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ABSTRACT

the stress-strain characterictics of frozen sands is nonlinear

and time dependent. This thesis develops a constitutive creep model

based on time and stress dependent deformation parameters. The general

stress state is separated into nean normal ancl deviatoric components.

The associated deformations are volumetric and shear strains. The bulk

creep function relates the mean normal stress and the volumetric

sLrain, and the shear creep function relates the deviatoric stress and

the shear strain.

Triaxial compression creep tests vJere carried out on a quartz-carbonate

sand at a temperature of -3oC to develop the creep functions.

Isotropic compression creep tests were perforned to model the bulk

creep function as a function of time and mean normal stress. Constant

mean normal stress triaxial compression tests were performed to model

the shear creep function as a function of time, mean normal stress and

deviatoric stress. The two creep functions were then coupled to

provide a constitutive creep model applicable to a general stress

state.

An assesment of the models developed was made by carrying out a

multi-stage constant cell pressure triaxial tests and comparing the

values of the axial deformation calculated using the aforementioned

constitutive modeI, with the measured values. The theoretical

attenuated axial deformation agreed well with the observed values. The
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correlation coefficient was found to be 0.85. The agreement between

the predicted and experimental axial strain versus time curves was

quite good considering the scatter that was inherent in all test data

and the basic assumption made in reconstructing the strain time curves.

À series of short-Lerm constant mean normal stress triaxial

compression creep tests were performed to determine rghether the onset

of dilation was d stress or strain phenomenon. The results from the

tests suggested that the onset of dilation was neither singly a strain

nor a stress phenomenon but was influenced by both.

A new failure criterion based on the onset of dilation during

the creep process was suggested.

The interaction of rigid particles and ice was studied by

observing the penetration of rigid steel spheres into ice. The

penetration rate was found to be constant under a constant

hemispherical stress and was independent of the size of the spheres. À

relationship between penetration rate and hemispherical st¡ess td;ts

determined.
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CHAPTER ].

INTRODUCTIOI{

1.1 GENERAT

Frozen soil is a particulate composite material composed of

four different constituents: solid mlneral or organic grains, ice,

unfrozen water, and gases. The most important characteristic by which

it differs from unfrozen soil and other particulate materials is that,

the matrix which is composed of ice and unfrozen water måy change

significantly with temperature and pressure. Knowledge of

time-dependent stress-strain-strength behaviour of fxozen soil is

important in design and construction involving naturally occuring and

artificially frozen ground. Frozen ground in Canada and other parts of

the worLd has received increasing attention due to the increased

developnent in the pernafrost regions of the north.

In the last decade, the A¡ctic ocean has become of great

interest to the petroleum companies, because of the large deposits of

oiI and natural gases dlscovered beneath the ocean bottorn. The

petroleum companles active in the exploration have identified Èhe

excessive defornability characteristics of ocean bottom permafrost as

one of the major geotechnical problems they face. The ocean bottom

permafrost is ice-rich and exists at tenperatures that range between

OoC and -3oC and is known in the literature as warm permafrost.



Ice-rich frozen soil exhibits large creep strains under a

constant stress and to date there is a limited understanding of its

behaviour, and there is no reliable model for predicting its behaviour.

The creep behaviour is important in the design and construction of

structures bearing on either onshore or offshore.permafrost, as well as

in the use of artificialLy frozen soil for soil stabilization.

Most of the existing creep theories used to describe the creep

behaviour of frozen soils have their roots in the theories originally

developed for the plastic and creep deformation of metals. As such

they do not include the effects of superimposed hydrostatic stress and

consider deformatÍons to be smal1. The creep theories of metals have

been developed using two basic approaches; one is the phenonenological

theory and the other is the physical theory. The physical theory,

which is based on the established lav¡s of physics is rather complex and

has found little use in engineering appllcation. The phenomenologicat

theory, better knovrn as engineering theory is based on the

micro-nechanistic behaviour, and provides semi-empirical solutions to

engineering problems. In the study of the creep of frozen soils most

of the recent research has been centered on engineerlng theory rather

than on the physical theory. There are exceptions such as the studies

by Goughnour and Àndersland (1968), Chamberlain et al. (L972), Sayles

(19?3), Vyalov (19?3) and Ladanyi (19S1) which attempted to take the

physical phenomenon into account in the development of enpirical

solutions.



Host of the existing theories attempted to correlate strain

rate with stress, temperature, and some other material properties.

Very litLle effort has been made to evaluate the defornation parameters

which relate the stresses and strains. The axial slress-sLrain data

obtained from standard triaxial tests does not represent the true

deformation characteristics, because this approach considers only the

changes in major principal stress and does not reflect the aqtual

stress conditions in the soil måss. The deformability characterlcs of

frozen soils can perhaps be characterlzed by butk and shear creep

functions because they can be associated with separate physical

components of frozen soil behavlour and can be solved for

independently.

1.2 IDENTIFICATION OF THE PROBTBI{

The existing creep theories, as discussed in Section 1.1, fail
to differentiate between the fundamental behaviour of metal and

particulate material like frozen soil. The following specific problems

have been identifled after review of the IiLerature.

1. The present creep theorles do not take superimposecl

hydrostatic stress into account in their formulation.

2. The present creep theories are based on the notion of no

volume change during the creep deformabion.



3. The present theories are based on uniaxial tests and the

results are then extended to the general state of stress by

using equivalent stress and strain relationships.

4, The present Lheories are based on relatively short term

tests using high stresses and the results are extrapolated

to predict long berm behaviour at low stresses

5. The deformation parameters relating stresses and strains are

not given due importance in formulating the theories.

6. The physical phenomenon of interaction between ice and soil

particles is not fully appreciated.

1.3 OBJBCTIVES

The general objective of the investigation was to provitle a

better qualitative understanding of the creep behaviour of frozen soil

and to study those aspects, as described in Section L2, of creep

behaviour that have not been previously investigated so as to generate

a more general creep model than the models that are in use today. The

specific objectives were :

1. To investigate the influence of the hydrostatic or mean

normal stress on the creep behaviour of frozen soil.



2. To measure the volume changes

assess the significance of those

behaviour.

To perform Iong term creep

are ordinarily exerted by

stresses.

that accompany creep and

volume changes on the creep

3. tests using low

foundations, as

stresses which

well as high

4. To obtain solutions for

quartz carbonate sand

equation and creep nodel

bulk and shear creep functions of a

and to generate a constitutive

embracing these functions.

5. To

an

examine

attempt

the

to

interaction between

understand the creep

soil particles and iee in

mechanism in frozen soil.

6. To assess the validity of the model by performing standard

triaxial compression tests and comparing observed

deformations with those predicted by the nodel.

1.4 SCOPB OF INVESTIGÀTIOhI

Àn extensive review of Iiterature on the mechanics of ice and

frozen soil was carried out. The review of mechanics of ice included

structure of ice in frozen sol1, deformation mechanism of ice and

quantitative models of strength and deformation of ice. The revlew of

nechanics of frozen soil included structure of f.rozen soi1,



deformational mechanism of frozen soil, effect of mineral particle

concentration, confining pressure, Lemperature and strain rate on

strength and deformation of frozen soil. Deformation parameters which

relate the stress and strains of nonlinear materials were also reviewed

to analyze the stress-strain characteristics of frozen sand.

The approach followed in this study was based on the separatlon

of the stress system into mean normal and deviatoric components. The

creep behaviour under changes in hydrostatic stress was studied and the

bulk creep function was evaluated based on the data obtained fro¡n

isotropic compression tesLs. The creep behaviour under changes in

deviatoric stress was stuclied using triaxial compression tests in which

the mean normal stress was kept constant so that alt the strains were

the result of changes in the cleviatoric component of stress only. The

shear creep function was evaluated based on the data obtained from the

constant nean normal stress triaxial compression tests. The

deformation of frozen sand depends to some extent on the interaction of

the ice and sand particles. This interaction was studied by applying

loads to steel spheres embedded in polycrystalllne ice.

In carrylng out the experimental investigation, the program was

devided into four groups 

- 
l) multi-stage isotropic consolidation

tests, 2) constant mean norml stress mulLi-stage triaxial tests, 3)

constant cell pressure multi-stage triaxial tests and 4) penetration of

rigid steel spheres into polycrystalline ice. The sample preparation

technique, setting-in procedure and the description of the triaxial
equipment are given in Chapter 3. The detailed test procedures are



given in the chapters dealing with each test. The bulk creep function

is developed in Chapter 4 and the shear creep function in Chapter 5. A

new creep failure criteria is proposed in ChapLer 5. Chapter 5 deals

with the verification of the model for bulk and shear creep function.

The mechanisms of creep deformations are examined in Chapter 7 by

comparing the short and long-term test results. .The interaction of ice

and rigid particle are presented in Chapter B. Finally the conclusions

and recom¡nendations for futher study are given in Chapter 9.
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CHÃPTER 2

REVIEW OF MECHÀ¡{ICS OF ICE A¡{D FROZEN SOIL

2.1 HECHA¡IICS OF ICE

2,L.L StrucLure of lce ln Frozen Soll

Ice is an important structural component of frozen soil. There

are nine different forms of ice as shown in Figure 2.1. The hexagonal

structure identified as Ih in Figure 2.1 is the only one which is known

to be thermodynamically stable at temperatures between OoC and -130oC

and at atmospheric pressure. The oxygen atoms in ice Ih are arranged

in a tetrahedral pattern, each oxygen atom being surrounded by four

equally spaced oxygen atoms at the vertices of the tetrahedron. The

tetrahedral coordination of the oxygen atoms gives rise to a crystal

structure possessing hexagonal symmetry. The molecules forn layers of

puckered parallel planes known as the basal planes. The normal to the

basal plane is referred to as the c-axis of the crystal. There are two

hydrogen atoms adjacent to each oxygen atom, but only one hydrogen atom

between each pair of oxygen atoms and each molecule is oriented so as

to direct ibs hydrogen atoms tor*ards two of the four neighboring atoms.

A unit cell in the crystal structure contains four nolecules which

correspond to a density of 0.917 Hglm3 at 0oC. The basal plane is the

demonstrated glide prane of the lattice, and shear applied parallel to
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this plane gives a strain rate about two orders of magnitude higher

than that resulting from shear normal to the basal plane (Me11or,

1979). Higashi (1969) stated that the stress required tor nonbasal

slip is 10 times greater than that for basal slip. However it has been

shown that when attempts are made to produce slip in nonbasal plane

directions, ice often fractures before slip occurs (GoId, 1970).

A special property of ice Ih is the mobility of the hydrogen

atom in its crystal lattice which changes position under Lhe influence

of external disturbances, such as changes in pressure and temperature.

The mobility of the hydrogen atom decreases with a lowering of

temperature and acguires an organized and stable structure at -78oC

(Tsytovich, 19?5).

The temperature at which crystallization starts spontaneously

could be as low as -40oC for pure v¡ater. The condition of supercooling

alone is not a sufficient cause for a system to begin crystallization.

Betore crystals can grow there must exist in the solution a number of

minute centres of crystallization. These centres are either the

exisbing ice crystals or some impurities.

Typical natural ice exists in polycrystalline form. The ice,

which is an inevitable component of frozen soiIs, represents a

monomineralic cryohydrate materials with highly unique

physicomechanical properties that sharply differ from those of other

crystalline materials (Tsytovich, l-975). Ice in fxozen soil is

polycrystalline in nature. The structure of this ice will depend on

11



soil properties such as grain sLzet pore size, permeability, specific

surface area, surface activity, degree of saturaLion, anount of

impurities and the f.reezing process.

The axes of the constituent crysLals of the polycrystalline ice

are randornly oriented and v¿hen such ice is stresEed the compliance of

individual grains varies, depending partly on how the basal planes are

oriented relative to the stress field. Under a constant deviatoric

stress, recrystallization can take place so as to bring basal planes

into closer coincidence with resolved shears, and consequently the

crystal orientation ceases to be random and this process is accompanied

by strain softening of the sample.

2.I.2 Deformtional Mechanisms of lce

Ice is present in nature at a very high homologous temperature.

The effect of ternperature in the typical range of OoC to -20oC is very

important because of its strong influence on Lhe unfrozen water content

and consequently on the mechanical behaviour of the soi1.

Polycrystalline ice possesses a unique combination of strength and

deformation properties because of the nonsymmetrical behaviour of each

of its crystals under stress. Ice exhibits a very time dependent

deformational behaviour. It creeps under a very lor¿ deviatoric stress

and the actual limiting long term strength still remains undetermined.

In addition the level of applied stress or the strain rate has

appreciable influence on the mechanical behaviour. .At sufficiently

T2



high or low levels of either, brittle or ductile failure, respectively,

can occur.

Plastic strains in a volume element of a polycrystalline ice

are not homogeneous. This inhomogeneous distribution of strains Ieads

to initiation of fracture. Plastic flow occurs. by shearing by the

process of slip. Slip always occurs by bhe displacement of blocks of

crystals in specific crystallographic directions called slip

directions. It usually takes place on particul.ar Iattice planes caIled

slip planes or glide planes. Since all atons on the slip plane do not

vibrate in phase with one another, the shearing force that is necessary

for atomic displacements will vary from point to point on the same

pIane. Consequently, slip cannot occur simultaneousLy wiLh the entire

slip plane moving, but it occurs consecutively, beginning in a minute

region on the glide plane and spreading outwards. The boundary between

the regions where slip has and has not occured is called a dislocation.

It is commonly represented by a line on this plane and is called a

dislocation line. The element initially containing very fels

dislocations is able to be sLrained plastically and the dislocation

density increases with strain. Consequently, dislocations uruttiply

when they move.

Polycrystalline ice, which is of particular interest to this

study is composed of grains which are randomly oriented wiLh respect to

one another. In general, because of the random orientation of the

grains, plastic deformation cannot spread easily from one grain to its

adjacent grains. Furthermore, the deformation of any one grain cannot

13



occur independently of its neighbours because, this exerts a constraint

effect on the deformation in order thaL the continuty be maintained at

the grain boundary. Due to increase in applied stress, cracking occurs

as a result of dislocation pileups at the grain boundaries and stress

concentration within the crystals due to defects or impurities. These

cracks are transcrystalline and intercrystalline.in nature and usually

invorve one or two grains at a time (Gold, 1965(b), !970, Hawkes and

Mellor, L912). The propagation of a crack is a brittle phenomenon but

the overall appearance is ductile. Hawkes and Hel1or (I972) reported

that iniLial cracking occurred at between 2 and 4 Hpa at -?oC for

polycrystalline snow ice, while Gold (r977l., reported that cracklng

activity started at a stress of about I MPa. GoId (1950, 1970)

observed formations of microcracks, within a crystal of the aggregate,

which were either parallel or perpendicular to the basal plane of the

grain. He found the cracks would start to appear only at a certain

stress level in çompression. they would thus increase during transient

creep, but came to a stop if the stress was not exceeded.

