ln N ln 
[itt;'c - .Bk+ µp + aT = M + kT E: 2A .. c s 

where the coefficients C and M include, in addition to those factors 

already stated, the proportionality constants for the relationships be-

' tween shear and axial deformations, the frequency of load applications, 

and the conversion of strain to percent strain. 

Equations (41) and (42) are the basic relationships evaluated in 

this investigation. Their development has been based on rate process 

theory and consideration of those factors known to affect deformation 

rateT As will be demonstrated, they are in substantial agreement 
! 

with observed experimental results. 
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EXPERIMENTAL PROGRAM 

Material Properties 

The granular material used in the experimental program was a crushed 

dolomite obtained from a quarry near Garner, Hancock County, Iowa. The 

material was approved by the Iowa State Highway Conunission for rolled 

stone bases and was tested in the condition as received from the quarry 

stockpile. 

Material properties, as determined by standard procedures, are sum­

marized in Table 1. 

The granular material was tested both with and without stabilizing 

additives. The stabilizing agent was a 120-150 penetration grade 

asphalt cement meeting specifications of the Iowa State Highway Conunis­

sion (1964) for petroleum asphalt. 



Table 1. Material properties. 

Textural composition (%) 

Gravel (> 2.0Q nun) 
Sand (2.0 nun:..;,,: 0.074 nun) 
Silt (0.074 nun - 0.005 nnn) 
Clay (< 0.005 nun) 
Colloids (< 0.001 mm) 

Atterberg limits 

Mineralogical composition 
(by x-ray diffraction) 

Calcite/Dolomite ratio 

33 

(by x-ray diffraction peak intensity) 

Moisture-density relationships 

Standard AASHO-ASTM density (pcf) 
Standard AASHO-ASTM optimum moisture content (%) 
Modified AASHO-ASTM density (pcf) 
Modified AASHO-ASTM optimum moisture content (%) 

Specific gravity 
(of minus No. 10 sieve fraction) 

Textural classification 

AASHO classification 

Specimen Preparation 

61. 6 
26.0 
10.2 
2.2 
1.4 

Nonplastic 

Calcite 
Dolomite 
with small amounts of 
Quartz 
Mica 
Kaolinite 

1.16: 1 

140.5 
7.6 

147.6 
5.4 

2.83 

Gravelly sandy loam 

A-1-a 

All specimens were prepared by vihljatory compaction procedures found 

by previous studies (Hoover, 1967) to; be more suitable than other 

methods. Each specimen was compacted 
1

in a 4-in. diameter by 8-in. high 

cylindrical mold attached to a Syntron Electric Vibrator table. A 

constant frequency.of 3600 cpm, amplitude of 0 .. 368 mm, surcharge weight 
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of 35 lb; a compaction period of two min, is the combination. of factors 

capable of producing standard AASHO density with minimum degradation 

(Hoover, 1967) and were used throughout the experiq1ent . 

. .. Untreated specimens were prepared by obtaining sufficient. air-dry 

material for a 4-in. diameter by 8-in. high cylindrical specimen; dis­

tilled water was added t9 obtain optimum moisture content. The granular 

material and water were mixed by hand to reduce degradation of the 

material,· after which the mixture was allowed to stand in a moist 

atmosphere for 10 min. After standing, the material was again hand 

mixed and two moisture samples of 100 to 125 g each were r~moved. The 

material was placed in the mold in three equal layers, each layer being 

rodded 25 times with a 5/8-in. diameter tapered point steel rod. 

After compaction, the height of each specimen was measured while 

still in the mold •. The specimen was then extruded with a hydraulic jack, 

wrapped in two layers of Saran wrap and .aluminum foil and the ends sealed. 

The specimens were then encased in a plastic sleeve to prevent deformation 

of the specimen under its own weight and stored at 75°F and 100% rela­

tive humidity until tested. 

The asphalt-treated specimens were prepared by obtaining sufficient 

aggregate and asphalt cement for the desired asphalt content (nominally 

4% by weight of the aggregate) for each specimen. The aggregate, asphalt 

cement, mixing bowl and mold were heated to 250°F. The aggregate and 

asphalt were then mixed in a mechanical mixer (Hobart Model S-601) for 

two min. The mixture was again heated and maintained until temperature 

of the mix reached 250°F. The. aggregate-asphalt mixture was then placed 

in a preheated mold and compacted in the same manner as the untreated 

specimens. 
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The asphalt content of each specimen was determined by actual weight 

of asphalt cement added to .the aggregate. 

After compaction, the specimens were extruded from the mold and allowed 

to cool to room temperature. They were then weighed, measured and stored 

at room temperature and humidity until tested. 

Triaxial Compression Apparatus 

The repetitive-load triaxial compression apparatus was designed by 

the Iowa State University Soil Research Laboratory and fabricated by the 

ISU Engineering Shop arrl Soil Research Laboratory (Figs. 4 and 5). 

The axial loading system, program control center, timer, counter and 

necessary control valves and pressure switches were manufactured by Enerpac. 

The hydraulic actuator had a capacity of 17,000 lbs at 10,000 psi fluid 

pressure. 

Applied axial load was measured by a Dillon Series 200, 10,000 lbs 

capacity lead cell and Dillon Type B meter readout. The meter readout was 

calibrated to read' directly in pounds, each scale division representing 

50 lbs. 

The timer, which controlled the time a preset load was held on the 

specimen, had a range from about 0.05 sec to 1.0 sec. The counter was capable 

of recording one million applications of load. 

Positive and negative pore water pressures were measured with a 0-100 psi 

pressure transducer (N. 4-312-0001) manufactured by Consolidated Electrodynamics 

and read by a Daytronic Corporation Model 300D Amplifier-Indicator with 

a Type 93 strain gage input module. The indicator was calibrated to read 

directly in pounds-per-square-inch with an arbitrary zero reference taken 

at atmospheric pressure. On the 10% scale,each division on the indicator 

represented 0.1 psi. 
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Figure 4. Repetitive load triaxial compression apparatus and control 
panel 

Figure 5. Repetitive load triaxial compression apparatus and strip 
chart recorders 
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Volume change was measured with a device developed at the Soil 

Research Laboratory which incorporates a linear variable differential 

transformer (LVDT). This device is capable of measurement precision 

near 0.03 cu in. Vertical deformations of the specimens were measured 

by a dial extensometer (0.001 in. per division) and simultaneously by 

an LVDT which was capable of 0.003 in. precision. Both the LVDT used in 

deflection measurement and that used in the volume change device were 

manufactured by Schaevitz Engineering. 

The volume change, deflection, pore pressure and axial load measure­

ment devices were designed such that all measurements could be continuously 

recorded on strip-chart recorders. 

Temperature control of the specimens was achieved by a controlled 

temperature water bath consisting of a 0.7 cu ft insulated glass jar 

. heated by an immersion heater and innnersed light bulbs equipped with 

rheostats. The light bulbs operated intermittently by an immersion 

controller, while the immersion heater operated continuously. Tempera­

ture of the test specimen and water in the triaxial cell were controlled 

by circulating water from the controlled temperature bath through a 

closed coil in the triaxial cell. Temperature of the cell water was 

measured by submerged thermocouple wires led through a. sealed connection 

in the triaxial c.e 11 cap and connected to a potentiometer calibrated to 

read directly in degrees Centigrade. Temperature control of the specimen 

with variations less than one degree Centigrade were possible with this 

arrangement. 

: ... 
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Test Procedure 

When ready for testing, a specimen was measured before being placed 

in the triaxial cell. Saturated corundum porous stones, each 1/2-in. 

thick, were placed at the top and bottom of the specimen. Specimen, 

cap, stones and base were sealed in a 0.025-in. thick seamless rubber . 

membrane. The removable heating coil was placed around the specimen and 

.the cell was filled with water. 

Water from the controlled temperature bath was circulated through the 

closed heating coil until the thermocouple readout indicated the de-

sired consolidation temperature. Because the measured temperature was 

that of the water in the cell rather than that of the specimen, the 

consolidation temperature was maintained for one hour to insure constant 

. 
temperature throughout the system before applying consolidating pressure. 

In all tests shear temperature was equal to or less than the consolida-

tion temperature. This was necessary since any increase in temperature 

above consolidation temperature would result in further consolidation, 

and shear strength would increase as a result of additional consolidation. 

To determine the effect of shear temperature separate from consolidation 

temperature, the specimens in each test series were consolidated at a 

temperature equal to the highest shear temperature used in the respective 

test series. 

After one hour at the consolidation temperature, the consolidating 

pressure ·was applied and volume change, pore pressure and deflection 

measurement.s were recorded. A uniform consolidation period of 36 min 

was used for each specimen. With this consolidation period, all 

specimens reached virtually a constant volume condition. 
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If shear temperature was to equal consolidation temperature, the 

specimen drain was closed and the repetitive load process initiated im-

mediately after consolidation. If a shear temperature lower than 

consolidation temperature was necessary, the specimen was cooled to the 

desired shear temperature. A minimum equilibration period of one hour 

was again used at this point in the test procedure. Cooling the specimen 

to the desired shear temperature after consolidating at a higher tempera-

ttire was a step which introduced some uncontrollable variation in the 

specimen, the effects of which will be discussed later. 

After equilibrating at the shear temperature, the specimen drain 

was closed and the repetitive load process initiated;, The specimens were 

subjected to repeated applications of a preset deviator stress until 

axial deformation reached about 15% of the initial specimen height or 

untiL a minimum of 10,000 applications of the stress had been sustained, 

which ever occurred first. 

During repeated loading, pore pressure, volume change and deflection 

were continuously recorded on the strip-chart recorders. The number of 

applications were periodically recorded on the strip-charts, thus re-

la.ting pore pressure; volume change and deflection to the number of stress 

applications. Since deviator stress and shear temperature were held 

constant throughout the test on any one specimen, these were monitored 

on their respective readouts to insure that they did remain constant. 

The dwell time, or time that the ·deviator stress was maintained on 

the specimen during one stress application, was maintained constant at 

1 sec throughout the entire experimental program. The rise and decay 

times of the stress pulse, plus the "dead" time, consumed a combined total 
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time of about 1 sec so the frequency of stress application was 30 to 

33 applications per minute. 

Computations necessary for analysis of data from this study were 

done primarily with facilities of the Computation Center, Iowa State 

University, using programs espec'ially developed by the Soil Research 

Laboratory. 