Plastic deformation in polycrystalline ice can also occur due

to grain boundary sliding, grain boundary migration, phase boundary

sliding, or pressure melting at points of hiqh stresses. À

deformational mechanism postulated as a function of stress Iever,

temperature and strain rate was developed by Shoji and Higashi, 1978,

and is shown in Figure 2.2.

i.4
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2.I.2.1 Strength of lce

The strength of a material is usually defined in terms of the

maximum stress that can be sustained by the material without failure,

when it is loaded at either constant strain rate or constant stress.

For ice, this maximum stress is strongly dependent on the strain rate

and temperature. Other minor factors such as end restraint conditions,

sample shape, structure, grain size and impurities also affect the

strength. However, these factors often cause scatter in the test

results and make i! more difficult to compare results from various

sources. It is generally observed that the compressive strength

increases with strain rate in the ductile range of the behaviour, but

then it reaches a peak and drops to a lower constant value above a

strain rate characterlzed as the ductile/brittle transition (Gold,

19?0 ) . Results from st¡ess controlled compression tests on

polycrystalline ice at various temperaturesrsuch as those reported by

Hawkes and HeIIor (1972) shown in Figure 2.3, show strong dependence of

uniaxial compressive strength on the applied strain rate.

The uniaxial compressive strength of ice generally increases

with a decrease in temperature. The raLe of increase depends on the

applied strain rate, the other variables remaining constant. Based on

the tests by Goughnour and Andersland (1968), the uniaxial compressive

strength of ice increases at the rate of 0.14 HPa/oC between -{oC and

-Lzoc at an applied strain rate of 4.4x10-6/sec.

Figure 2.4 shows a typical stress-strain curve for snow ice at

-9.5oC subjected to unconfined compressive stress at strain rates

16
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varying from I0-'/sec to l0-4lsec. It is observed that the peak stress

occured at a much lot*er strain at the higher strain rate and

subsequently at the lowest strain rate the stress-strain curves show a

smooth transition to a fairly low asymptotic stress with the strain

(GoId and Krausz, 1971).

The strength of ice increases with an increase in the

concentration of foreign particles. Goughnour and Àndersland (1968)

observed that peak strength of ice embedded with Ottawa sand increased

with an increase in sand concentration as shoçrn in Figure 2.5, The

rate of increase in strength rises sharply at a concentration of 42

percent of sand by volume. This was also confirmed by Hooke et al.

(1972). This sharp increase is attributed to the interaction of the

sand grains.

While nost of the strength tests reported in the literature

have used uniaxial loading, Sayles (1973), Smith and Cheatham (f975)

and Jones (197S) have usecl triaxial tests and considered the effect of

confining stress on the strength. They found an increase in strength

t¿ith confining stress. Jones ( 19?B ) reported that this increase

occurred only up to a limiting confining stress of 40 MPa. Strength

decreased with further confinement. He suggested that the decrease was

due to localized pressure melting. GIobaI pressure melting occurs at a

confining stress of about 110 Hpa at -l0oC.

The tens i Ie strength of ice is almost independent of

tenperature and strain rate for strain rates above 10-slsec (Tsytovich,

19
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f975). In such cases ice fails

evidence of internal cracking prior

brittle fracLure çrlth Ilttle
fracture and separation.

by

to

it is generally agreed that the strength of any m¿terial

increases with an increase in the rate of loading, but the deformation

mechanism of ice changes from ductile to brittle at a strain rate known

as the transition strain rate and the strength drops abruptly and takes

on an asymptotic value. The numerical value of this strain rate again

depends on the same factors affecting the strength. At hiqh confining

pressure this transition point is suppressed and only ductlle behaviour

results. Nevertheless, a ductile/brittle transition zone at a strain

rate of l0-3lsec has been reported by researchers using uniaxial

compressive stress tests (Gold and Krauzt L97L, Jones, 1978).

2.L.2.2 DeformaLion of lce

Most of the information on the deformation properties of ice is

derived from uniaxial testing either in compression or in Lension. Ice

exhibits significant elastic, instantaneous permanent, and

time-dependent permanent and recoverable deformation under Ioad. The

time{ependent permanent tleformation contributes a significant portion

to the total clefornåtion. If the tests are carried out to sufficiently

Iarge strains they display the responses as illusbrated in Figure 2.6

where the strain is plotted, on linear sca1e, as a function of time.

The complete strain-time curve displays instantaneous elastic strain,

Eo, decelerating t'primary creepr, I, transitional rrsecondary creeprr,

II, and accelerating Htertiary creeptrrIII.
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Instantaneous elastic strain is dependent on the Young's

modulus of ice. In most of the tests, the stress is applied abruptly

at zero time producing an infinite strain rate. It was reported by

Mellor (1979) that relatively hiqh stresses applied instanlaneously

could damage the specimen permanently by developing internal cracks.

In a typical creep test, the instantaneous elastic strain is relatively

small, in the order of 0.01 percent with a stress of

proportionately less at lower stresses.

1 HPa and

Primary creep is a viscoelastic response consisting of a

recoverable ndelayed elastieil strain and irreversible viscous strain.

This stage is characterized by a progressive decrease in the rate of

irreversible strain approaching zero as a lirnit. The primary creep is

accompanied by reorientation and recrystallization of the ice with a

decrease in sizes of the crystals, consequently increasing the density

of ice. If the stress is removed abruptly during !h" course of the

creep Lest, abrupt recovery of the instantaneous elastic strain and

gradual recovery of the delayed elastic strain r¿i11 occur.

Secondary creep is characterized by a constant rate of

deformation. This is accompanied by the closing of microcracks, the

decrease in the porosity and the fo¡mation of new microcracks. Àfter a

certain time equilibrium is reached between the healing of the existing

structural defects and the generation of new defects.

TertÍary creep is characterized by the acceleration of the rate

of deformation. This stage is accompanied by the developmenl of

23



microscopic cracks, the appearance of new microscoplc cracks at a

steadily increaslng rate with their transition to macroscopic cracks.

This would result in recrystallization and reorientation of the

crystals with their basal planes paralleì. to the shear direction

causing a substantial decrease in the shear strength of Lhe ice.

Tertiary creep at large strains has not been well studied. However, a

reasonable supposition states that acceleration gradualLy ceases so

that strain rate tends asymptotically to a limit (He11or, 1979).

ÀImost aII the mechanisms of deformation such as microcracking,

point and line defect motion, grain boundary sliding, dislocation

buildup, crystal orientation and recrystallization exhibit time

dependence. 0f these deformational mechanisms, some tend to harden

while others tend to soften the structure of ice crystals. It is cleai

from the above that several deformational mechanisms appear to control

the creep of ice during the entire time period from initial loading to

final rupture

The creep of ice clepends on stress, temperature and sample

quality. Most of the prevlous work in the literature centered on the

relationship between minimum creep rate, Ë-, and applied stress t Ç.

Mellor (1979) reported a relationship expressed in the form of €*=Aoo,

where the exponenL n is between 3 and 4t and A is a temperature

dependent constant. The above expression is good for a stress range of

0.2 to 2 MPa. At higher stress n increases with stress Ievel.

Studies, on the effect of temperature on the creep behaviour of
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ice by different researchers, have shoç¡n that the creep rate of ice is

temperature sensitive at temperatures above -10oC. The strain rate

decreases with the decrease in temperature as shown in Figure 2,7,

Barnes et al. ( 1971 ) concluded that for low stresses. microcreep

mechanisms such as point and line defect movemenL dominated below

-10oC, while above this, grain boundary mechanism dominated. Pressure

melting and recrystallization become significant at a temperature

higher than -30C.

The effect of grain size of ice on creeB has been studied by

Jacka (1984), DuvaI and leGac (1981), Jones and Chew (1981), Baker

(1978) and Goodman (1978). Jacka stated that ice crystal size had

Iittle or no effect on the minimum flow rate of isotropic

polycrystalline ice. It may, however, äffect the primary or transient

flow rate and thus the time to reach minimum strain rate. Às a

consequence of dynamic recrystallization during the creep process the

meän crystal s izes increase or decrease to an equi I ibr ium s ize

apparently dependent on stress and temperature. Baker (l-9?B) indicated

that the strain rate increased markedly v¡ith decrease in grain size.

Duval and teGac (1981) and Jones and Cher* (1981) disagreed with the

results of Baker. Combined plots (Figure 2.8) of Duval et ä1., Jones

et aI., Baker and Sego show wide discrepency in measured strain rate

for a given grain size while results of each supports their own

conclusions.

The particulate impurities in ice has appreciable influence on

its deformation behaviour. Hooke et a}. (L972) observed that the creep
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of the ice-sand mixture decreased as the amount of sand increaserl. The

plot of minimum strain rate versus volume of sand fraction in Figure

2.9 indicates that the minimum strain rabe decreases with an increase

in sand content. This confirms the results obtained by Goughnour and

Àndersland (1968) presented in Figure Z.S where the peak strength

increased with an increase in volume of sand.

2.1.3 Quantltative Models of Strength and Defornatlon of lce

Strength and deformation properties of ice have been studied

extensively by various researchers during the last two decades. Large

scatter in strength and deformation data is found for nominally

identical samples tested under similar test conditions. The scatter in

the test resurts may be attributed to the ice sample, testing apparatus

and besting environment.

One of the earLlest theories which relates the steady state

strain ratertemperature and stress level of ice is the Rate process

Theory formulated by Eyring (1936). weertman (19?3), Langdon (19?3)

and GoId (19?3) have modified the Rate Process Theory equation and

wrote it in simpler form :

E

E = cso exp(-¡
RT

E

Dr c

steady state strain rate

constants

çvhere

28
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ü = devlatoric stress IeveI

E = activation energy

R = universal gas constant (8.31 J/oK mole)

T = temperature ( oK )

Based

rewritLen by

on the modified

l.luguruma ( 1969 )

Rate Process Theory

in terms of stress :

CI

O = cti:-tn exp(-)
nRT

vrhere the value of n varies from 1.3 to

K Jou1es/Mole, as reported by various

Weertman (1973). Àlthough equations 2.

parameters o and e in equation 2.1 are

and steady state creep rate whereas in

peak strength and apptied strain rate.

is equal to inverse of c in equation 2.

equation (2.1) was

(2.2)

6.7 and 0 varies from 42 to 75

researchers and summarized by

1 and 2,2 are identical, thg

defined as the applied sLress

equation 2,2 they are defined as

The constant cf in equation 2.2

1.

Àndrade

creep strain and

expressed in the

( 1910 ) put

time based

form :

g = go{Btr-,/3+Kt

ßtr'/ 3 ( 1

t = time after load application

€ = sample slrain at time t

forward an empirical relationship between

on the viscous flor¡ of metal. This is

(2.3)

where
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0=

(=

fittlng constants

steädy state creep rate

instanteneous strainLo -

Andradets equation was verified by GIen (1955) and Barnes et

41. (1971) for ice and Ting and Martin (1979) for frozen soil who found

that it could predict the primary creep reasonably better than. the

secondary and tertiary creep. The components of åndrade's equation are

shown graphically in Figure 2.I0.

Assur (19?9) proposed an empirical modelr äs described by

equation (2,4l., which can describe the entire creep curve including

primary, secondary and tertiary stages.

Ê=Àexp(ßt)t-' (2 .4)

where s is the strain rate, t is the time, A, B and m are constants.

Although this model describes the entire creep curve, it does not take

into account the effect of temperature and stress level. It is obvious

from the Iiterature that a general model, which takes into account aIl

the variables affecting the strength and cleformation properties, is yet

to be developed.

2.2 HECHASTICS 0F FR0ZEI{ SoIt

2.2.L Structure of Frozen SoiI

The basic constituents of frozen soils are solid mineral
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particles, viscoplastic ice incluslons, unfrozen water ,ind g,lseoLlE

inclusions. AIl of these constituents are related to one another in

ways that depend on Lhe properties of the individual phases and on the

leveIs of external disturbances.

The solid mineral particles of trozen soils exert an essential

influence on the properties of the frozen soil, which depend not only

on the sizes and shapes of the particles, but also on the

physicochemical nature of their surfaces. The nature of the surfaces

is generally determined by the mineralogical composition of the

particles and the composition of cations that they have absorbed. The

shapes of the mineral particles also have a large influence on the load

transfer mechanism within the frozen soil system. If the particles are

flat the external forces remain untransformed, while they may reach

enormous values in the case of sharp-angular mineral particles.

Tsytovich (1975) found that an external pressure of 0.2 MPa could cause

an internal stress of 117 MPa due to particle shape and orientation.

Such a high pressure can occur only within the elastic range ot

deformation and eventually decrease with time because of the increase

in contact area.

The size of the mineral particles also has an appreciable

influence on the behaviour of frozen soils. The specific surface area

increases with a decrease in grain size of the mineral. The unfrozen

water, which influences the mechanical behaviour, increases with an

increase in specific surface area and consequently with decrease in

grain slze. Mineralogical composition also affects the behaviour

depending on the interaction of the mineral particle with the pore ice.
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Tenslle anil shear adheslon tests by Jellinek (L962,7967 ) on ice

which had been f.rozen to various surfaces with varying roughness,

showed that cohesive type breaks, within the ice crystals, were

observed in tension tests, independent of surface roughness. Àdhesive

type breaks at the interface between the ice and the solid were

observed in shear tests, with strength as a. function of surface

roughness, temperature and rate of shear strain. The strength of

adhesion increased with an increase in surface roughness and a decrease

in temperature, but below -130C the adhesive strength was independent

temperatu¡e and surface roughness.

Ice is responsible in large measure for the mechanical

properties of frozen soil. With variations in thermodynamic conditions

such as temperature and pressure, the properties of ice such aô

structure, viscosity etc. måy undergo considerable variations. These

changes result in instability of the properties of both the ice and the

frozen soil. The pore ice is polycrystalline with a random crystal

orientation. Under ordinary condition its response to deviatoric

stress is governed by the motion of dislocations and/or microfracture.

It is generally agreed that a film of unfrozen, liquid-like

water exists around soil particles in the frozen soiI. According to

Tsytovich (1975) this Iiquid-1ike layer consists of strongly bound

water and loosely bound water, Because of the very large

electro-molecular forces of the surface, the strongly bound water in

the vicinity of the solid particì.e cannot form hexagonal crystal

lattices even at very low temperatures. The loosely bound water
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freezes at temperatures below 00c. The thinner the layers of looseLy

bound water, the stronger wiIl be the effect of soil mineral particLe

surfaces on the freezing process and the 1ov¡er will be the freezing

temperature. The amount of unfrozen water present in the frozen soil

at a certain temperature can be related to the specific surface area of

the mineral particle (Anderson and Tice,1972). ,A recent investigation

shol+ed that in a frozen clay, unfrozen film måy exist down to a

temperature of -110oC (Ladanyi, 19B5). From the above discussion one

can conclude that with an increase in specific surface area, the

unfrozen water content increases at a constant temperature.