Discussion of Procedure 

Despite efforts to standardize all procedures described above, 

some scatter of results was observed. In a complex testing program, the 

large number of variable quantities comprise many potential sourc1~s of 

experimental error. Much of the scatter in results reflects these random 

errors. 

However, one source of error which may be systematic involves those 

changes that occur in the specimen when it is cooled after consolidation 

at a higher temperature. 

More consolidation takes place at higher than at lower temperatures 

due to lower viscosity of water. When consolidation is complete, it is 

impossible to lower the temperature in the triaxial cell while maintaining 

the same conditions of pore pressure, moisture content and saturation. 

This is due to the coefficient of volumetric expansion of water being 

10 times that of mineral matter. Thus, as the specimen was cooled, 

negative pressure occurred in the pore water as the water contracted more 

than the mineral matter. If the specimen is cooled with the specimen 

drain cl9sed, negative pore pressures will develop, the magnitude depending 

on the temperature differential. If the specimen is cooled with the 
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specimen drain open, negative pore pressure will not build up, but the 

moisture or air content will be changed, depending on whether the 

specimen drain is connected to a water reservoir. When the drain is 

not connected to a water reservoir, the degree of saturation and 

moisture dis.tribution in the specimen will be changed since air could 

enter the specimen only from one end. 

All methods described above were tried in an attempt to determine 

a method that would give consistent results. Cooling the specimens 

with the drain open to a water reservoir was finally adopted. It was 

thought changes in moisture content due to cooling would not significantly 

affect results. However, analysis of data subsequently obtained indi­

cated these changes in moisture content affect deformation rate. 

These effects will be further discussed in the analysis of results section. 

Testing Program 

Laboratory tests performed in this investigation were all isotropically 

consolidated, undrained, repetitive-load triaxial compression tests. 

For simplicity in discussing the results of these tests, they have 

been classified into series and groups according to the triaxial cell 

pressure and consolidation temperature as shown in Table 2. Each test 

consisted of two stages: a consolidation phase in which the specimen 

was isotropically consolidated under a cell pressure equal to the 

confining pressure during shear; and a triaxial shear phase during 

which a deviator stress was repeatedly applied_ and released. Each test 

group consisted of several specimens differing only. in the level of 

repeatedly applied deviator stress. 
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Table 2. Test series and groups. 

Series Group p ' psi T ' oc T 0 c c c s' 

A SA 5 25 25 
lOA 10 25 25 
15A 15 25 25 
20A 20 25 25 

Bl 25Bl 10 60 25 
40Bl 10 60 40 
60Bl 10 60 60 

B2 25B2 20 60 25 
40B2 20 60 40 
60B2 20 . 60 60 

6 25C 10 60 .25 
40C 10 60 40 
60C 10 60 60 

In Table 2, P is consolidation pressure and T and T are consolid~-
c c s 

tion and shear temperature, respectively. Test series A consisted of all 

untreated specimens consolidated and sheared at 25oc. Test groups in 

series A designate the consolidation pressure for that group. Test 

series Bl and B2 consolidated at 60°C, series Bl having been consolidated 

and sheared under 10 psi pressure and series B2 under 20 psi pressure. 

Test series C consisted of asphalt-treated specimens, all consolidated 

at 60°C and sheared under 10 psi pressure. The test groups in series Bl, 

B2, and C indicate the shear temperature. 
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RESULTS AND ANALYSIS 

Methods of Analysis 

Small variations in materials, specimen preparation, and testing. 

procedure were reflected in the behavior of each specimen. Since each 

test and/or group or series of tests contained a reasonable number of 

data points and the equations describing material behavio.r, Eqs. (18), 

(41), and (42),' consist of linear relationships or combinations of linear 

relationships, the data could be treated by least squares fitting. All 

data were so treated. Statistical tests, where appropriate, were made 

on the quantities computed to help interpret the results. 

Because of the number of tests and the number of individual data 

points obtained for each test, it was not practical to include all 

primary data from all tests in either tab~lar or graphic form, but 

tables of observed quantities and representative graphs have been in­

cluded for each type of analysis. 

Since pore pressure does not appear in any of the equations proposed 

to describe material behavior, no attempt has been made to describe the 

effect of pore pressure on deformation rate. This does not mean pore 

pressure does not affect material behavior, but rather pore.pressure does 

not independently affect material behavior. Any such effe~t has been 

included in other quantities. Pore pressure measurements and deflection 

measurements made with the dial gauge extensometer were useful for ob­

serving general behavior of the specimen at any stage duri.ng a test. 
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Strain-Stress Application Relationships 

Total strain after various numbers of stress applications was com'-
1 

puted. Typical plots are shown in Figs. 6 and 7 for.Test Groups lOA and 

25C. These curves show the effect of different ~eviator stresses at 

N 
0 20 ....... 

'O. 

119o4 psi 

. I 

D == 111 .4 psi 

5 
D .., 95~5 psi 

2 3 4 5 6 7 

DEVIATOR STRESS APPLICATIONS~ N x 10-S/ 

Fig. 6 •. Strain versus deviator stress ap,plications curves, Group lOA. 

fixed levels of other vari~ble~. The shape of these curves is essentially 

the :Saine as those published by other researchers for ;soils and other 

materials if the number of applications were replaced by time on.the 

abscissa. 

To test applicability of Eq. (18) to deformatiori of material, plots 

of strain versus the cube root of the number of applications were made 

and are shown in Figs. 8 and 9. Least squares regression analysis of 
, I 
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25 

20 

"#. 15 D = 191.oO psi D = 15lo2 psi. 

5 
D sc 139.3 psi 

2 3 4 5 7 
DE VIATOR STRESS APPLICAT iONS, N x 

Fig. 7. Strain versus deviator stress applications curves, Group 25C. 

all 64 tests are shown in Tables 3 through .15. Deviator stress, equal to 

L/A in Eq. (33), is denoted D; e is the' axial strain; and N is the number 

of applications of the de~ignated deviator streis. Columns headed e 
0 

and b indicate values of intercept and slope computed in the regression 

analysis and, below each ;value, its standard error. The column headed 

r is the correlation coefficient of the regression. These analyses do 

not represent the entire strain versus stress application curve; only 

the transient portion of the creep curve is represented (stage II of Fig. 3). 

Computed values .of b in Tables 3 through 15 reflect the changing 

value of de,viator stress. Apparently volume change, in the range of 

strain considered here, is also a linear function of deviator stress, 
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2 

0 
' 1 

0 1 2 3 4 5 6 7 
CUBE ROOT OF DEVIATOR STRESS APPUCATIONSir N l/3 

Fig. 8. Strain versus cube root of deviator stress applications rela­
tionships, Group SA. 

so this effect is included in the computed value of b. At strain values 

above those listed in Tables 3 through 15, volume change has an effect 

independent of, or not linearly related to, deviator stress and the 

strain application relationship cannot be represented beyond these 

values by Eq. (18). 

Values of the intercept, e
0

, in Tables 3 through 15, indicate no 

systematic relationship to the level of deviator stress but appear to 

be distributed about zero. Of the 64 regression analyses, there are 

30 negative values of the intercept and 34 positive values. About one-half 

the values of e are not statistically significant at a significance 0 . 

level of 0.05. 

·1 
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183 .. 1 psi 
5 

4 

0 

D ='= .127.4 psi 

2 3 ~· 5 6 7 

CUBE ROOT OF DEVJATOR. STRESS APPUCATIONS, Nl/3 

Fig. 9. Strain versus cube root of deviator stress applicati~ns rela­
tionships, Group 15A. 

Because of this apparent random variation in the computed values 

of e , the assumption in Eq. (22) that elastic deformation is small 0 . . 

compared. to total de form!'ltion seems justified. Computeq values of e
0 

are thought to represent experimental variation in apparatus and pro,ce-

e 

dure. ·Some obvious potential sources of error include imperfect contacts 

between various ele.ments of the loading mechanism and. variable seating 

of porous stones. on the ends of the specimen when the repetitive load 

process was. initiated. 
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Table 3. Strain-stress applications, Group SA. 

Regression analY.sis, 

Nl/3 
e versus N173 ; 

D, psi e, % N. E: ' s b, s r 
0 e e 

63.7 0.94 10 2.154 - 0.099 0.377 0.997 
L28 50 3.684 
1. 66 100 4.642 0.088 0.009 
2.00 200 5.848 
2. 72 500 7.937 
3.58 1000 10.000 
4.11 1500 11.447 
4.64 2000 12.599 
5.13 2500 13.572 
5.39 3000 14.422 
5.73 3500 15.183 

75.6 1.46 50 3. 684 - 0.746 0.582 0.998 
1.91 100 4.642 
2.62 200 5.848 0.117 0.021 
3.91 500 7.937 

99 •. 5 2.17 50 3.684 - 0.991 0.880 0.999 
3.21 100 4.642 
4.14 200 5.848 0.187 0.032 
5.97 500 7.937 

119.4 1.83 5 1. 710 ·- 0.592 0.303 0.993 
2.06 10 2.154 
4.00 50 3.684 0.358 0.110 

127 .4 2.05 5 1. 710 0.462 0.950 0.995 
2.61 10 2.154 
3.80 50 3. 684 0.207 0.063 
4.96 100 4.642 
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Table 4. ·Strain-stress applications, Group lOA. 

Regression analysis, 

Nl/3 
e ver~us Nl73 

D, psi e, % N ~· b, eo' s s .r 
e e 

87.6 1.03 10 2.154 0.734 0.152 0.996 
1.41 50 3.684 
1.45 100 4.642 0.046 0.066 
1.60 200 5.848 
1.91 500 7.937 
2.32 1000 10.000 
2.44 1500 11.447 
2. 60. 2000 12.599 
2.82 2500· 13. 572 : c 
2.98 3000 14.423 
3.09 3500 15.183 -' 

95.5 0.75 5 1.170 0.389 0.187 0 .99·9 
0.81 10 2.154 
1.07 50 3.684 I _ 0.021 0.003 
1.24 100 4.642 
1.45 200 5.848 
1.85 500 7.937 
2.25 11000 10.000 
2.53 1500 11.447 
2. 7.9 2000 12.599 

'. 
I 

103.5 1.42 . 50 3.684 o ~ tno 0.360 0.998 
1.64 100 : 4.462 
2.09 200 5.848 0.082 0.009 
2. 77 500 7.937 
3.74 1000 10.000 
4.04 1500 11.447 
4.57 2000 12.599 
4.91 2500 13.572 

111.4 0.75 5 1. 710 - 0.252 0.460 0. 998 ' 
0.78 10 2.154 ,. 
1.27 ) '50 3.684 0.082 O.Oll 
1. 75 100 4.642 
2.42 200 5.848 
3. 39 500 7.937 
4.36 '1000 10.000 
5.00 1500 11.447 
5. 63 I . 2000 12.599 

119.4 .1.10 10 2.154 - 0.052 
'-

('. 

0.632 0.993 
2.41 50 3.684 
3.03 100 4_. 642 0.228 0.044 
3.72 ~200 5.84.S 
4.82 500 7.937 



Table 4. Continued. 

D, psi 

125.4 

139.3 

147.3 

159.2 

167.2 

€, % 

1. 58 
2.43 
3.04 
3.89 

1. 58 
2.53 
3.35 

2. 43 
5.51 
6.93 

2.21 
2.49 
3~25 

3.74 

1.45 
1.94 
2.87 
3.62 
4.10 
4.55 
4.92 

N 

10 
50 

100 
200 

10 
50 

100 

10 
50 

100 

5 
10 
19 
25 

1 
2 
5 

10 
15 
20 
25 

50 

1/3 
N 

2.154 
3o 684 
4.642 
5.848 

2.154 
3.684 
4.642 

2.154 
.. 3. 684 

4.642 

1. 710 
2.154 
2. 668 
2.924 

1.000 
1.260 
1. 710 
2.154 
2.466 
2. 714 
2.924 

Regression analysis, 
. e versus Nl/3 

0.185 o. 625 0.998 

0.115 0.027 

0.031 0.703 0.996 

0.234 0.064 

- 1.424 1.827 0.997 

0.515 0.141 

- 0.065 1.264 'O. 981 

0.431 0.179 

- 0.287 1. 790 0.999 

0.068 0.032 
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Table 5. Strain-stress applications, Group 15A. 

Regression analysis, 

Nl/3 
e versus Nl/3 

D, psi e, .% N eo' s e b' s r e 

127 .4 1.33 10 2.154 0.886 0.181 0.995 
1.52 50 3.684 I 

1. 75 100 4.642 0.056 0.009 
1.86 200 5.848 
2.32 500 7.937 
2.74 1000 10.000 

127.4 1.88 50 3. 684 1.276 0.163 0.992 
2.07 100 4.642 
2.26 200 5.848 0.082 0.010 
2.45 500 7.937 
2.92 1000 10.000 
3.20 1500 11.447 

147.3 1.38 5 1. 710 0.448 0.570 0.999 
1. 71 10 2.154 
2.49 50 3. 684 0.063 0.013 
3.20 100 . 4. 642 
3.76 200 5.848 
4.95 500 7.937 

159.2 10 2.154 0.181 0.181 o. 770 0.998 
2.98 50 3.684 
3.63 100 4. 642 0.137 0.026 
4.65 200 5.848 
6.38 500 7.937 

183.l 1.66 10 2.154 - 1. 548 1.544 0.997 
4.46 50 3.684 
5.44 100 4.642 0.310 0.063 
7.41 200 5.848 
8.84 300 6.694 

191.0 1. 75 5 1. 710 0.274 0.864 0.999 
2.14 10 2.154 
3.46 50 3.684 0.013 0.005 

207.0 3.15 10 2.154 - 1.872 2.256 0.997 
4.13 20 2. 714 
4.98 30 3.107 . 0.247 0.073 
5.85 40 3.420 
6.42 50 3.684 
6.98 60 3.915 
7.52 70 4.121 
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Table 6. Strain-stress applications, Group 20A. 

Regression analY.sis, 

Nl/3 
e versus Nl/3 

D, psi e, % N € ' s b' s r o e e 

151. 2 L66 10 2.154 0.859 0.453 0.999 
2.67 50 3. 684 
3.00 100 4.642 0.066 0.005 
3.65 200 5.848 
4.26 500 7.937 
5.46 1000 10.000 
6.07 1500 11.447 
6.59 2000 12.599 
6.97 2500 13. 572 
7.35 3000 14.423 

. 7. 76 3500 15.183 
8.03 4000 15.874 
8.25 4500 16.510 
8.59 5000 17.100 
8.97 5500 17.652 

191.0 1.48 5 1. 710 0.598 0.602 0.997 
1.94 10 2.154 
2.89 50 3.684 0.107 0.022 
3.53 100 4. 642. 
4.06 200 5.848 
5.32 500 7.937 

207.0 3.44 50 3.684 0.648 1.098 0.999 
4.47 100 4.642 
5.65 200 5.848 0.185 0.032 
8.13 500 7.937 

222.9 1.43 5 1. 710 - 0.449 1.101 0.999 
1.95 10 2.154 
3.56 50 3.684 0.;058 0.018 
4.69 100 4.642 

230.8 1. 60 1 1.000 - 0.172 1.651 0.999 
2.57 5 1. 710 
3.28 10 2 .154 0.101 0.038 
4.29 20 2 .114 
4.92 30 3.107 
5.53 40 3.420 
5.9T ·so 3.684 
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Table 7. Strain-stress applications, Group 2SB1. 

Regression analY.sis, 

Nl/3 
e versus Nl/3 

D,. psi e, % N eo' s e b. s r ' e 
,,.,_ 

127.4 1. 71 so 3.684 0.908 0.206 0.999 
1.86 100 4.642 
2.os 200 S.848 0.03S 0.003 
2.S4 soo 7.937 
3.07 ipoo 10 .ooo 
3.19 lSOO 11.447 
3.44 2000 12.S99 
3. 68. 2SOO 13.S72 
3.91 3000 14.22S 
4.02 3SOO lS.183 

) 4.16 4000 lS.874 
4.29 4SOO 16.SlO 
4.42 sooo 17.100 
4.S6 ssoo 17.6S2 
4.67 6000 18 .171 

143.3 2.46 so 3.684 - 1. 883 1.179 0.999 
3.60 100 4.642 
s.01 200 S.848 0.031 0.006 

163.2 4.07 so 3.684 1.462 0.700 0.999 
4. 68 100 4.642 
S.54 200 5.848 0.075 0.013 
6.64 400 7.368 

191.0 3.32 10 2.1S4 - 0.520 1.772 0.998 
4.24 20 2. 7,14 
S.02 30 3.107 0.264 0.098 

207.0 2.08 s 1. 710 - O.S91 1.533 0.998 
2.65 10 2.154 
3.52 ·20 2. 714' 0.174 0.070 
4.22 30 3.107 

I 
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Table 8. Strain-stress applications, Group 40Bl. 

Regression analysis, 

Nl/3 
e versus Nl/3 

D, psi e, % N eo' s e b, s r e 

~ 

111.4 1.83 100 4.642 0.901 0.193 0.998 
2.02 ·200 5.848 
2 .40 500 7.937 0.050 0.006 
2.82 1000 10.000 
3.14 1500 11.447 

127 .4 2.16 50 3.684 o~ 770 0.376 0.998 
2 .47 100 4.642 
3.02 200 5.848 a.on 0.016 
3.74 500 7.937 

143.3 3.26 50 3.684 o. 716 0.695 0.999 
3.99 100 4.642 
4. 7 5 200 5.848 0.081 0.014 
6.24 500 7.937 

179.1 2.11 10 2.154 - 0.776 1. 325 0.999 
4.03 50 3. 684 
5.42 100 '4 0 642 0.'195 0.053 

191.0 2.54 10 2.154 - 0.874 1.552 ·. 0.997 
4.67 50 3.684 0.442 0.121 
6.44 100 4.642 

207.0 1.46 1 1.000 0.179 1.259 0.998 
1. 76 2 1.260 
2.29 5 1. 710 0.077 0.048 
2.92 10 2.154 

I 
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Table 9. Strain-stress applications, Group 60Bl. 

Regression analysis, 

Nl/3 
E: versus Nlt 3 ' 

D, psi E:, % N E:o' 5 e b, s r e 

127 .4 1. 71 10 2.154 1.038 0.335 0.993 
2.36 50 3.684 
2.59 100 4.642 0.116 0.027 
2.97 200 5.848 

127 .4 1.65 10 2.154 0.981 0.310 0.997 
2.10 50 3.684 
2.47 100 4.642 0.070 0.016 
2. 77 200 5.848 

143.3 2.35 50 3.684 0.819 0.411 0.998 
2.70 100 4.642 
3.24 200 . 5.848 0.118 0.024 

163.2 4.24 50 3.648 0.598 1.012 0.998 
5.41 100 4.642 
6.54 200 5.848 0.245 0.046 
7.32 300 6.694 

207.0 2.78 5 1. 710 0.072 1.666 0.997' ;-.;. 

3.54 10 2.154 
3.96 15 2.466 0.196 0.085 
4.49 20 2.714 

I 
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Table 10. Strain-stress applications, Group 25B2. 

Regression analysis, 

Nl/3 
e versus Nl73 

D, psi E:' % N eo' s b, s r e e ,. 

183.1 2.41 50 3.684 0.873 0 .1 .. 31 0.998 
2.94 100 4,. 642 
3.40 200 5.848 0.113 0.020 
4.28 500 7.937 

199.0 2.56 50 3.684 - 0.362 o. 779 0.995 
3.16 100 4.642 
4.23 200 5.848 0.011 0.074 

199.0 2.49 50 3. 684 0.108 0.646 0.999 
3.10 100 4.642 
3.87 200 5.848 0.355 0.002 

238.8 3.84 50 3. 684 - o. 771 1.248 0.999 
5.01 100 4.642 
6.52 200 5.848 0.036 0.007 
8.44 400 7.368 

Table 11. Strain-stress applications, Group 40B2. 

Regression analysis, 

Nl/3 
e versus Nl73 

D, psi E:' % N eo' s b, s r e e 

199.0 2.17 50 3.684 0.878 0.352 0.999 
2.52 100 4.642 
2.94 200 5.848 0.018 0.004 

238.8 3.15 50 3.684 0.297 o. 771 0.999 
3.87 100 4.642 
4.81 200 5.8:48 0.047 0.010 



- 57 

Table 12. Strain-stress applications, Group 60B2. 