Conseguently with an increase in surface area as the particle size gets

smaller, the thickness of bound water decreases requiring more energy

to freeze the water.

The gaseous components of frozen soil are water vapour and

gases. Their role in the frozen soil is to produce porosity which

affects the compressibility characteristics of frozen soiI.

Ting et a1. (1983) proposed a conceptual frozen sand structure

(Figure 2.LL), based on an extensive literature revier*, having the

following characteristics :

- in coarse grained frozen soiIs, solid contacts exists

between most particles

- continuous unfrozen water exists at the ice-to-soi1 solids

interface and at grain boundaries in the ice phase

-ice in frozen soil is polycrystalline in nature and the
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number of ice grains in a pore is equal

particles adjacent to the pore.

to the number of

The freezing process has an appreciable influence on the

structure of pore ice and thereby on the frozen soil. It is generally

agreed that a layer of unfrozen water exists around the soil particles

in frozen soiI. This layer is mobile, continuous and capable of mass

transport. It is understood that ice nucleates in the presence of

silicate particles adjacent to the unfrozen adsorbed water film rather

than directly on the particle surface. Corte (L962) observed in the

case of soil freezing upward, the freezing front could carry soil

particle floating on the heaving ice surface. This is possible if an

unfrozen water film surrounds the soil particles.

The freezing curve of water saturated Lyubertsy guartz sand is

shown in Figure 2.12 (Vyalov, 1975). The first segment, I, corresponds

to initial supercooling of the sample without formation of any ice.

The supercooling temperature depends on the material type. For this

sand it was about -3oc. Às soon as the pore water begins to freeze, a

significant amount of latent heat of ice formation is released and the

temperature of the soil rises to very close to OoC as shown by stage

II. .At this tenperature all the free water present in the sand

freezes, Lhe time of f.teezing depends on moisture content, freezing

rate and the dimension of the sample. This is sho*rn by the part III of

Lhe curve. When aII the free water in the sample turns into ice,

cooling of the sample starts as shown by the part IV. If the

temperature is raised as shown by the segment V, the temperature varies
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llnearly at flrst, but then in curvllinear fashion. For sands the

curvature starts approxirnately at temperatures ranging between -0.5 and

-1oC. this shows that the absorption of the latent heat of ice

formation begins even before the thawing temperature of the soil has

been reached.

The rate of freezLng plays an important role in determininq the

structure of ice and f.rozen soil, and consequently the mechanical

behaviour. It is observed that the first freezing causes the air voids

to become entrapped ç¡hereas slow unidirectional freezing drives Lhe air

void ahead of the freezing front.

2.2.2 Defornational Mechanisms of Frozen Soil

The rheological characteristics of frozen soil are a direct

result of the presence of ice as a matrix which undergoes plasLic flow

under a load practically of any magnitude, causing reorientation of

crystals. The presence of a viscous film of unfrozen water initiates

and furthers the rhoelogical process when any additional load is

appl ied.

The sfrong development of rheological processes in frozen soils

is due to the peculiarity of their internal bonds. There are three

basic types of internal bonds identified in frozen soils : i) purely

molecular bond ii) ice cement bond and iii) structural bond. Purely

molecular bond depends on the area of direct contact, distance betr*een
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mlneral partlcles, thelr compactness and the physicochemical nature of

the particles. Ice cement bond, which is responsible for the strength

and deformation properties of frozen soi1, depends on the temperature,

ice content, structure of the ice and their position with respect to

the applied force, unfrozen water, gas inclusions and cavities in the

ice. Structural bonds depend on the conditions of formation and the

subseguent existence of the frozen soi1. The greater the inhomogeneÍty

of frozen soil, the greater will be the number of structural and

constitutional defects in it

The strength and deformation properties of f.xozen soil differ

from those of other solids in that the application of external load to

a frozen soil always gives rise to irreversible restructuring, which

causes stress relaxalion and creep defoúmation under a very small load.

Much of these behaviours can be attributecl to the presence of pore ice.

Three basic mechanisms of deformation of pore ice. are identified :

i)flow of ice in slow shear parallel to the basal plane of the crystals

without any change in the structure of the ice, ii) nicrocracking,

recrystallization, intergranular shifting and breakup into fragments

wilh randomized orientation, iii) melting of ice under very high shear

stresses due to the heat of friction along cleavage planes. Based on

the discussion in the previous sections on the behaviour of frozen

soils and ice, some qualitative and quantitative ¡nodels for the

observed behaviour are presented.
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2.2.3 strength of Frozen so11

2.2.3.1 Effect of Mineral Particle Concentration

The ratio of mineral particles to ice affects the behaviour of

frozen soi1s. Ice l*ith some impurities has lower strength than pure

ice. This is supported by the work of Goughnour,and Andersland (1968)

and Hooke et aI . (79721. They observed that polycrystalline ice with

sand particles of I to 3 percent by volume had about 10 percent lov¿er

peak strength than pure ice. This is attributed to the fact that the

sand particles decrease the ice crystal size which is more prone Lo

grain boundary slipping and even act as a site for primary dislocation.

The peak strength starts increasing with the increase in sand ice ratio

(Hooke et a1., I972). Goughnour and Andersland (1968) reported that

the influence of interparticle friction and dilatancy became apparent

when the sand concentration was increased beyond 42 percent. Kaplar

(1971) showed that the peak strength started increasing rapidly when

the sand concentration was increased beyond 40 percent. The strength

increase occured as the sand remain ice saturated (Kap1ar, Lgl3, Baker,

1979). SayJ.es and Carbee (1980) had shown that at silt concentration

of less than 50 percent the strength was governed by ice matrix at Low

strains while at higher particle concentrations the stress-strain curve

showed an increasingly strain hardening character.

2.2.3.2 Effect of Conflning pressure

The strength of frozen sand consists of cohesion of the ice

matrix and the frictional resistance of the sand grains. It has been

found, however, that these sources of strength may be independent of
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each other dependlng on the straln rate. For 0ttalua sand if the straln

rate is greater than 0.02/nin, the ice matrix attains peak strength

first at a strain less than 1.0 percent and Lhen the soil skeleton

resistance becomes a function of confining pressure and attains a peak

strength at a strain of 10 percent (Sayles, 1973). This is shown in

Figure 2.13a. The first yield point is considered to be the yielding

of ice matrix while the second one corresponds to the sand-ice

composite. Failure envelope based on the two peakS are presented in

Figure 2.13b. Chamberlain et aI. (I972) observed that at lor¿ confining

pressure the shear strength increased for Ottawa sand but decreased for

silt. He suggested that the strengthening of the Ottawa sand was due

to particle interlocking and interparticle friction and while the low

strngth for silt was due to the presence of unfrozen waLer film. In

the intermediate pressure range, both the Ottav¿a sand and the silt
exhibited decreasing shear strength r+ith increasing confining pressure.

This was due to the onset of pressure melting caused by stress

concentration and the suppression of dilation due to high pressure. In

the high pressure region, about 100 MPa, both the Ottawa sand and the

silt showed an increase in shear strength due to increase in confining

pressure. In this pressure range ice/water phase transformation

occurred and began to start behaving as unfrozen soiI. This can be

represented by a schematic diagram shown in Figure 14. Very similar

results of a study of the effects of high confining pressures on the

strength of frozen Ottawa sand were obtained by Simonsen (1974) and

Sego (1984). Parameswaran and Jones (1981) found that yield and peak

strength increased r¿ith increasing confining pressure up to 35 to 40

MPa, beyond which pressure melting causes decrease in strength.
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2.2.3,3 Effect of Temperature

Temperature has a marked influence on the behaviour of f.tozen

soil. Àny change in temperatu¡e alters the constitution of the trozen

soil by changing the amount of unfrozen water content and influencing

the strength of intergranular ice. Haynes and Karalius (I9'11 ) (Figure

2.75) observed that the uniaxial compressive strength increased with

the lowering of temperature. The strength increase was dependent on

the strain rate having higher strength with higher strain rate. The

strain rate and temperature had very tittle effect on the tensile

strength at temperatures lower than about -soC whereas the tensile

strength increase was noticed betr*een OoC and -5oC. Triaxial LesLs

performed by Smith and Cheatham (1975) showed that with the increase in

confining stress, the temperature dependence of strength decreased.

Andersland and ÀlNouri (1970)

had tried to express the strength

temperature by means of Rate Process

useful only if very high values of

substituted into the equation.

and Àndersland and Douglas (1970)

variation of.frozen soils with

Theory and found the theory to be

apparent activation energy are

Vyalov et al. (L9621, Paramesv¡aren (1980) and Bragg and

Àndersland (1980) have used power law to express variations of strength

with temperature. À procedure for determining the parameters for the

power law was given by Ladanyi (1972).

2.2.3.4 Effect of Strain Rate

Parameswaran (1980), Bragg and Àndersland
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effect of straln rate on the unlaxlal compresslve strength of frozen

sand. Figure 2.16 shows the stress-strain curve for a frozen sand at

different strain rates at -1OoC. This shoç¡s that the peak strength

increased v¿ith an increase in strain rate. Figure z,Ll plots the

compressive strength against strain rates. The compressive strength

increased with an increase in strain rate upto lO-u/sec. The strain

rate higher than 10-5lsec had no effect on the compressive strength.

Triaxial tests on the Ottawa sand by Sayles (1973) showed (Figure 2.18)

that strain dependence of strength did not change appreciably as the

confining pressure was increased.

2.2.4 Deformation of Frozen Soil

Deformation behaviour of frozen soil depends on the pore ice

which normally binds the grains together and fills most of the void

spaces. Frozen soll, like ice, undergoes time=dependent deformation or

creep under constant stress. Experimental evidence from literature

shows that upon application of a deviatoric stress, the frozen soil

shows an elastic deformatlon followed by a stage of deceleratlng creep

which gradually stabilizes and eventually starts accelerating depending

on the stress level. Similar to that of ice, the entire creep process

of the frozen soir can be described as primary creep or decelerating

creep, secondary or steady state creep and tertiary or accelerating

creep.

An external load causes stress concentration aÈ the point of
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contact of the gralns and develops stresses rnäny tlmes htgher than the

average stress calculated on the basis of the applied load. This

causes plastic flor,¡ and melting of ice, and dynamic equilibrium is

disturbed. The pore water caused by the melting of ice moves to lower

stress points and refreezes. Àt the same time, ice cementation bond in

the weaker spots yields and reorientation of the ice crystals and

mineral particles takes place which tend to orient their basal planes

paralleI to the slide direction. This process, accompanied by

reduct ion of shear ing strength, denser pack ing of the mineral

particles, increase in intermolecular bonds, build up of ne!ü ice

cementation bonds, causes both strengthening and weakening. If the

strengthening exceeds weakening, the deformation process is damped, but

if weakening overcomes strengthening, prolonged and accelerating creep

occurs.

2,2.4.1 Effect of stress tevel

Depending upon the stress level the deformation of frozen soil

includes instantaneous axial deformation followed by regions of

primary, secondary and tertiary creep. vyalov (1962) stated that at

low stresses strengthening of frozen so i I ted to damped creep

defornations whereas at higher stresses structural weakening 1ed to

lncreasing creep rate and subsequent failure. plot of axial stress

versus the reciprocal" of temperature (Andersland and Àkili , L967,

Figure 2.19) provided a graphical means for predicting creep rates for

selected stresses and temperatures. Damped creep occurs below the

region which has a creep rate of lï-a/sec. Strain rate versus time
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for varlous stress leve1 are plotted tn Flgure 2.20 uslng data obtalned

by Rein et aI. (1975) from unconfined compression tests on ottawa sand

at -B.5oc. This shows that at each stress level the strain rate

reached a minimum value before further acceleration. Àssur (1980),

Mellor and cole (r9ïz) and Martín et al. (1981) reported that creep

failure occurred when creep rate reached its minimum creep rate. It is

observed from the above plot that the time to minimum creep rate

increases with the decrease in stress IeveI. Based on vyalovrs power

law equation Ting (L983) expressed the minimum creep rate as:

Or
È- = Ê- (-)n

O_

(2.s1

in which = minimum creep rate

= arbitrary normalizing strain rate at stress level, o-

= applied stress

= material properLy

Rein et al. (1975) suggested that possibly for every material

there was a stress level below which damped creep behaviour might be

present. This stress level might possibly be defined as the limiting

long term strength of the material.

2.2.4.2 Effect of Temperature

The creep behaviour of frozen soil is extremely sensitive to

temperature. The ice and unfrozen water ratio in the frozen soil

matrix is not a constant but changes with temperature and consequently

EM

ê.

Or

n
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changes the matrix of the frozen soll and thereby tts behaviour. The

plot of minimum strain rate in 1og scale against the reciprocal of

applied stress at various temperature in Figure 2,21 (YaIin and Carbee,

1983) shows that as the temperature decreases the applied stress

increases for the same minimum sLrain rate. From Figure z.zz, time to

failure against reciprocal of stress, it is observed that time to
failure increases with the decrease in temperature with the stress

remaining constant. They have expressed the relationship as :

Ë-=Ë.exp(-K(---.))
OOc

Ë- = ct---

where è. = criticat creep rate

0c = critical creep strength

€- = minimum creep rate

t* = time to reach minimum creep strain

crn=måterialconstant

K = function of temperature = 125.7 Oa.a for silt

(2.6)

(2.7)

Martin et a1. (198f) observed similar behaviour when testing

Manchester fine sand under uniaxial compression. It is evident from

all these that the frozen soil is far more temperature sensitive than

ice. This extreme sensitivity to temperature results in experimental

problems and comparison of resuLts from various sources.
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2.2,4.3 Effect of conflnlng gtresg

Consistent with other structured materials, the strength of

frozen soil increases with increase in confining pressure and thereby

the creep rate under any devlatorlc stress decreases. A set of creep

curves for 0ttawa sand at constant axial stress and different confining

pressures are shown in Figure 2.23 (Sayles, 1973). It is evident from

the curves that for the same deviatoric stress of 4.13HPa damped creep

occurs at the confining pressure of 5.5 HPa whereas accelerated creep

occurs at the confining pressure of 1.38 MPa.

Alkire and Àndersland (1973) and Andersland and AlNouri (19?0)

studied the effect of confining pressure on the creep behaviour of

Ottawa sand. They related the strain rate with the deviatoric stress

and the octahedral stress by the follovring equation.

e = c exp(n(o-o:)) exp(-(mo.-.)) (2.8)

where ooer = (I/3) (orftztos) and c, m and n are constants.

2"2.5 Quantltative Models of Strength and Deformation of Frozen Sand

AII existing creep theories of frozen soiLs had their roots in

theories originally developed for metals of r¿hich strains are usually

taken to be small and upon çshich a superimposed hydrostatic stress

hardly has any effect.
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Andråde

pure metals and

be represented

(1910) demonstrated that the tenslle creep,

a selection of alloys, under constanL load

by:

of several

could best

L=Lo(7+g¡tt')exp(kt) (2.e)

where L is the length of the specimen at time t under a constant stress

and L- is the initial length immediately before loading. Àndrade found

that the constant k and ß increased in roughly analogous fashion with

stress and temperature.

Bailey (1929) and Norton (1929) expressed the creep law in the

form of simple power law :

g = 
-(-)n(T)t o-(T)

(2.10)

where E

o-(T)

't

creep rate

a suitable function of temperature

a fixed standard time unit inLroduced to give the creep

- stress o- the dimension of stress

a creep exponent (n>1)r¡=

Odqvist and Hult (L962), based on the power law, generalized

the creep equation, for uniaxial and multiaxial states of stress, of

nondamped creep behaviour of metals. They expressed the steady state

creep rate in terms of equivalent strain rate and stress assuming the

validity of Von Mises plasticity rule and the volume constancy for aIl
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plasbic deformation including creep deÊormatlon.

0@

Ë* = E. (-) n

oe

where e* = equivalent strain rate

(2.7r)

oo = equivalent stress

E-&oc = temperature dependent creep parameter

n = creep exponent

For axially symmetric state the equivalent stress is replaced by

(ot-o¡ ) .

Vyalov (1962) proposed a primary creep model representing thg

total strain as the sum of the initial strain, Eot and the time

dependent strain, s(t).

e = e-+e(t) (2.rzt

For negligible initial strain, Eor the total strain may be approximated

to:

ot¡
E=E(t)-(--)r/n

sr( 0+e. )}.

where 0 = negetive temperature (oC)

0.= reference temperature usually -loC

wrkrlrm = soil parameters

(2.r3)
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The straln rate may be wrltten by differentiating the equablon

(2.13) ttith respecL to time :

À, 
t

E = å(_--)L/ß t(¡-m)./h (2.I4)
m w(0*0.)h

The equation (2.I4) confirms that the strain rate decreases

with time and hence the equation (2.L3) is indeed a primary creep

model.

Vyalov (1978) proposed another equation for txozen soil in the

prefailure state where he has taken into account of the effect of mean

normal stress.

C-
€. = (--)a/n (

B

o.t*
(2.15)

C-+o-+tanö-

where c- = temperature dependent adhesion at t=o

þ = internal friction angle ât t=o

m = creep exponent

E = w(1+t)l. = temperature dependent experimental parameter

a = naterial characleristic

Odqvist (1956) proposed a creep model as given by equation

(2,16) for multiaxial states of stress based on the total deformation

theory which is particularly suitable to describe behaviour of material

in the secondary stage of creep, taking account of primary creep ç¡ith
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its total amount as correctlon.

dErr 3 d oe Srr oø Sr¡_ = - (_( (____)n-r __) + (_¡.-r _-_) (2.16)
dt2dtoooooeoc

where r@ = equivalent stress

oc = proof stress

Sr:=stress deviator tensor

oornorn =mäterial constant

d€rr

- 
= creep rate tensor

dt

The above eguation (2.16 ) is founded on the following

hypotheses :

i) material is incompressible

i i ) creep rate is independent of superimposed hydrostatic

pr essure

iii) existence of a flow potential

iv) material is isotropic

v) Nortonrs law holds in the special case of uniaxial stress

Ladanyi (I972) proposed a secondary creep model adapted from

the theory of Odqvist (1955) and Hult (7962'). Ât constant temperature

and stress Ladanyi expressed strain as :

e = Er.*Er¡'*8.
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Hhere Erø = pseudo-instantaneous elagtlc straln

Er, = pseudo-instantaneous plastic strain

E- = Creep sbrain

The pseudo-instantaneous elastic and plastic strains are the

functions of stress and temperature. the creep strain rate may be

described by :

( 2.18 )

dt o.(T)

where E- = arbitrary strain rate corresponding o.(T) (proof stress)

n = material constant

o = applied stress

The equation (2.I7) for a given material at a constant

temperature is replaced by :

úoo
f, = _ r €r(_)k + tË.(_)- (2.19)

Eoete

where the first term in the equation ( 2.19 ) represents

pseudo-instantaneous elastic strain, the second term plastic strain and

the third term creep strain. Experimental evidence in frozen soils

shows that for a time interval greater than about 24 hours the two

instantaneous strain terms together constitute less than 10 percent of

the total creep strain (Vyalov, 1959).
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For a period longer than about one day it may be sufficient for

practical purposes to retain only the third term in the equation

(2.L9) , i. e.

ü
Ê = tÊ. (-)n

0c
(2.201

Ladanyi expressed the equation (2.20) in terms of strain rate

and mean normal stress in the case of multiaxial state of stress :

(f+2't (o,-u¡ ) -3 ( f -1 )o*
€=Ë- ( (2.zLt

3o..f ( B )

where g

f (g) = (1+-)w
9-

1+s i nö
E_

1-s inÕ

o- = (oa+o2+o3 )

3

E- = arbitrary strain rate

ocu = value of o. at E- in compression test

The equation (2,2L ) assumes fulI mobilization of internal

friction over the whole region of pre-failure state ç¡hich teads to a

non-zero strain rate at zeto stress difference. Therefore the

application of the equation (2.2L) should be limited either to strain

close to failure or to those contained within a narrow range of

mobilization of internal friction.

Odqvist (1966) and Hult (L962) in effect regarded a metal in

)n
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statlonary creep as dn lncompresslble generalized Newtonian fluid lr¡hose

viscosiLy function obeys the power law; v¿hen solving boundary value

problem they often added the assumption of small deformations so that

the stretching tensor (rate of strain) could be replaced by time

derivative of the infinitesimal strain tensor. Àlthough Ladanyi made

adhoc modifications to account for the effect of.hydrostatic pressure,

he implicitly adopted the assumption of small deformations when

employed the infinitesimal strain Lensor and its time derivative in aII

his formulations.

Andersland and AlNouri (L970) proposed a creep equation based

on exponential form serving the same general purpose as equation (Z,ZLl

A exp(N(sr-os) )

èe - (2.22)
F(T) exp(mo-)

where F(T) = exp(L/T)

L=U/R

U = activation energy

T = absolute temperature

R = universal gas constant

and A, N and m are experimental parameters.

Goughnour and Andesland (f968) proposed a

to model the entire creep phenomenon including

tertiary creep :

constitutive equation

the accelerating or
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. Kr
Êp = 

- 
exp(-nrrt)+K" exp(n2t)

{t
(2.23)

where all the four soil paramet€rs or, rtzt Kr¡ äñd Kz dËê functions of

both stress and temperature and e" is the plastic strain rate. The

first term represents strain hardening and the second term represents

strain softening which is dependent on the adsorbed strain energy.

They observed that the influence of the hardening term became

negligible with increasing axial strain. Goughnour and Àndersland

reported excellent correlations between their model and data obtained

on Otta$ra sand

Ting (1983) proposed a simple empirical

f.or f.rozen sand, based on the model proposed

polycrystalline ice, of the form :

e=Aexp(ßt)t-^

t- In ( tJt. )+ (t.-t-)
m=ßt^

I r-sô Lo

[=
exp ( fJt. )

Ë- = minimum strain rate

where À, ß and m are experimentally determined constant defined as :

ln ( e./e- )

$=

tertiary creep model

by Àssur ( 19?9 ) for

(2.24)

(2.251

(2.26)

(2.27 )

where
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f* = tlme to nlnlrnum straln rate

E* = strain at minimum strain rate

Eo = strain aL some initial nonzero time t-=l min

go = strain rate at initial time t-

Ting reported excellent correlation between his model and data

on Manchester fine sand.

Gardner (1984), based on the constitutive equation proposed by

Assur (L979) for polycrystalline ice, proposed a new equation which

gave a good estimate of both creep strain and strain rate for the whole

creep curve with an excellent fit up to inflection poinl. This

equation is expressed as :

E= 
= tll. exp[(rc-clt]. -¡ r e.zs)

E--Eo t- t-

where c is the dimensionless parameter describing the shape of the

curve and E- is the strain at t- which is the time to reach minimum

creep rate. Eo is the initial strain and E- is the creep strain.

YaIin and carbee (1983) proposed an equation of the following

form which they claimed could describe the entire creep curve.

Eg t 1 ßtlt-
€ t ¡ r =Eo*- (-)r-o exP( ßtlt^) t- -(r-ß) (r-ß)Q-B',t

( ßtlt-) 2

(r-ß)(2-ß)(3-B)

aßF n-a l
! Lß LM
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where Eo = lnstantaneous straln

ß = 0.33 when t* (30 min.

ß = 0.23t-o'ar when t- ì 30 min.

t* = time to reach minimum strain rate

Êe = å* t-t.

Although the creep models in the literature can describe a

variety of creep behaviour, there is no comprehensive theory which

considers creep rupture and eventual failure of the specimen during

creep. In most cases long term strength models, which take into

account the ruptures and failures, are described separatery in the

I i terature .

It is known that frozen soil flows, even under small stresses,

if we consider this process on geologic time scale. The limiting long

term strength for all practicaJ. purposes may be defined as the strength

below l+hich creep rupture or excessive deformation do not occur and

reduction of strength with time become insignificant.

Vyalov (1962, 1966, 1973) described the long term strength of

frozen soil by:

ß

oÈ=-
1n[ (t¡+t*)/B]

(2.30 )

l=

ln(te,/B)

temperature dependent soil

time to failure

Iong term strength

tr

0r

where ß and
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B exp 1(j/v t)

instantaneous reference strength

Andersland and AlNouri (19?6) observed that the confining pressure had

little influence on the ultimate shear strength of frozen clay and that

the long term angle of internal friction was found to be zero, An

increase in shear strength occured with the increase in normal stress

for sand-ice system giving a long term value of Õ=25.10. This value of

Õ was less than that would be expected for dry Ottawa sand r*ith the

same density. Parameswaran and Jones (1981) found that the angle ot

internal friction in frozen sand under confining pressure up to 90 MPa

was only L2,40; compared to 3?o in unfrozen sand.

Sayles (1973) and Rogensack and llorgenstern (197S) suggested

fhat the envelope for the frozen sand approached that of the unfrozen

sand with time. Figure 2.24 shows that 3.2 hour and 22 hour envelopes

are curved while 60 hour envelope is a slraight line. The curved

envelope for the shorter period of time indicates that the strength and

the friction between the ice crystals dominate the strength of soil

mass. The 50 hour straight line envelope suggests that the frictionat

resistance of the sand grains dominates the strength of the sand over

long period. Sayles emphasized that for all practical purposes

Mohr-Coulombrs expression (equation, 2,3L) could be used for long term

strength of sand with low ice contents.

t"

Or

T=c+o^tanÕ

6B

(2.31)
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ldhere c = coheglon

on = normal stress

ó = angle of internaL friction

Assuming the long term angle of internal friction for frozen

sand is approximately equal to the friction angle of unfrozen sand, the

strength of frozen sand according to equation (2.3I) decreases with

time due to a decrease in apparent cohesion.

Ladanyi (L972) expressed the strength at failure by :

(or-øs) e = ûeu(tr0)+o¡( f-1 ) (et/e=),r^ (2.32t

where or = nìËrjor principal stress

03 = minor principal stress

or. = o--o( e"/t-)a/- f(0)

Ëe = strain rate at failure

é- = arbitrary strain rate

l+sin&
f=

1-s in @

This equation implies a time dependent angle of friction if Ee

is kept constant or €r increases linearly with time, if the angle of

friction is made independent of time. A simpler form may be obtained

if only the strength and not the whole stress-strain behaviour is made

dependent on normal pressure.
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2. 3 STRESS-STRATN RELÃ,TIONSHiP

2.3.I Deformation Parameters

The internal mechanical response of a material can be expressed

in terms of stress and strains. The parameters nhich relate stresses

and strains are generally defined as deformation parameters. For

elastic, isotropic and homogeneous maLerials, it is necessary to know

only two parameters, which may be either youngrs modulus, E, and

Poissonrs ratio, , or bulk modulus, K, and shear modulus, G, to

express stress-strain relationships. Since the behaviour of f.rozen

soil is nonlinear and dependent on time, temperature, stress state, ice

and unfrozen water content and other sample variations, the deformation

parameters, E and , or K and G, are functions of these variables.

Because of the complexity of the problem, previous researchers in the

past have chosen to express axial strain as a function of the above

variables and very little effort has been made to evaluate any of the

deformation parameters for the f.rotzen soils. For the unfrozen soils,

extensive investigations have been carried out to study rnainly the

dependency of deform¿tion parameters on the state of stress. Most of

the literature on deformation parameters for frozen soils is drawn from

the unfrozen soil mechanics to demonstrate how the deformation

parameters are evaluated for nonlinear materials. The solutions

available in the literature for the stress dependent deformation

parameters may be broadly classified into the following categories :

i) E and $ from triaxial compression tests

,II



ii) Dlrect determination of K and G

A brief review of each of the above methods is presented in the

following sections.

2.3.1.1 E and ! from Trlaxial Tests

clough and Iùoodward (1967), based on the standard triaxial
test, expressed the Youngrs modulus, E, and poissonrs ratio, , by the

following:

(o:--u¡)r - (or-o¡)r-r
f,= ( 2.33 )

(er)r-(Er)r-r

-1 + r (1-B ( (E/2K )-1) )

V= (2.34)
4

çrhere (or-o¡) = principal stress difference

Er = ðxial strain

i = stage of increment of loading

K = bulk modulus assumed constant during loading

Skermer (1973) used the following expression in the finite
element analysis of E. L. Infernillo dam.

d
E _ _ (ur_o¡)

d€r

1 dE*
\) = _ (1- _ )

2 de'

(2.35 )

72

( 2.35 )



lrhere d

- 
(or-os) = instantaneous slope of the curve (or-o:) vs Er

dEr

dE_
= instantaneous slope of the voL. vs axial strain curve

dgr

Duncan and Chaung (1970)

that the tangent modulus, E,

approximated by some hyperbolic

determined by triaxial tests.

and Clough and Duncan (1971) had shown

and Poissonrs ratio, Vr could be

function vrhere all the parameters were

2"3"I.2 Direct Determination of K and G

Newmark (1960) stated that it was often convenient to devide a

general state of stress Ínto two conponents: a) a state of hydrostatic

stress accounLing for the entire volumetric stress and strain and b) a

deviator stress tensor accounting for shearing stress and strain.

Domaschuk and Wade (1969) proposed a method of obtaining K and

G, by using isotropic compression test for K, and constant mean normal

sfress triaxial test for G. The basis of this appro¿ch is to separate

the response under isotropic compression and unde¡ shearing stress.