Regression analy,sis, 

Nl/3 
e versus N173 

D, psi E:' % N E:o' s b' s r e e-

:I 183.1 2.27 50 3.684 0.604 0.454 0.999 
2. 72 100 4.642 
3.25 200 5.848 0.047 0.010 

199.0 2 .41 50 3. 684 0.638 0.478 
2.87 100 4.642 

I I 238 .8 3.31 50 3.684 0.572 0.757 0.999 
4.15 100 4.642 

,c-. 5.02 200 5.848 0.122 0.022 
6.12 400 7.368 

Table 13. Strain-stress applications, Group 25C. 

I I 
Regression analysis, 

e versus Nl/3 
D, psi E:' % N Nl/3 

E:o' s b, s r e e 

115.4 0.56 50 3. 684 : .0.315 0.080 0.953 
-1 0.75 100 4.642 0.103 

0.78 200 5.848 0.018 
0.93 500 7.937 

139.3 0.55 50 3.684 0.270 0.080 0.985 
0.63 100 4.642 
0.78 200 5.848 0.057 0.010 
0.88 500 7.937 

151. 2 0.76 50 3.684 0.176 0.121 0.909 
0.95 100 4.642 
1.15 200 5.848 0.007 0.033 

191.0 o.ss 10 2.154 0.175 0.331 0.995 
1.00 so 3.684 
L34 100 4.642 0.113 0.031 
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I 
Table 14. Strain-stress applications, Group 40C. 

Regression analxsis, 

Nl/3 
E: versus Nl/3 

D, psi E:' % N E:o' .se b9 s .r e 
/. 

99.5 1.22 50 3.684 - 0.206 0.381 0.998 
1.54 100 4.642 
2.04 200 5.848 0.108 0.023 

3.,684 ' 
111.4 1.33 50 - 1.292 0.706 0.999 

1.96 100 4.642 
' "' 2.85 200 5.848 0.119 0.025 

119.4 Lll 50 3.684 - 0.379 0.397 0.994 
.. --::-... 1.41 100 4.642 

1.97 200 5.848 0.205 0.043 

135.3 0.95 10 2.154 0.109 0.431 0.988 
1.84 50 3.684 
2.57 100 5.848 0.275 0.066 

Table 15. Strain-stress applications, Group 60C. 

Regression analY.s~s, 

Nl/3 
E: versus Nl/3 · 

D, psi E:' % N E:o' s b, s r e e 

79.6 1.00 100 4.642 - 1.977 0.649 0.999 
1.86 200 5.848 
3.16 500 7.937 0.157 0.025 

91.5 1.41 50 3. 684 - 2.064 0.900 0.992 
2.09 100 4.642 
2.92 200 5.848 0.450 0.078 
5.22 ' 500 7.937 

99.5 2.361 50 3.684 - 5.029 1.993 0.997 
4.10 100 4.642 
5.63 150 5.313 o. 595 0.129 

111.4 1.26 5 1. 710 2.903 2.278 0.975 
1. 72 10 2-.154 
3.02 20 2.714 0.896 0.361 
4.46 30 3.107 
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Deviator Stress-Application Relationships 

The number of applications at which each specimen reached total 

at I Strains of 2% and 510 were computed and plotted on a semi-logarithmic 

seal~ versus,the applied deviator stress for each test group. All 

other variables were constant. Typical examples are shown in Figs. 10 

and 11. Regression analyses for all 13 groups of tests are shown in 

Tables 16 through 19, where the column headings are as previously defined. 
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Fig. 10. Variation in number of 
stress applications for 2% 
and 5% strain with deviator 
stress, Group SA. 
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Fig. 11. Variation in number of 
stress applicatton~ for 2% 
and 5% strain with deviator 
stress, Group lOA. 
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Table 16. Stress-applications at 2% and 5% strain, Series A. 

Regression analysis, ln N§ veraua D 
2% 5% 

Intercept, ~/2 x 102, r Intercept, f,/2 x 102, r 
Group D, psi N, 2% N, 5% 13 8 B fl 

e e e e 

SA 63.7 200 2423 9.116 5.807 0.995 11.415 5.834 0.995 
75.6 113 877 
99.5 37 340 0.346 0.345 0.354 0.353 

119.4 8.6 81 
127 .4 4.9 52 

lOA 87.6 698 10791 12.892 7.245 0.983 13.752 7.862 0.986 
95.5 689 6728' 

103.5 179 2593 0.619 o.483 0.595 0.464 
111.4 137 1502 
119.4 37 546 
125.4 30 391 
139.3 28 .265 
147.3 8.2 43 
159.2 4.5 38 
167.2 2.2 26 

15A 127.4 289 5030 9.485 3.582 o.8e1 16.752 . 6. 759 0.976 
127.4 81 4977 
147.3 25 518 1.534 0.9~5 1.121 0.676 
159.2 12 260 
183.1 15 78 
191.0 8.2 31 
207 .o 6.3 30 

20A 151.2 23 808 6.449 2.092 0.817 12.551 3.671 0.924 
·191.0 13 424 
207.0 29 145 l. 726 0.852 1.780 0.878 
222.9 11 118 
230.8 2.6 31 

The intercept, calculated by extrapolating Eq. (42) to zero deviator 

stress, has no physical significance since it represents the calculated 

number of zero deviator stress applications necessary to produce the 

stipulated strain. 

The values of [3 calculated for total strains of 2% and 5% exhibit 

some variation in some test groups. From derivation of Eq. (42), the 

difference between the 2% and 5% strain curves should be constant and 

independent of deviator stress level. However, this derivation was 
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Table 17. Stress-applications at 2% and 5% strain, Series Bl. 

Regression analysis, ln N6 versus D 
~'7. .)% 

Intercept, S/2 x io2, r Intercept, fj/2 x 102. r 
Group D, psi N, 2% N, 5% s B .s s e e e e 

25Bl 127~4 174 7921 10.538 4.459 0.983 16.015 6.351 0.922 
143.3 41 498 
163.2 25 138 0.803 0.47 5 2 .599 1.538 

'191.0 6.0 30 
207.0 4.8 41 

20Bl 111.4 190 4744 8.975 3.372 0.979 13.089 4.743 0.965 
127.4 46 1000 
143.3 31 250 0.630 0.385 1.050 0.642. 
179. l 9.5 85 
191.0 7.9 59 
207.0 3.4 37 

60Bl 127.4 28 1343 7.407 2.833 0.922 13.687 5.199 0.966 
127 .4 41 1221 
143.3 43 703 1.070 0,684 1.246 0.796 
163.2 24 82 
207,0 3.6 25 

Table 18. Stress-applications at 2% and 5% strain, Series B2. 

Regression analysis, ln Ni;; versus D 
~% 3% 

Intercept, rp/2. x ioz, r Intercept, rp/2 x 102 , r 
Group o. psi N, 2% N, 5% B .Be s s 

e e e 

25B2 183.l 42 836 5.433 0.901 0.974 13.613 3. 776 0.997 
199.0 39 466 
199.0 40 405 0.305 01148 0.389 0.189 
238.8 26 100 

40B2 199.0 46 1536 5.645 0,885 16.920 4.805 -
238.8 32 226 

60B2 183.1 44 1247' 5.094 0.706 0.994 13.567 3.443 0.986 
199.0 41 989 
238.8 30 198 0.156 0.075 1.195' 0.574 

based on the assumption that the effect of E: could be neglected if it 
0 

is small compared to E:. Valid~ty of this as~umption has been shown in 

the previous section, but in some groups, especially in Series B2, the 

value of E: apparently has considerable effect on the calculated value of 
0 . 

·~ at 2% strain. 

.. 
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Table 19. · Stress-applications at 2% and 5% strain, Series C. 

Regression analysis, ln N6 versus D 
2% 5% 

Intercept, fi/2 x 1oz r Intercept, f,/2 )( 102 r 
Group D, psi N, 2% N, 5,;, B 6 Ii Iii e e e e 

25C 115.4 11289 13.305 5.495 0.963 14.890 5.878 0.919 
139.3 4380 14150 
151.2 738 1902 1.648 i .o:36 4.076 .2.514 
191.0 200 462 

40C 99.5 193 912 8.029 2.741 0.721 9.990 3.221 0.849 
111.4 105 441 
119.4 205 . 695 2.180 1.860 1.658 1.415 
135.3 61 248 

60C 79.6 231 1516 12. 961 9.327 0.996 17.102 12.179 0.996 
91.·s 93 471 
99.5 42 129 0.516 0.536 0.736 0.765 

111.4 12 34 

Strain Rate-Stress Relationships 

A necessary condition for valid application of Eq. (41) to the 

deformation of materials is that the value of strain rate e must be 

determined at the point where strain acceleration '€ is zero. A methC'd 

of determining strain rate at.the point where € = 0 has been reported by 

Noble (1968). Calculated values of strain rate were plotted versus 

strain corresponding to the calculated strain rate. From these plots, 

points of minimum strain rate could be determined, representing the 

point E: 0. The point actually determined by this graphical method is 

d€/de = O, but it can easily be shown that de/dt = 0 at the same point. 

The above method of determining meaningful strain rates was used in 

this investigation. Strain rate was calculated for each point on the 

strain-stress application curve. Calculations were made with a computer 

program by taking differential strain betwe.en two points and dividing by 
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number of stress applications between points. The value of strain rate 

thus determined was reported for the leading point of the two considered. 

This method is not exact since slope of the strain-stress application 

curve was computed for· an increment of the curve and reported as strain 

rate at a point. However, by choosing points at close enough intervals 

of stress application, precision can be adequate. This method is be­

lieved to be as precise as, and less prone to error than, any graphical 

method of determining strain rate at a point~ 

Values of the strain rate thus determined were plotted versus the 

respective value of strain at which they occurred. Because of the wide 

range in the value of strain rate for each stress level, the curves were 

plotted with strain rate on a logarithmic scale. Figures 12 and 13 show 

these plots for Groups lOA and 25C. As can be seen in Fig. 12, not all 

curves exhibit a definite minimum value of strain rate. Some, especially 

at lower stress levels, ·have a minimum value after which the strain 

rate increases and then decreases. To determine a strain rate value 

corresponding to ii = 0 for all stress levels, a line was drawn connecting 

the minimum points of those curves which did not exhibit minima; strain 

rate at the point where this line intersected curves with no definite 

minimum was used as the strain rate for that. respective stress. level. 

The phenomenon of some curves having a minimum point followed by an 

increase and then further decrease in strain rate is attributed to con­

finement of the specimen in the triaxial test. Increasing strain rate 

likely represents incipient rupture of the material, but rupture is 

prevented since the specimen is confined in the triaxial cell. 

Tables 20 through 23 show the values of strain rate thus determined 

for each stress level in all test groups. Also included in these tables 
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Fig. 13. Strain rate versus strain.­
Group 2SC. 

J is moisture content (or asphalt content) as determined at the time each 
'/ 

specimen was molded. Regression results shown were obtained from regres-

sion of logaritlun f!train rate versus deviator stress in each test 

group. Consolidation and shear temperatures as well as confining pre.ssure 

were held constant within each test group. Moisture co~tent or asphalt 

content was not included as a variable in this analysis. Any effect due 

to variation in moisture content or asphalt content is included in the 

standard error of the slope and intercept. Column headings are as 

previously defined except that i•d.f.-; 11. residual. degrees of freed~m of the 

regression, has b~en adped. 

'l 
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Table 20. Deviator stress-strain rate, Series A. 

Regression analysis, 

E: x 10
4

, 
Moisture ln E: versus D 
content, Intercept, ~/2 x 102, d. f. r 

Group D, psi %/ appl % s s 
e e 

SA 63.7 7.6 7.35 10.625 5. 715 3 0.987 
75.6 23.0 7. 77 
99.5 68.0 7.44 0.529 0.527 

119.4 300.0 7.73 
127.4 270.0 7 .21 

lOA 87.6 2.0 7.29 - 15.081 7. 611 8 0.993 
95.5 3.5 6.93 

103.5 7 .4 8. 69 0.422 0.327 
111.4 14.0 7 .42 
119.4 37 .o 7.69 
125.4 45.0 7.08 
139.3 86.0 8.22 
147.3 300.0 8.07 
159.2 590.0 6.11 
167.2 660.0 7.35 

15A 127.4 2.5 6.93 14.472 5.200 4 0.977 
127.4 7.10 
147.3 14.0 7.31 0.979 0.578 
159.2 33.0 7.17 
183.1 ·78 .o 8.08 
191.0 82.0 6.97 
207 .o 220.0 7.08 

20A 151.2 3.0 8.07 - 17.103 5 .815 3 0.971 
191.0 15.5 6.92 
207.0 88.0 7.35 1. 681 0.829 
222.9 98.0 7.28 
230.8 400.0 7.17 

Representative plots of logarithm strain rate versus deviator stress 

are shown in Figs. 14 and 15. The results shown and tabulated in Tables 20 

through 23 were obtained by holding T , T and P constant, so the combined 
s c 

effects of these factors are included in the calculated intercept. 

__j___ 
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Table 21. Deviator stress-strain rate, Series Bl. 

Regressio~ analysis, 

€:' x 10
4

' 
Moisture ln ~ ·irersus D · 
content, Intercept, ~/2 x 102, d. f 0 r 

Group D, psi %/appl % s s e e 

25Bl 127 .4 1.8 6. 71 - 17 .487 7.294 3 0.972 
143.3 14.0 7.23 
163.2 32.0· 7.88 1. 714 1.014 
191.0 600.0 7.47 
207.0 500.0 7.18 

40Bl 111.4 2.5 6.98 - 13.885 5.490 4 0..984 
127.4 18.0 7.00 
143.3 27.0 6.84 0.803 0.491 
179.1 150.0 6.80 
191.0 400.0 7.42 
207.0 680.0 7.06 

60Bl 127 .4 10.0 7.58 - 14.171 5.787 3 0.998 
127.4 12.0 7.00 
143.3 26.0 7.49 0.320 0.204 
163.2 105.0 7.00 
207.0 1050.0 7.22 

Table 22. Deviator stress-strain rate, Serie.s B2. 

Regression analysis, 

E: x 10
4

' 
Moisture ln E: versus D 
content, Intercept, rp/2 x 102, d .f. 

Group D, psi %/ appl % s s e e 

25B2 183.l 10.0 7.19 - 15.343 4.650 2 0.976 
199.0 18.0 7.04 

i' 199.0 32.0 7 .48 . .1.497 o. 727 
238.8 140.0 8.20 

40B2 199.0 11.0 7.34 - 9.678 1.440' 0 
238.8 . 62 .o 7.61 

60B2 183.l 10.0 8.06 - 12.710 3.131 1 0.995 
199.0 14.0 6 .• 83 
238.8 55.0 7.69 0.61.4 0.295 

.. I 

j 
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Table 23. Deviator stress-strain rate, Series C. 

Regression analysis, 

E: x 104 , 
Asphalt ln e versus D 
content, Intercept, rp/2 x 102, d.f. r 

Group D, psi %/ appl % s s e e 

25C 115.4 0.75 3.98 - 16.474 6.155 2 0.985 
135.3 2.4 3.98 
151.2 13.0 3.49 1.151 0.763 
191.0 74.0 3.49 

40C 99.5 2.0 3. 91 - 18.555 11.171 2 0.838 
111.4 82.0 3.94 
119.4 88.0 4.03 6.020 5.138 
135.3 160.0 4.03 

60C 79.6 12.0 3.94 - 19.018 15.397 2 0.998 
91.5 63.0 3.91 
99.5 290.0 4.04 0.641 0.633 

111.4 1500.0 4.05 

i 
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Effects of Other Variable Quantities 

Effects of all linear terms in Eqs. (41) and (42) can be evaluated 
. \. -

by multiple linear regression techniques._ The multiple linear regres-

sion model assumes the' effect of on.e variable quantity is unchanged by 

' 
I 

the 1level of any other variable quantity. If this assumption) is valid 

for the data obtained, values of ~ determined within each test', group 

·would be the same regardless of the level of any other variabl_e. Since 

the computed value of ~ is different for e_ach test group, a st~tistical 

test is necessary (Sn17decor and Cochran, 1967, pp. 432 ff<) to determine 
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if the values of calculated S are significantly different ol.' if the 

differences can be attributed to experimental errors. 

Table 24 shows the calculated test statistic for S values calculated 

from Eq. (41), the tabulated value of the distribution function for the 

appropriate degrees of freedom at the 0.01 significance level, and the 

resulting conclusion for each combination of groups and/ or series. The 

conclusions are based on relative magnitude of the calculated and 

tabulated values. If the calculated value of the test statistic is 

less than the tabulated value, the values of S calculated at different 

levels of other variables do not significantly differ from one another. 

Conversely, if the calculated value of the test statistic is greater 

than the tabulated value' one or more of the s's are significantly di£-

ferent than some other s values, .i.e. not all s's are from the same 

population. 

Table 24. Test for combination of groups and series. 

Group/series Calculated Tabulated 
combination F. F0.01 Conclusion 

All groups, Series A 4.99 5.01 May be combined 

All groups, Series Bl 2.26 7.56 May be combined 

All groups, Series B2 1.61 30.82 May be combined 

Series A and Bl 3.07 3.53 May be combined 

Series A and B2 5.59 3.81 Cannot be combined 

Series A, Bl and B2 3.70 3.06 Cannot be combined 

Series Bl and B2 2.92 4.86 May be combined 

All groups, Series c 3.09 10 0 92 . May be combined 
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.As shown in Table 24, if the statistic al test indicates that all 

are from the same population (variations are attributed to experimental 

error), the assumption that the effect due to deviator stress is the 

same regardless of the level of other variables is valid and those com-

binations of groups and/or series may be combined in a multiple linear 

regression analysis. 

If the statistical test indicates that values are not from the same 

population, those combinations cannot be analyzed by multiple linear re-

gression techniques. Significant differences in values may be caused by 

variable effects of deviator stres~ at different levels of other 

variables, or such differences may be caused by another variation in the 

material system that was not considered in the analysis. 

Conclusions based on test statistics calculated for ~ values deter-

mined from Eq. (42) are the same as those in Table 24. No attempt was 

made to~combine the results of Series C with the results from any other 

series, since the asphalt stabilization. of Series C made a different 

material system than that of the other series in the investigatioµ. 

Multiple Regression Analysis 

The results of multiple linear regression analyses for those combina-

tions of groups and/or series of tests that may be combined are shown 

in Tables 25,through 27. In Table 25, strain rate is considered as the 

dependent variable and all other quantities, viz. D, p, T and T as 
--- s c 

independent variables. In Tables 26,and 27, the number of stress ap-

plications at which 2% of 5% strain was reached is the dependent 

variable while independent variables are the same as in Table 25. 
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Tab le 250 Multiple regression analysis, Eq. (41). 

Residual, -3 f,/2 2 p, Tc, Tip Intercept, Afl*/k x 10 ' x 10 • 
Series psi oc oc d.f. s s s µ,, Se a., s e e e e 

A 5 25 25 23 - 8.775 6.233 0.470 
10 
15 0.326 0.362 0.032 
20 

25 
Bl 10 60 40 13 7.482 2.337 6.056 

60 
2.859 0.906 0.396 

25 
B2 20 60 40 6 - 18.422 - 1.426 3. 772 

60 2. 679 0.748 0.521 

A and Bl 5 
10 25 25 37 0,748 2.367 6.141 0.464 0.060 
15- 60 40 
20 60 3.051 0.875 0.263 0.027 0.007 

Bl and B2 10 60 25 
20 40 21 - 8.552 0.637 5.466 0.340 

60 2.642 0.827 0.416 0.032 

W1 Se 
25 .....--

c 10 .. 60 40 ·9 48.253 19.825 7.618 
60 9.329 3.369 1.688 

) , 

25 
c 10 60 40 8 31.644 19.781 9.306 3.704 

60 13.045 3.072 1.839 2.205 

Results in Table 25 were obtained from regression of the logarithm 

of strain rate on deviator stress as shown in Tables 20 through 23 and 

the respective levels of other variables shown in Table 25. Results 

in Tables 26 and 27 were obtained from regression of the logarithm of N 
e. 

versus respective levels of deviator stress shown in Tables 16 through 19 

and other variables as shown in Tables 26 and 27. 