Data from triaxial tests on unfrozen soil (Konder and zelasko, lg63),

in which the mean normal stress was held constant, revealed that the

stress-strain behaviour was nonlinear and vras dependent on the

magnÍtude of the mean normal stress.

ci11 (1969), Liu (1970), and Stewart (19?0) extended the
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approach proposed by Domaschuk and Wade and obtained solutlons for K

and G for unfrozen þlinnipeg cIay. This approach was further developed

by Valliappan (Lgl4) for the Lake Àgasis clay. Hanrahan (1985)

followed the same approach of separating the stress system and obtained

solutions for K and G for unfrozen soils.

The authorrs study is a continuation,of the same approach with

the objective of obtaining a generalized solution for K and G of the

frozen sand. The parameters K and G are the functions of stress state,

time, temperature, ice and unfrozen water content in addition to sampì.e

variation, grain size and other impurities. Because, K and G for

frozen sand depend mainly on the creep behaviour, the parameters,

henceforth will be defined as bulk creep function, K-, and shear creep

function, G.. The theoretical considerations v¡hich form the basis oI

the direct determination of K. and G. are presented in the followÍng

sect i ons

2.3.2 Hean Normal and Deviatoric Components Stresses and Strains

The stress-strain relationship of a homogeneous, isotropic

material exhibiting small strains when subjected to a general state of

stress, can be expressed in terms of the bulk and shear moduli vyith

tensor notations as follows :

I
Ttr = KExxö L) + 2G(€rr- - trxôr¡)

3
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where or¡ = stress tensor

Err = Strain Lensor

Exx = volumetric strain tensor

ör: = Kronecker delta

K = bulk modulus

G = shear modulus

Equation (2.37) can be separated into two components _- one in

Lerms of mean normal components and the other in terms of deviatoric

components. The equation in terms of mean normal components is given

by:

úrt = 3KErr (2 " 38 )

The equation in terms of deviatoric components is given by:

I
Srr = 2G( Er €rxdr¡ )

3

where Sr1 = deviatoric stress tensor

(2.3e)

(Er.r-(L/3lExxôrr) = deviatoric strain tensor

The deviatoric stress tensor can be expressed by :

Srr = 0r¡ -(1/3)o""ôrr

in which (L/3)oxx is the mean normal stress.
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The devlatorlc stress tensor ls

and it is important to note bhat the

stress tensor is always zeto. The

deviatoric stress tensor are the same

tensor.

a second order symmetrlc tensor

f irst invar ianL of deviator ic

principal directions of the

as tor the or iginal stress

(2 .4r)

(2 .42)

The general state of stress at a point may be represented by

the three principal stresses and their direction cosines. The

magnitude and direction of each of these principal stresses can be

represented by vectors acting on the face of a cube of an element of

soil, as shown in Figure 2.25, These principal stresses can be

separated into components of mean normal stress and deviatoric stress.

The nean normal stress t ú^, which imposes a uniform stress on the

element (Figure 2.25b), is the average of the three principal stresses.

Subtracting the mean normal stress from each of the principal stress

gives the deviatoric stress components Sr¡ Sz and S¡ ås shown in Figure

2.25c. The three deviatoric stress components can be combined and

represented by their resultant, so. The components of stresses, ø- and

Sa¡ Elrê given by :

ûrlOz *O¡
Un-

Saz Ss2

3

=srz+s22+

Or

6z

tz

which Sr

Sz

S:

om

Om

0m

IN
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The general state of strain in an element can be represented by

the three components of principal strain and their direction

cosines.This state of strain can further be separated into the

volumetric straln associated ç*ith the mean normal stress and the

deviatoric strain associated s¡ith the deviatoric components of the

stress. Às in the case of stress system, the me4n normal strain, rmr

and the resultant deviatoric strain t Ea, are given by :

€rfEzlE:
èm- (2 .43',)

3

Ea = 2t ( ( er-e-) 2+ ( E2-Ê^) 2+ ( Êg-t-) 2 
) (2 .44t

strain theIn

equation (2

terms of mean normal

.38 ) becomes :

0* = 3K€-

The resultant deviatoric

related by the shear modulus, G,

(2.46).

stress and mean normal

(2 .45)

stress and strain components are

in accordance with the equation

d-^^Ðd' - lJ¿d (2 .46)

Thus the sLress-strain system at a point mäy be separated into ti+o

separate components, each associated with a distinct component of

behaviour. For elastic sol ids there exists unique relationships

between the parameters, K and G, and the parameters, E and $ . It is
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found in the llterature that the experimental investigation to evaluate

the parameters, E and v is not unique but varies with the application

of stress system. The advantage, however, of using G and K rather than

E and r) is that the former moduli may be evaluated independently and

may be more readily related to the stress system.

The parameters, G and K are simpLe, single varued quantities

for a linear elastic material. For real materials, especially for the

frozen sand, they are complex quantities which must be evaluated from

the appropriate laboratory tests. In this study the elastic bulk

modulus, K, will be replaced by butk creep function, K-, as a function

of time, temperature, mean normal stress and ice content :

K- = f(t, T, 0-, i-) (2 .41 )

and the elastic shear modulus,

function of time, temperature,

stress and ice content :

G- = f(t, T, ü*, So, i=)

G, by shear creep function, G., as a

mean normal stress, resultant deviatoric

2.48)
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CHAPTER 3

TABORATORY INV-ESTI GATI ON

3.1 SCOPE OF INVESTIGATION

An understanding of the behaviour of frozen soirs, under the

changes of isotropic stress and deviatoric stress, is essential to the

formulation of a valid constitutive law which establishes the

relationship between the stresses and strains in the soil mass. The

main objectives of the investigation were to obtain deformation moduli

of frozen soils in functional form which would relate stresses, strains

and time, and to understand the mechanics of frozen soil behaviour.

The testing program consisted of multi-stage isotropic creep

tests, constant mean-normal*stress triaxial creep tests. and stress

controlled constant cell- pressure triaxial creep tests. À multi-stage

isotropic creep test with isotropic pressures ranging from 50 to 300

kPa, was performed in order to establish a functional relationship f.or

the bulk creep function. A total of 9 multi-stage constant

mean-nornal-stress triaxial compression creep tests were performed with

mean normal stresses varying between 70 and 420 kpa, to establish a

functional relationship for the shear creep function. À total of 4

multi-stage stress controlled constant ce11 pressure triaxial creep

tests were performed to verify the model developed on the basis of the
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isotropic and constant mean- normal-stress triaxial tests. The rletalls

of the tests are given in subsequent chapters.

A strict sample preparation technique as outlined in the

following sections was followed using a quartz-carbonate sand in order

to obtain as identical sample as possible. Low pressure ranges were

used to simulate conditions normally observed in the field.

3.2 SÀMPtE PREPARATION

3.2.L Frozen Sand Sample

The frozen sand samples used in the investigation were prepared

in the laboratory. À specific sample preparation technique outlined in

the following sections was followed in an attempt to achieve samples

with identical. densities and water/ice contents.

The soil used rvas uniform, quartz-carbonate medium-grain sand

with a unif ormity coef f icient (Dso,/Dro ) of 2.0. The grain size

distribution of the sand is shown in Figure 3.1. The sand had a

specific gravity of 2.70.

SampIe preparation involved three stages, namely, i ) sand

deposition, ii) saturation, and iii) freezing, These stages are

described in the following seclions.
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3.2.1.L Sand Deposltlon

Ä plexiglass split mold with two end caps, '16 nm in diameter

and 200 mm in height (Figure 3.2) ç+as first assembled and the inside of

the mold was properly greased to avoid any bond between the sample and

the mold. Care was taken to clean and place aII,the o-rings and seals

in place to ensure air and water tight joints and connections. A

saturated porous stone was set up, under water, on the base plate. The

sand was poured into the mold through a free faII device at a constant

rate, while maintaining a constant height of fall of 25 mm. The sand

was filled to a height of 15 m¡n from the top of the mold. A porous

stone was placed on top of the sand and the top cap was put into place.

An approximately constant density with a maximum varÍation of 7 percent

between samples was achieved and the technique was reproducib1.e. The

dry density ranged between 15.2 and 15.8 kN/m3.

3.2.L.2 Saturatlon

A schematic set-up of the saturation process is shown in Figure

3.3. A1l connections were checked and the water lines were saturated

by circulating water through them. Deaired distilled water was used in

the saturation process. Each sample was saturated under a vacuum

pressure of 55 kPa applied at the top, with access to distilted water

through a porous stone at the bottom. The water was supptied at a

constant rate of 2 ml/min by adjusting the varve every 10 minutes. Ä

burette, on line, was used to check the flow of water into the sample.

This process allot'red sufficient time to draw almost all the air from
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wlthin the specimen under a vacuum pressure of 55 kpa. This process

specimen saturation was achieved through experience and trial by

author and others who helped to develop the process.

Àt least 0.5 tibres of additional water lras circulated through

the specimen to ensure further removal of any air bubbles entrapped in

the sample, The whole process took about five hours. At the end of

saturation, the water supply valve rüas closed and the suction kas

released very slowly. The top cap was removed and the ryater level in

the mold was lowered to the top surface of the porous stone. The

relative leve1 of the porous stone to the base was recorded to

determine if any heaving occured during the freezing process. The top

cap !úas then put into place.

3.2.L. 3 Freezing

It is well known that when a saturated soil sample is f.rozen,

it increases in volume by about 9 percent of the volume of water

present in the sample. Àfter saturation and replacing the top cap ¡ a

thin access tube was attached to the fixture at the top cap to al1ow

dissipation of any pressure buitt-up by the release of gas from within

the sample. The whole assembly of the mold was placed in a wooden box

with a circular opening at the bottom to allow the mold to protrude by

about 20 mm al the bottom. The box was then filled with vermiculite

u¡hich insulated all of the mold except the bottom 20 mm of the mold.

The assembly consisting of the box and the mold was placed in a chest

f.reezer in which the temperature was maintained at -20oC. The samples

of.

the
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were frozen unldlrectionally from the

abouL 48 hours.

The average freezing rate

was observed in any of the samples

ice, due to the expulsion of water

at the top of the samples and was

bottom to the top in a period of

was 3.5 mm per hour.

when examined Iater

during the freezing

subsequently removed

No ice lensing

. Some excess

process, formed

by trimming.

3.3 TESTING EQUIPMENT

3.3.1 Triaxial CeIl

Doub1e-wa1led alluminum triaxial cells similar to that used by

Mitchell and Burn (1971) and Baker et al. (1981) were modified and used

in all the tests. À schematic of the set-up including the volume

change measurement device is shown in Figure 3:4. A schematic of the

double-walled cell is shown in Figure 3.5.

The triaxial ceIl consisted of two aluminum cylinders sitting

axisymnetrically on a base. The sample was placed inside the inner

cylinder on a pedestal. The cylinders were capped separately so that

the inner cylinder with the cap kras contained wholly within the outer

cylinder. À volume change measurement device was connected with the

inner cylinder. During the test both the inner and outer cylinders

were fiIled with antifreeze. Àny change in volume of the sample inside

the inner cylinder was reflected in the level of antifreeze in the
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volume change measurement device. 0-rings as shown in Figure 3.5 were

provided to seal various components of the ceII. Copper cooling coil,

wrapped around the inner ce11, r¿as used to circulate cooling fluid to

minimize temperature variations in the sample due to the variations in

the room temperature during the defrosting cycle.

During testing, the ce11 pressure was supplied by a pressurized

bottle of dry nitrogen gas through a high precision, two stage

regulator. Equal pressure was maintained in both the inner and outer

cylinders through a T-connection in the pressure line as shown in

Figure 3,4. The ceII pressure was monitored by a pressure transducer

and was double checked with a pressure gauge fitted to the pressure

regulator.

À thermistor of the type OHEGÀ 44203 was mounted in the inner

ceII to monitor the temperature of the inner cell fluid. The

thermistor was calibrated against a precision thermometer, accurate to

one-hundredth of a degree in Celcius scaIe. Each thermistolcas

connected with the electronic readout device for regular monitoring

during the test.

^A Volume change measurement device was designed to measure the

volune displacement of the inner ceIl fluid by using a double-walled

burette sometimes called a back pressure burette. A burette was

preferred to an electronic device because of its simplicity, accuracy

and reliability.
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The assernbly of the

to axiaL load using a dummy

ant i freeze was caI ibrated

pressure .

Two dry porous stones were

triaxial ceII. The trimmed sampì.e

down, on the porous stones. A top

stone which was built i.n during the

triaxial ceil tvas callbrated for cre'tp drre

cyÌ indrical steel block sample and the

for volume change with isotropic cell

placed on the pedestal of the

was placed with the trimmed end

cap was placed on the top end porous

sample preparation.

3.4 SAMPTE TRIHMING AND SETTING-IN PROCEDURE

The mold containing the frozen sample was taken out of the

freezer and carried to the cold room which was maintained at a

temperature of -3oc. The sample !úas then removed from the plexiglass

moldrplaced in a steel sprit mold and was trimmed to the required

Iength using a band saw. The trimrned end was then smoothened, the

sample was removed from the split steel mord and was weighed.

Trimmings were collected for determining the ice content of the sample.

The sanpre was then praced in a rubber membrane and o-rings

were used to seal the ends. The inner ceIl was put in place and bolted

at the bottom with the base plate. The cooling coil was connected to

the fixure at the base plate. the top cap of the inner cell was

replaced and bolted with the top end flange. The outer cylinder was

placed and bolted in with the base p1ate. The piston was then inserted
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into the top cap of the inner cylinder

Both the inner cell and the outer cell were filled with

antifreeze which r*as brought to Ehe test temperature at least 24 hours

prior to the filling. The filling of the inner ceIl was completed when

the antifreeze started bleeding through a port on the top cap of lhe

inner cell. The bleed valve was plugged rsith a brass nut. The top cap

of the outer cell was then replaced and bolted on to the top flange of

the outer celI. The rest of the outer cell was then filled until it

started bleeding through a valve at the top of the ouber ceJ.I cap.

A small amount of pressure, about 10 kpa, was applied to check

for any leakage in the system. If no leakage was found, the system was

ready for loading.
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Figure 3.5 Trioxial cell detoits (not to scole)
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CHAPTER 4

BULK CREEP FUNCTION

4.1 INTRODUCTION

Às mentioned in Chapter 3, formulation of a valÍd constitutive

law for a frozen soil and a better prediction of the relationship

between stress and displacement in the frozen soil mass require an

understanding of the behaviour of the f.rozen soil under isotropic

stress changes. The stress-strain data obtained from isotropic

compression tests are particularly useful in the direct determination

of bulk creep function. The bulk creep function, K-, as given by

equations 2.45 and 2,47, relates the isotropic stresst ú^t and the

associated volume change, Ev¡ of a frozen soil element, Since the

relationship is nonlinear, the bulk creep function is defined as :

do- À.o*
= K= = Iimit (-)

dE-- at-+0 a€-
(4,1)

The bulk creep function depends on many factors, such äs,

temperature, Lime, stress level, ice conlent, unfrozen water content

and mineralogical composition of the soi1. In the investigation, the

index properties of the frozen sand sample and the temperature lrere

held constant and the bulk creep function was investigated äs a

function of mean normal stress and time.
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4.2 TEST PROCEDURE

A single multi-stage isotropic consolidation test, ICL, was

conducted to determine the relationship between isotropic stress and

volumetric creep strain. Àfter the sample was set up, as outlined in

Chapter 3, a 24-hour period was allowed before any load application, to

bring the sample and the system into temperature eguilibrium. The cel1

pressure was applied by bottled nitrogen gas and the pressure was

monitored by a pressure transducer and double checked by a pressure

gauge mounted on the hiqh precision two stage regulator. Equal

pressure was maintained in both the fluid in the inner ceII and in the

outer cell so that the inner ceII was not subjected to any volume

change due to changes in the cell pressure. The volume change of the

sample vras measured by measuring the change in volume of the ftuid in

the inner cell using a burette.