Two regression analyses are shown in Table 25 for the combinations 

of all groups in Series C, one in which the variables are as indicated 

above and the other (last line in Table 25) in which asphalt content 

of the specimen was included as an independent variable, assuming a 

R2 

0.928 

0.947 

0.901 

0.937 

0.896 

0.794 

0.848 
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Table 26. Multiple regression analysis, E.q. (42), 2% strain. 

Series 

A 

p, Tc, 
psi oc 

5 25 25 
10 
15 
20 

Bl 10 
25 

60 40 
60 

B2 20 

, A and Bl' 5 

25 
60 40 

60 

25 

Residual, 
d. f. 

24 

13 

6 

Intercept, 
s 

e 

7.308 
0.493 

4.194 
2.222 

5.802 
0,666 

s 
e 

1.490 
0.704· 

- 0.190 
0.186 

s 
e 

5.005 
0.534 

3.678 
0.307 

0.756 
0.129 

0.261 
0.047 

0.802 

0.917 

0.852 

10 
15 
20 

60 25 
40 
60 

38 0.181 
0.419 

1. 753 
1.202 

4.410 
0.354 

0.219 0.036 0.816 
0.036 0.009 

Bl and B2 10 60 25 

c 

20 40 

25 
10 '60 40 

60 

21 

7 

0.574 
2.826 

- 28.194 
7.089 

1.612 
0.915 

11.205 
1.697 

2.574 
0.419 

5 .• 047 
0.996 

0.147 
0.030 

0.834 
1.185 

linear relationship between logarithm of strain rate and asphalt content. 
' -

The coefficient of asphalt content is designated w. As can be seen from 

comparison of these two analyses for Series C, the inclusion of asphalt 

content improved regression results; i.e. the value of R
2 

increased 

when asphalt content was included. Regression analyses of results 

from Series C reported in Tables 26 and 27 include asphalt content as 

an independent variaqle. Multiple regression analyses of the other 

combinations of groups and series wer~ also made in which moisture 

content of e~ch specimen was included as an independent variable. 

2 However, the largest change in the value o'f R was 0.003, regardless 

of the inclusion of moisture content as a variable. 

0.668 

0.859 
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Table 27. Multiple regression analysis, Eq. (42), 5% strain. 

Series 

A 

p, 
psi 

5 25 25 
10 
15 
20 

25 
Bl 10 60 40 

60 

25 
B2 20 60 40 

60 
5 

Residual, 
d. f. 

24 

13 

.6 

\ 

I~tercept, 

B 
e 

8 .125 
0.773 

10.269 
3.830 

19.453 
3.323 

1>.H*/k x 10-
3

, S/2 X 10
2

, 
s 

e 

1.180 
1.214 

- 1.795 
0.925 

s 
e 

6.069 
0.837 

5.302 
0.530 

13.719 
0.692 

0.455 
0.074 

a., s e 

0.688 

0.885 

0.842 

A and Bl 10 25 25 
20 60 

38 1.522 
6.390 

1.332 
1.832 

5. 725 
0.539 

0.430 0.077 0.755 
0.055 0.014 

Bl and B2 10 60 25 

c 

20 40 
60 

25 
10 60 40 

60 

21 

8 

11.116 
2.862 

- 26.125 
• 10.886 

0.132 
0.895 

11.624 
2.797 

4.922 
0.457 

6.072 
1.419 

0.272 
0.033 

0.610 
1.157 

The minor change in regression results due to the moisture content 

variable may be attributed to several factors, one of which is that for 

the granular materials investigated, the effect of moisture content may 

be relatively small. With the narrow range of moisture content used, 

any such effect has been masked by other experimental variations. 

Another probable cause is that the moisture content used in the 

regression analysis was that determined for each specimen during the 

molding process, which was not necessarily the moisture content of the 

specimen when it was sheared. Unlike the asphalt content of specimens 

in Series C, moisture content of specimens in Series A, Bl, and B2 was 

changed after molding by consolidation and especiall~ by the cooling 

process. 

0.854. 

Q. 773 
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It is probable that both factors discussed above are partial causes 

for moisture content having no apparent effect on strain rate. Determina-

tion of the effect of moisture content on deformation rate would require 

that a larger range of moisture content be used in the investigation 

and that moisture content of the specimen at shearing be determined and 

used as the value of moisture content in reg·ression analysis. 

Values of the intercept, as shown in Tables 25 through 27, were calcu­

lated values obtained by extrapolating Eq. (41) or (42) to zero values 

of all independent variables. In many cases, no physical significance 

could be attached to the value of the intercept. This was especially 

true in those regression analyses in which shear temperature T was in­
s 

eluded as a variable. Since Ts appears in the equations as the reciprocal 

of absolute temperature, the intercept was obtained by extrapolating 

the reciprocal of absolute temperature, as well as the other independent 

variables, to zero. As can be seen from Tables 25 through 27, the value of 

the intercept calculated in this manner was greatly dependent on the value 

of D.H"k/k. 

Figure 16 shows the effect of deviator stress on strain rate for. 

different levels of confining pressure for all groups in Series A. The 

lines have been obtained from the calculated regression coefficients in 

Table 25; the plotted points are observed data. 

Figures 17 and 18 are plots of the logarithm of strain rate versus 

reciprocal of absolute temperature for different levels of deviator 

stress for Series Bl and C, respectively. As before, the lines have 

been calculated from the regression coefficients in Table 25 and the 

points are observed data. 
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Volume Change Relationship 

Equation (41) was derived 

by combining the effects of 

consolidation pressure and 
I 

normal stress, setting their 

coefficients ((3 6V/V and Y) equal 

to an experimentally determined 

coefficient, µ. The results of 

multiple linear regression analyses 

indicate Eq. (41) is an adequate 

representation of material 

behavior and replacement of 

(3 6V/V + Y by µ is a reasonable 

approximation. 

In the development of the failure 
Fig. 18. Strain rate variation with 

shear temperature, Series C •. c_rite=ion (e = 0), it was found that 

e = e(- [3Pn d ~~/V - ~ ~;) as in Eq. (25b). This implies that when € 

is greater than zero (strain acceleration positive), - [3P 
n 

2 . be greater than - e. 
E: 

d t:N/V 
dN must 

· Figure 19 shows strain and volume change data versus number of 

deviator stress applications for a test in Group 40B2, D = 199.0 psi. 

Th 1 f op d t:N /V and 1 ;'.. t d ·ff t · t th ( 1 e va ues o ~ v a i eren pain s on e curve ca cu-n dN e 

lations are shown in the Appendix) also demonstrate the relationship 

between rate of volume change and rate of deformation. At 6000 applica­

tions of devia.tor stress, the values of (3Pn d ~~/V and .; e are 1.4 x 10-3 

and 24.2 x 10-
3

, respectively, indicating that at this point, e is • 
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Fig·. 19. Axial strain and volume change versus deviator stress ap­
plications, Group 40B2, 199 psi. 

decreasing. 
' .:.3 

At 6800 applications the values are 25.7 X 10 and 

7 

. -3 
24.6 x 10 , respectively, indic'ating an increasing deformation r~te. 

I 

Data from this ,particular test specimen· demonstrates the implica-

' tions of the relationship expressed by Eq. (25b), i.,.e. as the rate of 
( 

volume change b~comes negative, the rate,of str~in increases sharply. 

Not all the other test data exhibit the relationship of increasing strain 

rate and decreasing rate of volume change to such a marked degree, as 

shown in Fig. 19. Further confirmation of the relationships between 

r~te of strain and rate of volume change will requ,ire greater precision 

and sensitivity of volume change and deformation measurements than were 

used in this investig'ation .• 
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DISCUSSION AND CONCLUSIONS 

Discussion 

Results of this investigation show that the initial transient 

creep portion of the number of applications versus deformation curve 

is described by Eq. (18). The total strain that can be represented by 

this equation varies from 2.74 to 8.97% for untreated specimens and 

from 0.88 to 5.63% for asphalt-treated specimens. 

In the tests on untreated material, there is no apparent trend 

indicating total strain over which Eq. (18) describes material behavior 

is related to deviator stress, confining pressure, consolidation 

temperature or shear temperature. In asphalt-treated specimens of 

Series C, the total strain described by Eq. (18) is apparently related 

to shear temperature as seen in Table 13, while there is no apparent 

trend with deviator stress. Consolidation pressure and temperature 

and confining pressure were constant in Series C. 

As noted in development of the model equations for anclysis of the 

results, Eq. (18) is entirely empirical. No generally accepted interpreta­

tion of the theoretical significance of this relationship is known. 

It is possible that, at least in particulate systems such as were 

studied in this investigation, the number of bonds at the interparticle 

contacts increase in proportion to the reciprocal of deformation squared. 

While such a hypothesis is conjectural, such a mechanism would not be 

contrary to the energy barrier concept of resistance to deformation. 

The relationship between shear temperature and range of strain over 

which Eq. (18) is applicable, as observed in Series C; may also occur 

in uqtreated material. But the higher activation enthalpy of asphalt­

treated material makes the effect more apparent. 
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In developing the model equations, S was assumed to be a constant 

equal to S' /kT • If S is a constant, S' must vary inversely ae, T s s 

varies. As shown in Table 24, the experimental values of S cannot be 

as'sumed to be equal for all the untreated material. However, in those 

combinations of test groups or series where T was the only variable s . 

(Series Bl, B2' and C), S can be considered constant. This implies 

that variation in S is due to something other than changes in shear 

temperature. 

Three values of S have been calculated for each test group, one each 

from Eq. (42) at 2% and 5% strain (Tables 16 through 19) and one from 

Eq. (41) (Tables 20 through 23). Values of S for each test group· 

generally agreed quite well, the most notable exceptions being Series B2 

and Group 40C. Since development of Eq. (42) involved an approximation 

that the effect of e:
0 

be negligible, it might be anticipated that those 

·determinations of S from Eq. (42) would be subject to greater error than 

those calculated from Eq. (41). The correlation coefficient of a regres-

' 
sion analysis is a measure of how well the observed data fits the model 

equation. Therefore, correlation coefficients should indicate if one 

model equation describes observed data better than another. 

Considering only deviator stress as an independent variable, the 
I 

mean correlation coefficients from Eq. (42) at 2% and 5% strain ar~ 

0.934 and 0.957, respectively. Consideri~g the same independent variable, 

the mean correlation coefficient from Eq. (41) is 0.973. A test to 

determine if these differences are statistically significant indicates 

they are not. Based on results of this investigation, Eq. (41) does not 

provide a significantly better estimate of the value of S than does E:q. (42) 

at constant levels of p, T and T • 
c s 
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When p, T and T are included as variables, mean values of the 
c s 

multiple R2 for Eq. (42) at 2% and 5% strain are 0.819 and 0.800, 

resp~ctively; for Eq. (41) the mean R2 is 0.910. These differences are 

statistically significant when either of the values from Eq. (42) are 
. I 

2 I . 

compared to that from Eq. (41). The difference between R values calcu~ 

lated from Eq. (42) is not significant. 

When all variables are considered, Eq. (41) describes observed be-

havior better than Eq. (42), and values of material paramet~rs calculated 

from Eq. (41) are subject to less error than those from Eq. (42). This 

is probably due to the fact that Eq. (42) does not adequately describe 

the'effect of structure when p, T and T are varied. Since Eq. (41) 
c s 

provides the best estimates of material parameters, those values shown 

in Table 25 have been used to compare results reported by other in-

. vestigators. 

The value of a. has been determined using only two levels of 

consolidation temperature, thus leaving it poorly defined. 

Values of µ determined with four levels of confining pressure in 

Series A and combination of Series A and Bl is consistent. In the 

combination of Series Bl and B2, the value is somewhat less than other 

determinations, but Series Bl and B2 have only two levels of confining 

pressure. Because this coefficient contains the effects of both 

conso~idation pressure and normal stress, it is difficult to compare 

this value with results of other investigators who used direct shear 

tests. The value of µ is 10 times the value of the coefficient for 

normal stress determined by Noble (1968) from direct shear tests on 

silt. Part of this difference is a result of the combination of effects 
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of P and P in this investigation, but much of the difference is 
n c 

probably a result of the greater volume change necessary for deformation 

of the granular materials used in this investigation. 

Values of ~ are quite consistent for all combinations of groups or 

series, with the notable exception of ~eries B2. The value of D.H*/k for 

Series B2 is of opposite sign than other determinations. A negative 

) 
' I value of. D.H~"/k would mean a decrease in shear temperature would :Lncrease 

deformation rate. This is not possible unless the decrease in shear 

temperature also induces other changes in the material. As temperature 

of the specimen was lowered, the moisture content increased. During the 

experimental phase of the investigation, based on preliminary results 

from Series Bl, it was thought any changes in moisture content during 

cooling would have a negligible effect on deformation rate. However, in 

Series B2 this effect is not negligible. 

The correlation coefficients in Tables 21 and 22 indicated less 

variation in those test groups in which shear temperature equaled 

\ consolidation temperature than in those in which shear temperature was 

less than consolidation temperature. Results of statistical tests shown 

in Table 24 indicate results of Ser.ies B2 cannot be combined with any 

other series except Bl. Thus, when Series Bl and B2 are considere9, 

the differences are not significant; when Series B2 is considered in any 

other combination, results of Series B2 are significantly different than 

results of other series. 

From comparison of results obtained from various combinations of 

test groups and series, it appears results from Series B2 are unreliable 

and that this can be attributed to changes in moisture content during cooling. 
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Since results of Series Bl are apparently not affected, it is probable 

that the change in moisture content due to cooling is related to 

confining pressure. Results from Series B2, because of their apparent 

unreliability, have not been used to
1 
compare with results reported by 

others. 

Values of [3 1 (volume of a flow unit) for treated and untreated 

material are shown in Table 28 with the results of other investigators. 

Calculations of [3' from [3 are shown in the Appendix. 

Table 28. Volume of a flow unit at 3000K. 

Material 

Clay 

Silt 

Granular material 

Asphalt cement 

Asphalt cement 

Asphalt treated 
granular material 

Reference 

Noble, 1968 

Noble, 1968 

This study 

Moavenzadeh and 
Stander, 1966 

Herrin and 
Jones, 1963 

This study 

Clay con tent 
< 2µ,, % 

80.4 

26.0 

1. 7 

1. 7 

) 

[3' x 10-4 

A3 

67.1 

14.2 

7. 4 

37.o 

39.9 

11.2 

Experimentally determined values of [3 1 are probably average flow 

3Jr;' 
A 

87.6 

52.1 

42o0 

71.9 

73.5 

48.2 

unit volumes. Table 28 indicates the average flow unit volume in untreated 

material decreases. as clay content decreases. Consideration of the 

types of bonds in particulate systems, ioeo bonds between water layers 

on clay mineral surfaces a·nd at points of contact between larger solid 

particles, provides a basis for interpreting the relationship between 

clay content and average flow unit volume. 
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When the percentage of clay is high, the flow unit approaches the 

size of clay mineral platelets about 10 i thick. As clay content 

decreases, bonds associated with clay mineral surfaces have less ef-

feet on the average size of an experimentally determined flow unit and 

flow unit size approaches that of distances between asperities on solid 

particle surfaces. As shown in Tabl~ 28, the flow unit size for 

material with very low clay content is still considerably larger than 

interatomic dimensions. 

Experimental values of ~· for asphalt-treated material are roughly 

one-third the values reported by Moavenzadeh and Stander (1966) and 

Herrin and Jones (1963) for 60 to 70 penetration grade asphalt cements. 

The flow unit size of asphalt-treated material is probably dependent on 

the asphalt film thickness on the granular particles. If so, flow unit 

volume should vary with asphalt content, approaching that of asphalt 

cement at higher asphalt contents. The coefficient of asphalt content, 

w, would then represent the change in ~' due to -·change in film thicknes:s, 

or asphalt content. Where asphalt content was included as a variable, 

the deformation rate increased with increased asphalt content, which 

would coincide with an increase in ~-

Confirmation of this interpretation of the effect of asphalt content 

on deformation rate will- require investigation of material with greater 

ranges of ~sphalt content than were used in this study. Also, any inter-

relationships between flow unit size, asphalt content and gradation of 

material would need to be determined. 

Activation enthalpy, 6H*, can be determined from the coefficient of 

l/T in Eq~ (41). Values of activation enthalpy for the materials in 
s 
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this investigation, with results reported for several other materials, 

are shown in Table 29. 

Table 2-9. Activation enthalpy. 

Material 

Metals 

! 

Concrete 

Asphalt cement (penetration 72) 

Asphalt cement (penetration 63) 

Asphalt cement (penetration 30) 

Asphalt treated granular 
material 

Snow 

Ice 

Ice 

Ice 

Water 

Soils 

Soil (clay) 

Soil (silt) 

Granular material 

Reference 

Finnie and Heller, 1959 

Polivka and ,Best, 1960 

Herrin and Jones, 1963 

Moavenzadeh and Stander, 

Moavenzadeh and Stander, 

'f.his study 

Landauer, 1955 

Barnes and Tabor, 1966 

Glen, 1953; 1955 

Gold, 1967 

Glasstone et aL, 1941 

Mitchell et al.' 1968 

Noble, 1968 

Noble, 1968 

This study 

1966 

1966 ' 

6H~'<', 

kcal/mole 

50 

54 

44.6 

21.0 

32.0 

39.4 

14 

29.7 

.31.4 

15 

4-5 

25-45 

12-29 

4-7 

4. 7 

The value of 6H~'<' for asphalt cement' from Herrin and Jones (1963) is 

the average of five values determined from strain rates and shear tempera-

tures at each of fi~e shear stress levels. These values of 6H* were 

determined from regr~ssion of the logarithm of strain rate on the reciprocal 
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of absolute temperature at constant shear stress; the determinations 

thus made ranged from 43.4 to 46.8 kcal/mole. The analysis reported by 

Herrin and Jones assumed a hyperbolic sine relationship between strain 

rate,and shear stress. They determined material parameters at each 

temperature by choosing values of the parameters which best fit their 

data; values thus determined were used to evaluate 6H*. The value of 6H* 

(62 kcal/mole) reported by Herrin and Jones differs considerably from 

the value of 44.6 calculated from their data. However, calculation of 

6H''( from strain rate and shear temperature at ·constant shear stress 

does not involve ,intermediate steps or empirically determined material 

parameters. 

Values of activation enthalpy of asphalt cement and asphalt-treated 

granular materials are of the same order of magnitude. The activation 

enthalpy of asphalt-treated granular material is probably greatly in­

fluenced by activation enthalpy of the asphalt cement used. Comparison 

of activation enthalpy of various asphalt cements in Table 29 indicates 

penetration grade and activation enthalpy are not closely related. 

Activation enthalpy of untreated. granular material determined in 

this study agrees closely with that reported by Noble (1968) for silt 

and approximates the activation enthalpy of water. The hydrogen bond 

energy in water is about 5 or 6 kcal/mole (Rodebush and Buswell, 1958; 

Fyfe, 1964, p. 92). This agreement between hydrogen bond energy and 

activation enthalpy of untreated material indicates bonds in untreated 

material may consist of hydrogen bonds between adsorbed wa~er molecules 

on the mineral surface. 
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Suggestions for Further Research 

Based on results of this investigation, the effects 'of several 

variable quantities studied need further clarification. Extension of 

these findings to more general material systems will require determina­

tion of the effects of several quantities not studied here. The 

following are suggested ·items for further investigation: 

1) Behavior.of granula~ materials with a wider range of asphalt 

and water contents. 

2) Separate determination of the effects of consolidation pres-

sure and normal stress. 

3) Effects of clay content or other variations in gradation on 

flow unit size. 

4) Relationships of asphalt cement properties and activation 

enthalpy of asphalt-treated materials. 

5) Determination of the functional relationship of structure to 

deformation and volume change at various levels of shear and 

normal stress. 

6) Relationships between the range of transient creep and condi­

tions of shear temperature and sqear and normal stress. 

7) 

8) 

·Effect of cons.olidation temperature on de formation rate be 

extended to asphalt-treated materials. 

Effects of frequency and duration of stress application on 

deformation rate. This· is especially important if the 

findings of this investigation are to pe extende_d for use in 

pavement design where not only the magnitude of imposed stresses 

but also the frequency of application (traffic density) and 
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duration of stresses (traffic speed) may be of great im­

portance. 

9) Relationships between asphalt content, material gradation and 

flow unit size. 

10) Effects of combinations of pore fluids (e.g. water and asphalt 

cement) in varying proportions on activation enthalpy and flow 

unit size. 