The test was started with a stress increment of 50 kPa. Volume

change and axial deformation of the sample were recorded at frequent

intervals. The stress rsas held constant until the volumetric strain

approached an asymptotic value which occurred after about 300 hours.

The isotropic stress was then increased to 100 kPa and subsequentty to

150, 200, and 300 kPa. Each stress IeveI $ràs maintained until the

volumetric deforrnation appeared to be close to its asymptotic value for

that particular stress Ievel. Because complete attenuation takes an

inordinate length of time to achieve, it was considered to be
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impractical to wait until there was no further change in volume.

Generally it was assumed that complete attenuation occurred if the

volumetric strain was of the order of 10-elsec. The stress steps of

100, 150, 200, and 300 kPa were maintained f.or 2L6,5, 527 .5, 1247.5 and

2159.5 hours respectively. The test took almost 200 days to complete.

4.3 TEST RESUTTS AND DISCUSSIONS

4.3.1 Volumetric Stress-strain Relationship

PIots of cumulative true volumetric strain versus cumulative

time are presented in Figure 4.L along with the magnitude of isotropic

stress at each increment. The true volumetric strain differs from

conventional engineering volumetric strain in that each increment of

strain is based on the actual vorume at the time of the increment,

instead of the original volume. The true volumetric strain is given

by:

Ve
ln_

Vo

volume

the sample at time t

the sample at time t=0

(4.2)

in which

lV. dVt_èv- | 

-JV. V

dV = change in

Vr = volüme of

Vo = volume of

Individual plots of true volumetr

stress increment are shown in Figure 4.2.

ic strain versus time for each

The fÍna1 volumetric strain
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for one stresg lncrement

for the subsequent stress

shou¡n are cummulat ive .

was plotted as the lnltlal volumetrlc strafn

increment and thus the volumetric strains

From the plots of Figure 4.1 and 4.2 it !{as observed that

typically for each application, there was an instantaneous volumetric

strain followed.by time-dependent volumetric strain, the rate of which

decreased with time. The time for attenuation (negligibì.e strain rate)

increased from about 300 hours for the initial stress increnent to

about 2000 hours for the final stress increment. The cumulative

attenuated volumetric strains varied from about 0.8 to 2.9 percent for

the 50 to 300 kPa isotropic stress ränge.

The cumulative instantaneous and attenuated volumetric strains

are shown in Figure 4.3 which is a plot of volumetric strains versus

the isotropic or mean normal stress. It is seen that practically all
of the instantaneous strain, (95%), occurred during the first stress

application with only a slight, approximately linear, increase in

volumetric strain with stress level. trúhen the sample was unloaded at

the end of the iosotropic compression test, the recovery was

immeasurable, indicating that a1I the strains were of inelastic

compression.

The relationship between the attenuated volumetric strains and

the mean normal stress vras approximately linear for the stress ränge

investigated. A significance of this relationship is that its slope

provides an ultimate or attenuated, psuedo-elastic bulk modulus, K-
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For the test

be:

The difference between

voLumetric strain represents creep

with stress Ieve1.

conditions the abtenuated bulk modulus was de te rmi ned to

K- = 10,250 kPa (4.3)

the instantaneous and attenuated

strains which are seen to increase

4.3.2 Influence of Time and Hean NormaL
Stress on Volumetric Strain Rate

The variation in volumetric strain rate with time for each

increment of mean normal stress is shown in Figure 4.4. For each

stress level the relationship between strain rate and time consisted of

a curve which is asymptotic to the ordinate and the abscissa. Àt time

t=0 the strain rate approaches infinity reflecting the instantaneous

response of the soil Lo a stress change. At time t=o the volumetric

strain rate approaches zero reflecting the attenuation of volumetric

creep.

The relative positions of the curves indicate that generally

the creep rate increased with an increase in mean normal stress for

elapsed time greater than about 250 hours. The nean normal stress also

had a major influence on the rrattenuated timen, t., and the magnitude

of the attenuated volumetric strain. À plot of mean normal stress

versus attenuabed-time is shown in Figure 4,5, It is seen that the
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attenuation time increased exponentially with stress

4,3,3 solutlon for BuIk creep Functlon

The bulk creep Êunction relates mean normal stress to

volumetric strain and as defined earlier, is the instantaneous slope of

the volumetric stress-strain curve. The volumetric stress-strain

curves could not be obtained directly from the multi-stage isotropic

creep tests in which the stress at every step was maintained constant

and deformations were recorded with time and the results were obtained

in the form of volumeLric strain versus time for various mean normal

stresses. Therefore it became necessary to obtain the volumetric

strain versus mean nornìal. stress relationship for various times from

the data obtained in the multi-stage isotropic creep tests. The

relationship between mean normal stress and volumetric strain after

varÍous elapsed times are shown in Figure 4,6. These curves were

constructed from the data obtained from the multi-stage isotropic

consolidation test as presented in Figures 4.1 and 4.2. The total

strain at any particular time was assumed to be the sum of all the

instantaneous strains and the creep strains r¿hich the sample had

undergone prior Lo the time under consideration. The curves in Figure

4.5 are straight lines in the transformed plot of o-,/E- versus rn as

shown in Figure 4,7 and therefore can be represented by equation (4.4)

as follows:

Om_=K_.=¡4-+Bo-
€-

100

(4.4)



in which Ev = âccumulated true volumetric strain

om = mean normal stress (isotropic stress)

K-.= secant bulk creep function

K. = intercept on o-/E- axis

ß = slope of the straight lines

The intercept on the oñ/Ev axis provides the initial value Ko

of the bulk creep function in the relationship between the secant bulk

creep function, K-., and the mean normal stress. thus it represents a

minimum value of the secant bulk creep function i.e. for o-=0. Its

value was 10250 kPa which is the same as the attenuated bulk creep

function, K-. This is to be expected since K- also represents the

minimum value of the bulk creep function based on attenuated volumetric

strains. Thus in Figure 4.7, the relationship between K., and o* is a

horizontal 1Íne for t=o r¿hich is consistent with eguation (4.3).

The parameter ß was plotted as a function of time in Figure

4.8 and the relationship was represented by the following equation.

ß - ne-'È

in which m ¿

For the tests these

n=180

m = 0.0045

n=

l=
material constants

time ( hour )

constants were:

(4.5)
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Thus the equation for the secant buLk creep function may be

written as:

Kor = Ko + ne-tÈ 0-

Equation (4.6 ) f or the test data can be reit¡ritten as:

K.* = 10250 + 180 e-o.oo45È O'n

To obtain an expression for the tangent bulk creep function,

Kee¿ equation (4.4) is rev¡ritten as:

0m

The first derivative of equation (4.8) provides the inverse of

the tangent bulk creep function, Kctr as fol1or+s:

èv-

Ko + ßo-

L de- Ko

Kct do- (K. + Bo-)2

(4.5)

NeÈ- -

Substituting the expression for ß (equation 4.5) into equation

(4.10), the equation for the tangent bulk creep function, K., becomes:

(K- + ßc-)2

(4.7)

Ko

1

K-e = Ko (1 +- ne--Èo-)= (4.1L)
Ko

(4.8)

(4.e)

(4.10)
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which for the test data becomes:

Time, t, and mean normal stress t 6^t in equation (4,L2) are

expressed in hou¡ and kPa respectively. According to equation (4.I2),

the tangent bulk creep function, Kerr increases exponentially with an

increase in the mean normal stress. This is illustrated by a plot of

K-t v€rsüs o* for selected elapsed times in Figure 4.9. on the other

hand, as shown in Figure 4.10, the tangent bulk creep function

decreases exponentially with time for a constant mean normal stress.

At time t=o, the second term of the equation reduces to zero and K.r is
equal to K- which is also equal to K*.

Kc¡ = 70 1250 (L + 1.755xL0-2 e-o. oo45È0.m)2 (4.121
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5.1 INTRODUCTION

The shear creep function, G-, as defined by equation 2.48,

relates the resultant shear stress and the associated resultant creep

shear strain. since the relationship is nonlinear, the shear creep

function is defined as the instantaneous slope of the resultant shear

stress-strain curve and is represented by:

CHAPTER 5

SHEAR CREEP FUNCÎION

dSa ÅSa
= G. = limit (_)

dE¿ 
^sd+0 

ÁEo

For frozen soil the shear creep function depends on a number of

factors, such as, mean normal stress, resultant deviatoric stress,

time, temperature and material properties r*hich include mineralogy,

grain slzet ice content, unfrozen water content, gases and air voids.

The shear creep function may be determined by pure shear, torsion or

constant mean normal stress triaxial compression tests. In the present

investigation constant mean normal stress triaxial compression tests

were used to evaluate the shear creep function of a quartz carbonate

sand. The investigation included the influence of mean normal. stress,

resultant deviatoric stress, and duration of loading on the shear creep

funct i on .

(5.1)
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Very few studies have been carried out to evaluate the shear

modulus of frozen soils, but extensive studies have been made in the

determination of the dynamic shear modulus and cyclic stress-stra'in

characteristics of unfrozen soi1s.

triaxial compression tests have been

evaluation of static shear modulus of

(I9'14), Liu (1970), Domaschuk (1969), and GilI (1959).

The development of an expression for the shear creep function

including the test procedure for constant mean normal stress triaxial
tests is presented in this chapter.

5.2 TEST PROCEDURE

Constant mean normal stress

succesfully used for the

unfrozen soils by Valliappan

5.2.1 Constant Mean Normal Stress Multi-stage Triaxial Tests

The constant mean normal stress multi-stage triaxial tests were

conducted to determine the relationship beLween shear stress and

strain. Àfter the sample ç¡as set up as outlined in chapter 3, a

24-hour perlod was allowed before load application to bring the sample

and the system into temperature equilibrium. The physical properties

of the frozen sand samples are given in Table 5.1. The cell pressure

was applied by bottled nitrogen gas and the pressure was monitored by a

pressure transducer and double checked by a pressure gauge mounted on

the high precision two-stage regulator. A constant axial stress was

applied to the sample through a hanger and lever arm system.
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As 1n the rnultl-stage lsotroplc test, the cerr was hooked up

v¡ith a temperature controlled bath maintained at -30C. À thermistor

mounted on the inner cell measured the temperature of the cell fIuid.

The axial deformation of the sample was monitored by means of a

displacement transducer (LVDT) mounted on the load piston of the ce11.

The volume change of the sample was measured by measuring the change in

volume of the fluid in the inner cell using a burette.

Each test was carried out at a pre-chosen mean normal stress

using a stepwise increase in deviatoric stress. Firstly the sample was

isotropically consolidated under the pre-chosen mean normal stress.

Vol.ume changes and axial deformations were recorded with time. The

deviatoric stress was then applied by appropriately decreasing thp

confining pressure and increasing the axial stress so as to maintain

the mean normal stress constant. The decrement of confining pressure,

increment of axial stress and the resultant deviatoric stresses are

given in Tab1e 5.2. Each deviatoric stress leveI was maintained until

the axial strain remained essentially constant for about two days or

until the axial strain rate became less than 2x10-5 percent per hour

which was chosen arbitrarily. After this, a new stress step was

applied and generally this procedure of increasing the deviatoric

stress was repeated until the sample failed or the ce1l pressure was

lowered to 0 kPa. ÀxiaI deformations, volume changes and thermistor

readings were recorded at frequent tirne intervals.

in order to maintain a constant mean normal stress,

IT1
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necessary to know the cross-sectional area of the sample at all stages

of the test. In this respect the cross-sectional area h¡as calculated

on the assumption that Lhe sample retained its cylindrical shape

throughout the test. The axial load adjustments were made at the start

of each stress step and also dur ing the stress s tep when the

deformation, and hence the change in area, was signifÍcanl. Each of

the multi-stage tests is dealt with in secLions 5.3.1 through 5.3.5.

5.3 TEST RESULÎS

The volumetric and axial deformations were converted to true

volumetric and true axial. strains respectively. True volumetric strain

was defined in section 4.3.1. The true axial strain differs from

eonventional engineering strain in that each increment of strain is

based on the actual length at the time of the increment instead of the

original length. The true axial strain is given by :

lL. dL
c= I 

-
" lt- t

in which dL

Lr

Lo

Lr
-1n_

LO

change

Iength

length

5.3.1 MST1

in

of

of

length

the sample

the sample

at

at

time t

time, t=0

(5.2)
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In thls test the mean normal stress $/as 140 kpa and the

increment of resultant deviatoric stress component, so, was 49 kpa.

Seven stepwise increments of deviatoric stress v¡ere applied. Details

of the stress applications are given in TabLe 5.3 and the axial and

volumetric deformations are given in the Appendix.

The cumulative true axial and true volumetric strains versus

time for the entire test are shown in Figure 5.1 and for each

individuar stress application in Figure 5.2. The sample underwent

attenuating axial creep when subjected to resultant deviatoric stress

steps of 49, 98, L47, 196 kPa. Inadvertently the stress step of Sa=245

kPa was not maintained long enough to positively identify the creep

rate as attenuating or accelerating. The first definite indication of

axial accelerating creep occurred during the stress step, Sa= 294 kpa,

at time t=750 hours. This stress was maintained for a total of 1154

hours and then the next stress step, Sa=343 kPa, was appLied. The

axial creep rate continued to accelerate under the added st¡ess. The

rate of axial creep increased substantially.

The volumetric strains indicated that the sample continued to

decrease in-volume until the stress step reached sa=245 kpa, and

remained essentially unchanged at this stress level and then increased

in volume v¡hen the stress level was increased to Sa=294 kPa. The onset

of dilation corresponded with the stress leve1 at which accelerating

axial creep first occurred.
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5.3.2 I'lsT2

In this test the mean normal stress was ZB0 kpa and the

increment of resultant deviatoric stress was 9B kpa. Five stepwise

increments of deviatoric stress were applied. Details of the stress

appLications are given in TabIe 5.4 and the axial and volumetric

deformations are given in the Appendix.

The cumulative true axial and true volumetric strains versus

time for the entire test are shor*n in Figure 5.3 and for each

individual stress application in Figure 5.4. The sample underwent

attenuating axial creep up to a stress leve1 of sa=392 kpa,

accelerating creep occurred at the next stress step of sa=490 kpa, and

the test was terminated at this stress level. The volumetric strain

indicated that dilatancy also first occurred at Sa=490 kPa. During the

stress level of sa=294 kPar there !,ras a breakdown in the cold room

refrigeration unit and the sample Lemperature rose to -Loc. This

resulted in a sharp increase in both the axial and volumetric strains.

!Íhen the sample temperature was restored to -3oc, the axial and

volumetric strains continued at rates comparable to those that preceded

the breakdown.

5. 3 .3 MST3

For this test the mean normal stress was 280 kPa which was same

as in the test MSTZ, but the increment of resultant deviatoric stress,
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so, was doubled to 196 kpa to see whether or not the magnitude 0f the

devlatorlc stress step had any influence on the results. Tryo stepwise

increments of deviatoric stress were appJ.ied. Details of the stress

applications are given in Table 5.5 and the axial and volumetric

deformations are given in the Àppendix. This test was conducted

simultaneously with Test, MSTZ, and ç¿as therefore subjected to the same

cold room temperature variations associated with the breakdown of Lhe

refrigeration uniL.

The cumulative true axial and true volumetric strains versus

time for the entire test are shown in Figure 5.5 and for each

individual stress step in Figure 5.6. The sampì.e underwent attenuating

creep during the first increment of Sa=196 kPa. The accelerating creep

first occurred during the second increment at a stress level of S.:=392

kPa and the test was terminated at this stress level. The volumetric

strain data indicated that the dilatancy first occurred at the same

stress leveIr Sa=392 kPa. It was observed from a comparison of tests

MST2 and MST3 that the increase in Sa from 98 kPa to 196 kPa reduced

the stress level at which acceleraLing axial creep and dilation first

occurred from 490 kPa to 392 kPa. This appears to be reasonable

because the higher stress increment caused a higher axial strain raLe

and the sample did not get enough time to adjust to the new stress

1eve1.

5.3.4 HST4
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In this test the meän normal stress was 70 kpa and the

incremental resulLant deviatoric stress was 49 kpa. Three stepwise

increments of deviatoric stress were applied. Details of the stress

applications are given in Tab1e 5.6 and the axiaL and volumetric

deformations are given in the Àppendix.

The cumulative true axial and true volumetric strains were

plotted against time for the enLire test in Figure 5,7 and for each

individual stress application in Figure 5.8. The sample underwent

attenuating creep under stress levels of sa=49 and 9B ka, and

accelerat ing creep occurred at a stress lever of LA]. kpa . The

volumetric strain data indicated that dilatancy also first occurred at

Sa=147 kPa and the test was terminated at this stress tevel.

5.3.5 MST5

In this test the mean normal stress was 420 kpa and the

incremental resultant deviatoric stress, so, was 196 kpa. Three

stepwise increments of deviatoric stress were applied. Details of the

stress applications are given in Table 5.7 and the axial and volumetric

deformatÍons are given in the Appendix.

The cumulative true axial and true

time for the entire test are sholEn in

individual stress application in Figure 5.

attenuating axial creep up to the stress

volumetric strains versus

Figure 5.9 and for each

10. The sample underçrent

level of Sa=392 kPa and
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açceleratlng axlal creep occurred at the next stress step of so=sBB

kPa. The volumetric strain data indicated that dilatancy also first
occurred at the same stress level of sa=588 kpa. The test was

terminated at this stress level.

5.4 CREEP RATES

5.4.1 Introduction

The axial creep rate of a frozen soil depends on the deviatoric

stress in a constant stress test. The strain rate versus time curves

for various stress levels in unconfined compression tests f.or the

Ottawa sand as reported by Rein et al.. (19?5) are presented in Figure

5.11 and those for a frozen silt as reported by yalin (19S4) are

presented in Figure 5.L2. It was observed that lhe strain rates in all
the plots reached a minimum and thereafter increased.

The strain rate versus time curves for polycrystalline ice as

reported by Mellor and cole (7982) are presented in Figure 5.13. The

nature of the plots were the same as those of the sand and the silt
presented by Rein et a1. (1975), and yalin and carbee (1994)

respectively in that the strain rate passed through a minimum.

It is observed that the stress in each case was high enough so

that the strain rate passed through a minimum and the researchers were

only interested in finding the time to reach the minimum strain rate.
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5.4.2 Äxial Creep Rates

Axial creep rates versus time for the tests presented in

section 5.3 are shown plotted in Figures 5.14 through 5.18 for the

individual tests. The mean normal stress and the deviatoric stress for

each test are indicated in the figures. Smooth curves vlere drawn

through the data points. It was observed that in most instances the

creep rate tended to decrease towards zero and only in three instances

did the creep rate pass through a minimum and then accelerate. In these

three instances the ratio of the resul.tant deviatoric stress to the

mean norfiìal stress ranged from 1.75 to 2.L. However there were two

tests in which the aforementioned stress ratios r*ere 2.1- and 1.4 and

the creep rate continued to decrease with time within the test time

per iod.

To investigate the effects of resultant deviatoric stresses on

the axial creep rate, the axial creep rate versus time curves having

the same mean normal stress but different resultant deviatoric stresses

!úere superimposed on single plots as shown in Figures 5.19 through

5.23, It v¡as observed in all the figures that for a constant mean

normaL stress, the higher the resultant deviatoric stresses the higher

the creep rate at any given time.

To determine the effects of the mean normal stress on creep

rates, tests conducted at the same deviatoric stress and with the same
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increment of rievlatoric stress but at riifferent mean normäI stresses

were selected. Tests HST3 and MsT5, with resultant deviatoric stress,

sa=196 kPa, increment of resultant deviatoric stress¿ sa=196 kpa, and

constant mean normal stresses, o^=280 and 420 kpa respectively, were

selected. The creep rate versus time relationship for these two tests

are shown in Figures 5.24 and 5.25. It is observed in Figure 5.24 that

for attenuating creep there was no significant difference in creep

rates for a difference in mean normal stresses of 140 kpa. For

resultant deviatoric stress¿ sa=392 kpa, as observed in Figure 5.25 the

creep rate passed through a minimum and then accelerated for o-=280 kpa

whereas the creep rate tended to become zero for r-=420 kpa. This

suggests that the strength increased ruith an increase

normal stress.

5.4.3 Time to Attenuation

It is observed in Figures 5.19 through 5.23 that the mean

normal stress had some influence on the time to complete attenuation.

Tests MST3 and MsT5, conducted at the same resultant deviatoric stress

of 196 kPa with the same increment oE resultant deviatoric stress,

sa=196 kPar-but at different mean normal stresses of 2g0 and 420 kpa

respectively, were selected to deLermine the effects of mean normal

stress on time to complete attenuation. Time to complete attenuation,

for the resultant deviatoric stress of 196 kpa, versus mean normal

stress r+ere shown plotted in Figure 5.25. It was observed that the

time to complete attenuation increased exponentially with an increase

in the mean normal stress.

in the mean
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5.5 FÀILURE CRITERION

5.5.1 Failure Stress

It r'¡as observed f rom the Figure 5.1 through 5.10 that during

shear deformation the samples initially underwent volume reduction and

then dilation. It can be assumed that the beginning of dilation

coincided with the initiation of cracks in the sample and any further

increase in stress ç¡ould cause the cracks to continue to grow with

time. Generally the beginning of dilation coincided with acceleration

of the axial creep rate, which supports the concept of fracture

development.

A plot of resultant deviatoric stress at which dilation first
occurred, versus mean normàl stress, is shown in Figure 5,zj and the

values are presented in tabular form in Table 5.8. The relationship in

Resultant deviatoric stress at failure and mean normal stress

Test

fact can serve as a failure

TÀBLE 5.8

MSTl
MST2
MST3
MST4

MST5

o- (kPa)

140
280
280

70
420

criterion

L26

Sde (kPa)

294
392
490
747
5BB

in vvhich failure TS defined as



fhe iinset of tertlary creep. For the tests conducted the relationship

was found to be linear and can be expressed as:

in which Sd. is the intercept corresponding to r-=0, and

mf is the rate at which the failure resultant deviatoric

increases with the mean normal stress. For the given soi

and stress range, Sd-=100 kPa and m=1.3 and equation (5.3

S¿r = Sao * IIlo-

From equation (5.4) it is obvious that the mean normal stress

has a very profound effect on failure stress as defined herein. An

increase in strength of frozen sand with an increase in confining

pressure u¡as observed by sayles ( 1973 ) , chamberlain et aI (Ig1.2) ,

AIkire and Andersland (1g73), Smith and Cheatham (19?5), parameswäran

and Jones (1981), and Jones and Parameseraran (1983).

Sd¡ = 100 + 1.3 ø- (kPa)

The concept of a threshold stress that defines the onset of

accelerating creep was supported by Man (1984) in his theoretical

formulation to determine long term strength of frozen soÍ1s. þ{an

stated that for viscoelastic material, there is always a stress, àt a

particular temperature, below t*hich the material behaves as a solid and

exhibits attenuating creep and above which, the material behaves as a

fluid and undergoes stationary creep.

the parameter,

stress, Sae ¡

I, temperature,

) becomes:

(5.3)

(s.4)
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5,5.2 Failure Strain

The creep failure strain has been expressed in the literature

as a function of minimum creep strain rate, €m¿ and time to reach

minimum creep strain rate, t-, (Ting, 1983 ; Yalin and Carbee, 1984)

and the form of the equation was as follows :

To satisfy the above relationship the sample must pass through

a minimum strain rate in a constant stress creep test ç¡hich means that

the applied stress must be large enough to produce tertiary creep. In

the studies mentioned above, the applied stresses h'ere of sufficient

magnitude to produce tertiary creep. In defining the minimum strain

rate and the time to reach the minimum strain rate, Ting (1983)

suggested the existence of an approximately constant strain at the

minimum strain rate. MeIlor and cole (LgBz) plotted strain rate

against axial strain for polycrystalline ice and found that the minimum

strain rate occurred at about 1 percent of axial strain. This implies

that the failure phenomenon is strain dependent rather than stress

dependent. In the r+riterts investigation it was found that the total

axial strain at failure, i.e the start of dilation varied with the

stress and ranged between 1 and 2 percent. Figure 5.28 shows the axial

strain at failure plotted against the mean normal stress. The axial

strains at failu¡e increased with an increase in mean normal stress.

This can be explained by noting that ductile fractures generally occur

ê-¡+nÉf - Cñ Lñ (5.5)
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by the formation and subsequent growth of anrl coalescence of volrls an,-1

cavities. If the cavity nucleation can be deJ.ayed or suppressed by

increasing the mean normal stress¡ ãr increase in strength can be

achieved. In the case of frozen sand an increase in mean normal stress

may have had the effect of delaying (from the point of view of strain)

the development and growth of fractures.

5.6 SHEAR CREEP FUNCTION

5.6,L Resultant Deviatorlc Stress-Stratn Curve

The resultant deviatoric stress

reduces to the following form for the

tes ts .

2

S.¡ - /---(or -o¡ )

3

in which oz = o: äDd

ot I 2Ç=

As well the resultant deviatoric strain as defined by

(2,44) reduces to the following form.:

as defined by equation (2.42)

case of triaxial compression

Um-

(5.6)
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2r2
fa = -- 

(er - e:)
-af)

É¿ çJ

Er f 2E:

in which

In the evaluation of resultant deviatoric strain, the axial

strain, E:-t was measured during the experimental investigation and the

lateral strain E:, was calculated from the measured sample volume

change and axial strain assuming that the sample remained cylindrical

during deformation. For small strains it may be assumed that

c

èv - Ll 1 ¿Z 'f ¿3

The ¡esultant deviatoric strain versus time curves for various

resultant deviatoric stresses and mean normal stresses are presented in

Figures 5.29 through 5.33. From these data, resultant deviatoric

stress versus resultant deviatoric strain afte¡ various elapsed times

were plotled and are shoq¡n in Figures 5.34 through 5.38. The total

resultant deviatoric strain at any particular time was assumed to be

the sum of all the instantaneous strains and the creep strains r+hich

the sample had undergone prior to the time under consideration.

Figures 5'34 through 5.38 indicated that the deviatoric stress-strain

relationship for the chosen time were nonlinear. The curves for t=500

hours, were of hyperbolic form while aII others v,¡ere of a power form.

E_=Er+2Ê:

(5.7)

(5.8)

(5.e)
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5.6,2 Shear Creep Functlon

As de f ined earl ier, the shear creep funct ion is the

instantaneous slope of the resultant deviatoric stress-strain curve, at

a given time. The instantaneous slope of the stress-strain curve was

determined graphicalJ.y at selected points and plotted against the ratio

of mean normal stress to the resultant deviatoric stress in Figures

5.39 through 5. 42. The curves can be represented by the following

hyperbolic equation:

in which G. = shear creep function

ûm = mean normal stress

Sa = r€sültant deviatoric stress

a & b= constants

o-,/So

a + b (o-lSo)

The equation ( 5.10 )

o-,/S.e
_=a

GO

The hyperbolic curves def

the transformed plot, (o^/Sc-)/G.

5.43 through 5.45.

can be rearranged in

0ñ
+ b -=-

Sa

(5.10)

the following form:

ined by equation (5

versus (oJS"), as
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The parameter, a, which varied with time was found to linearize

on a 1og-1og scale as shown in Figure 5.47. The scatter of the points

due to various mean normal stress was so small that the relationship

could be represented by a single straight line v¡ith the following

equation:

a=ct*

in which c

t

0

value

t ime

slope

The parameter,

scale in Figure 5.48.

the following equation:

of 'ar at an arbitrarily chosen time t=1 hour

of the straight line

b, is shown plotted

The straight lines

in which n = slope of the straight lines

t- = time

m = value of rbr at time t=L hour

b=mt'

It was observed that the sLope, n, ${as independent of the mean

normal stress whereas the factor m was dependent on the mean normal

stress. The values of m were plotted against the mean normal stresses

on a log-1og scale in Figure 5.49 and the straight 1lne obtained was

( 5.12 )

against time

obtained was

on a log-Iog

represented by

(s.13)
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represented by the following equatlon:

-Ãlll - lltr Um*

in which [ì:- = väIüe of m at o^=l kpa

ß = slope of the straight line

om = mean normal stress

substituting eguation ( 5.14 ) in equation ( 5.13 ) , the parameter b, can

be represented by the following equation:

Substituting equation (5.12) for'a'and equation (5.15) for rb'

in equation (5.10), the equation for the shear creep function can be

v¡r i tten as :

b=mr0-ßt'

Sa
G- = ( mr o-ß t- + ct* 

-- 
)-r. (5.16)

o-

which for the tests conducted becomes:

( s.14 )

Sd
G. = (3x10-s o--o'2o5 to 'La'| + l-x10-5 to.23 

-_ 
)-r (5.17 )

om

Äccording to equation ( 5.17 ), the shear creep function, Ger

decreases exponentially with an increase in time after the Ioad

application. This is illustrated by plots of G- versus time in Figures

(s.15 )
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5.50 throuqh 5.53 for var

normal stresses, in which

represented by the solid

shear creep function, G-,

mean normal stress. This

stress for various times

in Figure 5.55, the shear

an increase in deviatoric

ious deviatoric stresses and for various mean

the values predicted by the equation are

lines and the data points by the symbols. The

increases hyperbolically with an increase in

is shown by plots of G- versus mean normal

in Figure 5.54. 0n the other hand, as shown

creep function decreases exponentially ryith

stress for a constant time.
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Samp1e Dry Unit
tle i ght
KN/m'

Physical Propertles of Frozen Sand Sample

TABTE 5.1

MSTl

MST2

HST3

MST4

MST5

L5.2

75.2

15.6

15. 7

15.8

Water
Content

d
6

26 .6

25.3

24.4

25.0

24.L

Por os i ty
ot

43.2

43.6

41.1

4r.7

40.5

Water Sample
Saturation Test Temp.