Conclusions 

A model for behavior of granular material subjected to repeated 

loads is proposed. This model is based on bonds formed at interparticle 

contacts, resistance to rearrangement of p~rticles, and internal structure 

of the material. Stresses applied to the material are transferred through 

the bonds, and deformation of the material occurs by breaking of bonds 

and rearr'angement of particles. The total resistance to deformation 

constitutes an energy barrier to deformation of the material mass, 

tenned the activation energy. This energy barrier may be surmounted 

by bonds having sufficient thermal and mechanical energy. 

Based on this model of resistance to deformation, ~m equation was 

developed beginning with the Arrhenius equation of chemical kinetics. 

Separation of the contributions of various factors to the activation 

energy enabled determination of their individual effects·. Equation (41) 

was shown to describe the observed behavior of both untreated and 

asphalt-treated granul'ar materials over th,e range of variables considered. 

Using the equation developed from the energy barrier concept and 

an empirically determined relationship between total strai~ and number of 
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applications of stress, an integrated equation was deve lope.d to relate 

number of applications of stress with other variables at fixed levels of 

deformation. Equation (42) describes material behavior over the ranges 

of deviator stress considered, when other variables were held constant. 

However, Eq. (42) does not describe observed material behavior over the 

range of variables considered as well as Eq. (41) which was based only 

on energy barrier concepts. 

Experimental tests, consisting of 64 repeated load triaxial compres­

sion tests on an untreated and asphalt-treated gran~lar material provided 

the following observations: 

1) Repeated. load triaxial compression tests yield a linear rela­

tionship between the logarithm of strain rate and deviator·stress. The 

proportionality coefficient may be used to evaluate volume of a flow unit. 

This volume was considerably smaller than that reported by others for 

finer grained materials. 

2) Activation enthalpies obtained from coefficients of the rela­

tionship between logarithm of strain rate and reciprocal of absolute 

t~mperature of shear were about the same as the activation enthalpy of 

the pore fluid. 

3) Repeated load tests yielded a linear relationship between the 

logarithm of stress applications at constant strain and deviator stress. 

The proportionality coefficient in the model equation was the same as 

the coefficient for deviator stress-logarithm of strain rate relationship. 

Experimentally determined values from each of the two methods are, in 

most .cases, in close agreement. 

4) Activation enthalpies determined from Eq. (41), based on strain 

rate, differ by about 50% from those determined from Eq. (42) based on 
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total strain. Because the multiple linear regression correlation coef-

ficients for Eq. (41) are higher than those of Eq. (42), activation 

enthalpies detennined from Eq. (41) are considered better estimates. 

5) Increased temperature of consolidation decreased the deformation 

rate, but the relationship is poorly defined since only two levels of 

consolidation temperature were used. 

6) Increased confining pressure in the triaxial cell decreased 

the rate of deformation. This effect is interpreted a.s a decrease in 

the size of flow units as the confining pressure is increased. Test 

methods used in this investigation did not permit determination of 

separate effects of nonnal stress and consolidation pressure. 

This study of behavior of granular materials subjected to repeated 

loads has yielded equations which reasonably describe deformation be-

havior of the.materials. However, modification of Eq. (42) will probably 

be required if it is to describe material behavior as well as Eq. (41). 

Interdependency of some measured quantities (e.g. volume change, pore 

pressure and confining pressure) may dictate other modifications of the 

equations as their effects become more completely understood. Further 

·investigation based on the equations proposed. herein seem justified in 

order to confinn, and extend to a wider range of materials and other 

variables, the findings of this investigation. The model equation 

describes material behavior under stress conditions very similar t'o those 

imposed on pavement structures in terms of fundamental parameters which 
! 

might be used as a rational basis for analysis of pavement defonnations. 
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EPILOGUE - PAVEMENT PERFORMANCE 

Equation (42) relates the number of applications of 

stress to produce a given deformation to those factors which affect the 

rate of deformation, viz., activation enthalpy, temperature, imposed stress, 

confining stress and flow unit size. 

Application of this equation to design or analysis of prototype 

pavements will require empil!'ical correlations between laboratory 

behavior and field performance. Because confining stress in a proto• 

type pavement is variable depending on depth, vertical stress, and 

material properties, conditions of confining stress in prototype pave­

ments are difficult to simulate in laboratory tests, introducing the 

need for correlations between laboratory test and pavement performance. 

Activation enthalpy can be determined in the laboratory and can 

be considered constant for the duration of the testing procedure. How­

ever, in the case of asphaltic concrete or asphalt-treated material, 

the chemical changes occurring in asphalt cement due to several years 

exposure to climatic elements may have considerable effect on activation 

enthalpy of the material. This effect should be determined or accounted 

for from experience to make tbe equations applicable to prototype· pave­

ments. 

The dwell time of the imposed stress was he~d constant in this 

investigation. Since experience has shown that the greatest distress or 

deformation of flexible pavements occurs where traffic stress is static 

or slow moving, it is probable the time that stress remains on the pavement 

affects the rate and amount of deformation caused by a given numper. of 

applications. The effect on deformation due to variable dwell time 
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could be determined by laboratory experimentation and probably field 

correlation. Other variables also should be considered, for example 

effects due to mixed traffic, such as wheel or axle load equivalency. 

These variables have been mentioned to illustrate some of the work 

necessary to extend findings from laboratory research described here 

to applications in prototype installations. 

This discussion has assumed that a criterion of pavement performance 

can be based on limiting or specified deformations. This is tantamount 

to saying that a pavement "fails" when it reaches some amount of deforma-

tion, as opposed to rupture of the pavement mass. This deformational 

criterion'of pavement performance is essentially that used in the analysis 

of' results from the AASHO Road Test (Highway Research Board Special 

Report 61E). 

In that analysis, a pavement was considered to have "failed" when 

the present serviceability index (PSI) reached a given level. The 

equation for PSI indicates it is a function of measured pavement 

deformations represented by slope variance and rut depth, and localized 

rupture represented by cracking and patching. The major factor in 

serviceability loss was slope variance. 

Since the equation used to analyze results of the AASHO road test 

and Eq. (42) are both based on deformation criteria, it may be instructive 

to compare Eq. (42) and the AASHO equation which was developed by using 

curve fitting techniques. 

The AASHO equation is 

(43) 
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p is the present serviceability index, 

C is the initial serviceability index, 
0 

cl is the 11failure 11 serviceability index, 

W is the weighted number of axle applications when the service-

ability index is p, 

pis the weighted number of axle applications when·p = c1 or 
) 

the number of axle applications to 'cause 11 f,ailure, 11 and 

B is an exponential multiplier which accounts for imposed 

stress, axial configuration (single or tandem), and pave-

ment structure. 

Taking logs of both sides of Eq. (43) gives 

c - p 
log (C0 

_ C ) = B(log W ~ log p). 
0 1 

(44) 

For comparison, i.f the temperature is constant, Eq. (38) may be 

written 

e3 = Z't exp, _ill! exp - µp 
2A 

where Z includes effects of activation enthalpy and consolidation 

(45) 

temperature. Making the same substitutions as in Eq. (42) to obtain an 

expression in terms of number of applications, 

e3 
= Z'N exp ~exp - µp. (46) 

Taking logs of both sides gives 

3 ln E: = 1 n Z' + ln N + ~ - µp. (47) 

J 
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Comparison of Eqs. (44) and (47) indicates that on the left side of 

both equations is a logarithmic measure of deformation - serviceability 

loss in the case of Eq. (44) and percent strain in the case of Eq. (47). 

Both have a· logarithmic intercept, p in Eq. (44) and Z' in Eq. (47). 

Both .utilize a logarithmic measure of the number of load applications, 

Win Eq. (44) and N-in Eq. (47). 

The nature of the effect of stress intensity is different in the 

equations since this is included in the multiplier B in Eq. (44) and as 

a separate additive term in Eq. (47). Equation (47) also includes a 

term to account for confining pressure. It may appear that no such 

term is included in Eq. (44), but since confining pressur~ in a proto­

type pavement is a function of depth, vertical stress intensity, and 

material properties, an effect of lateral pressure is probably included 

in Eq. (44). This is because the multiplier B includes effects of load 

intensity in addition to depth and relative strength coefficients fo'r 

each layer of the pavement structure. 

The relationships between AASHO equations and those developed in 

this study cannot be determined without a more complete knowledge of 

material behavior under repetitive loading conditions determined by 

further laboratory studies and correlation with performance of proto­

type pavements. However, it is significant that the quantities that 

control de formation based on theoretical considerations and experi­

ment.ally verified in this study, are remarkably similar to those 

quantities which provided the best fit in the empirical curve fitting 

techniques used in analyzing AASHO test road results. 
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·APPENDIX 

. d 1:!.V/V 2 • 
Calculation of [3Pn. dN and~ e: 

Group 40B2; D = 199.0 psi 

Pn = D/2 + p = 19
;· 0 + 20.0 = 119.5 psi 

(3 = 3. 772 x 10-2 (from Table 25, Series B2) 

6000 applications 

d 6V/V __ -2 
- - 0.03 x 10 % per stress application dN 

~ = 12.6 x 10- 4 % per stress applicatibn 

€ ;; 10.4% 

(3Pn = d ~~/v = {3. 772 x io-2) (119.5) (- 0.03 x 10-2) = - 1.4 x 10- 3 

2e 2 4 
-;-- = 0.104 (12.6 x 10- ) 24.2 x 10-3 

6800 applications 

d ~~/V = - 0.57 x 10-
2 % per application 

e ::: 146'0 x 10-4 % per application 

€ = 11.4% 

(3P d !:N/V = (3. 772 X 10-2)(119.5) (- 0.57 X 10-2) = - 25. 7 X 10-3 
n dN 

2€ -= 2 -4 3 
0.114 (14.0 x 10 ) = 24.6 x 10-

Calculation of flow unit volumes: 

Example calculation ~or Series A and Bl combined 
2 . 2 

(3/2 from Table 25 = 6.141 X 10- i~b 

1 •380 X 10-16 dyne-cm 0 k = - ; T = 300 K 01( 

(3 1 = 1~380 X. 10-l6 
X 300 X 2 X 6.141 X 10-2 

X 14.503 X 10- 6 

7 37 10 -20 3 
= • X cm 

7.37 x 104 
A

4 
• 

JK/ljo 