BOC

92.5

BB.5

94.5

94.1

90.0

-3

-3

_)

-3

-3

t 35



Summary of Stress Conditions for the

Test

TABLE 5.2

MSTl

MST2

MST3

MST4

MST5

om
(kPa)

Constant Hean Normal Stress Tests

140

280

280

70

420

û:
(kPa)

-20

-40

-80

-20

-80

Ot
(kPa)

+40

+80

+160

+40

+16 0

Sa
(kPa)

49.0

98.0

196.0

49.0

195.0
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Detalls of Stress Appllcation

test HST1 o-=140 kPa

TABTE 5.3

Or

(kPa)

140

180

220

250

300

340

380

420

O¡

(kPa)

140

120

100

BO

60

40

20

0

Sa

(kPa)

0

49

98

r47

196

245

294

343

Duration of Stress
ÀppI icat i on

( Hours )

2I

3

69

95

94

95

115 4

862
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Details of Stress Application

Test MST2 o-=280 kPa

TABTE 5.4

O¡-

(kPa)

280

360

440

s20

600

680

Os

(kPa)

280

240

200

160

r20

BO

Sa

(kPa)

0

9B

195

294

392

490

Duration of Stress
Application

( Hour )

596

475

504

1006

1393

984

138



Details of Stress Application

Test MST3 o*=280 kPa

TAETE 5.5

Or

(kPa )

280

440

500

O¡

(kPa)

280

200

r20

Sa

(kPa)

0

195

392

Duration of Stress
Application

( Hour )

570

410

1848

139



Details of Stress Àpplication

Test MST4 o^=70 kPa

TABLE 5.5

Or

(kPa)

70

110

150

190

o:

(kPa)

t0

50

30

10

Sa

(kPa)

0

49

98

I47

Duration of Stress
Àpplication

( Hour )

950

815

1852

1808

140



Details of Stress Application

Test MST5 crr=420 kPe

TABTE 5. ?

0r

(kPa)

420

580

740

900

O¡

(kPa)

420

340

260

180

Sa

(kPa)

0

l_9 5

392

588

Duration of Stress
Àpplication

( Hour )

LLs2

817

1029

2L44
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5.1 INTRODUCTION

In preceding chapters 4 and s, the models f.or bulk creep

function and shear creep function were developed. The model for bulk

creep function was based on isotropic consolidation tests and the model

for shear creep function was based on constant mean normal stress

triaxial compression tests. The purpose was to develop a constitutive

creep equation that could be used to predict deformation under a

general stress state. To test the model, four constant cell pressure

triaxial compression tests (in which changes in mean normal stress and

deviator stress occur simultaneously) were carried out and a comparison

rvas made between the observed deformations, and those calculated on the

basis of the mode1. The basic constitutive creep equation (eqn. 2.371

was used to calcuLate the axial strain of the sample and this was

compared to the measured axial strain. In this chapter the constant

ce11 pressure triaxial tests are described, the results and the

comparisons are presented.

VERIFiCATION OF THE HODELS

CHAPTER 6

6.2 CO¡¡STANT cELt PRESSURE, MULTI-STAGE TRIAXIAT CREEP TEsTs

6.2.L lest Procedure

r9B



Four constant celI pressure multl-stage triaxl.rI creep terts,
Msr10, Msrll, Msr12 and HST13 were performed. The samples for the

tests were prepared according to the procedure described in Section

3.2. The physical properties including dry unit weight, water content,

porosity and saturation level of the samples are given in Tab1e 6.1,

The samples in all four tests were consolidated under an isotropic

stress of 70 kPa. Follor+ing consolidation the samples were subjected

to shear. The cell pressure was held constant and the axial stress r+as

increased in steps. Details of stress application are given in Tables

6.2 throuqh 6.5. Each stress step was maintained constant until the

axial strain aLtenuated. The axial and volumetric deformations were

recorded at frequent intervals and are given in the Appendix.

During the tests there were two breakdowns in the refrigeration

system of the cold room for about 5 hours in each case and the

temperature rose to almost Ooc. In order to avoid excessive sample

deformations at this hiqh temperature, the axial loads hrere removed

during the breakdovrns. The deformations were not excessive in any of

the samples during the first breakdown because the tests were at the

initial stage and the axial loads were smaIl. Test Þ,lsrl1 was

dismantled after the first breakdown and the sample v¡as checked for any

ice lensing, disintegration and other sample variations which may have

been caused by the rise in temperature. The physicar examination of

the sample indicated no disintegration, segregation or any ice lensing.

Therefore, tests MST10 and MSTl2 were continued further and test MSTll

was replaced by test MSTl3.
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6.2.2 Test Results

The true axial and true volumetric strains are shoç¡n plotted

against cumulative time for test MST10, in Figures 5.1. The deviator

stress, (o'.-oz)t for each increment is shown on the plot. The axial

strain attenuated at every deviatoric stress step aJ.though, it is not

very evident from the plots because of the sca1e. This test was

continued for more than 400 days. The first breakdown occurred during

stress increment, (o:.--62)=40 kPa. There was no excessive deformation

during this breakdown. The second breakdown occurred during

(o'-o=)=200 kPa. This resulted in a sharp increase in the axial strain

and a sharp drop in the volumetric strain. t{hen the sample temperature

was restored to -3oC, the axial and volumetric strains continued at

rates comparable to those that preceded the breakdown.

The true axial and true volumetric' strains versus cumulative

time for test MSTl2, are shown plotted in Figure 6.2. The deviatoric

stress for each increment is shown on the p1ot. The sample underr*ent

attenuating creep during each stress step. The test wäs conducted

simultaneously with testf MsrL0, and was therefore subjected to the

same cold room-temperature variations associated with the breakdown of

the refrigeration unit. Sudden changes in axial and volumetric strains

accompanied the rapid rise in temperature.

The true axial and true volumetric strains versus cumulative

time for test MST13, are shown plotted in Figure 6.3, As before the
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deviator stress for each loadlng step Is shown on the plob, There t+,lg

only one breakdown during this test, because this test v¡as set up after

the first breakdown. The breakdown occurred during the stress step of

(or-o= ) =200 kPa. Both the axial and volumetric strain increased

sharply during the breakdown. When the sample temperature was restored

to -3oC both the axial and volumetric strains continued at rates

comparable to those that preceded the breakdown.

6.3 VERTFIC.ATION OF THE MODET

The creep model based on the bulk creep function and the shear

creep function developed in chapters 4 and 5 was applied to the

measured axial deformations observed in constant ce11 pressure triaxial
creep tests. Both the deviatoric and mean normal stresses changed at

every loading step and therefore the deformations ryhich occurred were

the result of simultaneous changes in Iinear and shear strains. For

the triaxial test equation (2.3't) can be written as:

1n

(rrr = K. E- + 2G. (grr - 1,/3 e*\

r*hich o:-r

cçv

Err

axial stress

volumetric strain

axial strain

Rearranging equation ( 6.1 ). the expression

(6.1)

20L

for Err becomes:



L2
Err = (o:-r - K- E- + -*- G- E-)

2G- 3

Since K. and G- are time dependent, solutions can be obtained

for Err ås a function of time. However, the solutions developed for K-

(4,12) and G- (5.17), are for constant stress and variable time. As

such they are used to generate strain, as a function of time, for a

given stress state. Therefore equation (6.2) is directly applicale to

singì.e stage loading. Unfortunately a multi-stage triaxial test \das

performed to test the constitutive moclel rather than a series of tests

at different stress levels. Holrever, it is possible to make a

compar ison between predicted and observed axial strains, in an

approximate manner at least, by reconstructing strain-time curves for

each stress increment, by assuming that for a gÍven stress increment

and a given eLasped time the total strain is the cumulative sum of all
strains that occurred during an equal elapsed time interval for each

and every stress increment up to and including the increment under

consideration. This is illustrated in Figure 6.4. The cumulative

strain at tÍme t due to stress t úzt applied as a single step is assumed

to be the cumulative sum of the instantaneous and creep strains ar, äc,

br, b- and cr, c- which occurred during an equal etapsed time t under

the incremental stresses. This reconstructed strain-time curve can

then be compared to one generated by equation (6.2) for the same stress

state. This ruas done for five stress incremenLs of the multi-stage

triaxial test MSTl0. the stress increments chosen were consecutive and

were started at a 1evel (or.-o¡)=L20 kPa which was Large enough to

produce significant sLrains.

(6.2)
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The predicted and the reconstructed strain-time curves arÈ

shown in Figure 5.5 through 6.9. The agrement between the predicted

and reconstructed is quite good considering the scatter that Has

inherant in all test data and the basic assumption made in
reconstructing the strain-time curves. No definite concl-usion can be

made regarding the predictive reliability of the constitutive creep

model but, on the basis of the comparison made, it can be said that bhe

model shows some promise.

As another test of the predictive accuracy of the model, the

cumulative attenuated axial strains, êt the end of each stress

increment. during each constant ce11 pressure triaxial compression

test, were compared to those computed using equation (5.2) in

conjunction with the attenuated values of K- and G.. The computed and

observed attenuted axial strains for the three constant celI pressure

triaxial compression tests are shown plotted against deviatoric stress,

(o¡.-o¡), in Figures 6.10 through 5,12, It was observed in Figure 6.10

that in test, Msr10, the observed axÍaL strains were 1or+er at low

deviatoric stresses but higher at higher deviatoric stresses than the

predicted values of the axial strains. In tests, MST12 and Msr13, äs

observed in Figures 6.11 and 6.12, the predicted axial strains were

slightly lower than those of the observed values at all stress levels.

Àt higher deviatoric stresses the differences between the predicLed and

the observed values of axial strains tended to diminish in all the

tests. The observed axial strains are plotted against predicted axial

axial strains in Figure 5.13. The correlation coefficient lras found

to be 0.85.
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The comparisons indicate that

developed by separating isotropic and

provided reasonably good agreement

strains when applied to triaxial test

deviatoric components of st¡ess were

the creep constitutive equation

deviatoric components of stress

bet'¿een pred icted and observed

results in r*hich isotropic and

increased simultaneously.
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Sample Dry Unit
tJe i ght

( KN'/m3 )

Physical Properties of Frozen Sand Sample

TABTE 5.1

HST10 16.0

HSTI1 L5.2

MST12 15.1

MST13 15.3

i{ater
Con tent

(%)

25.I

23.L

24.2

23.5

Porosity

(%)

42 .5

40.5

41.3

42.0

Hater Sample
Saturation Test Temp.

(%) (oc)

92.0

91.5

90.3

91.7

-3

-3

-3

-3
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Details of Stress Application

Test MST10 r"=?0 kPa

(or - os)

(kPa)

ÎÂBLE 5.2

0

20

40

60

BO

100

120

140

160

180

200

240

280

320

360

400

Sa

(kPa)

0.0

15.3

32.7

49.0

65.3

81. 6

98.0

114.3

130.6

147.0

163.3

195.9

228.6

261, ,3

294.0

326 .6

0m

(kPa)

70.0

75.7

83.3

90.0

96.7

103.3

110.0

116.7

12 3 . 3

130.0

136.7

150.0

153.3

I76.1

190.0

203.3

Duration of Stress
ÀppÌ icat i on

( Hour )

407

226

503

117

L44

r44

3L2

503

1549

720

r223

719

807

1319

959

240
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Details of Stress Application

Test MST11 o:=70 kpa

(st - o¡)

(kPa)

MIDÍ F ¿ 5
râ.CllJE V. J

0

20

40

Sa

(kPa )

0.0

16.3

32.7

Om

(kPa)

70.0

76.'.l

83.3

Duration of Stress
AppI icat i on

( Hour )

407

226

439
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Details of Stress Application

Test HST12 o"=70 kPa

(ur - o:)

(kPa)

TABTE 6.4

0

20

40

60

80

100

120

140

150

180

200

220

240

280

320

360

400

oUd

(kPa)

0.0

16.3

32.7

49.0

65.3

81.6

98.0

114.3

130.6

147.0

153.3

779.6

195.9

228 .6

267.3

294.0

326 .6

OR

(kP¿)

70.0

76.7

83.3

90.0

96.7

103.3

110.0

116.7

123.3

130.0

136.7

143.3

150.0

153.3

r76.7

190. 0

203.3

Duration of Stress
Àpplication

( Hour )

407

226

503

II7

I44

744

3t2

r67

359

506

77 49

1,293

719

807

1319

9 59

240
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Details of Stress Application

Test Þ{ST13 o,=70 kPa

(or - o:)

(kPa)

drFtÉ a Êl'ÁiltLtg 0 . J

0

BO

100

r20

140

160

180

200

240

280

t?o

400

480

cùd

(kPa)

0.0

55.3

8r.5

98.0

114.3

130.5

147.0

163.3

19 5.9

228 .5

261.3

326.6

391.9

0m

(kPa)

70.0

95.7

103.3

110.0

1l-6. ?

1,23.3

130.0

136.7

150.0

163.3

L76.7

203.3

230.0

Duration of Stress
Àpplication

( Hour )

335

312

L67

335

503

1082

120

7223

7L9

807

1319

959

240

209



S
3.

0
z. C C

C
 2

.s
F a J 

?.
0

G x 
l.s

C
f

Lr
J =
 

r.
o

cc t-
-

N
)

F c)

M
S

T
l 

O

%
=

70
 k

P
o

0.
0 l.! 2.

¡

t.! 0,
!

0,
a

-0
.r

z É t-
-

U
)

(-
)

É
.

F td 5 :f J O t¿
l = E

*f
fi'

ry

F
ig

ur
e 

6.
1

:5
æ

 
.m

 
¡5

m
 

1m
 

f5
æ

 
!m

 
t5

0o
 

l0
o0

 
?5

oo
 

læ
0 

a5
m

A
C

C
U

M
U

LA
T

E
D

 r
M

E
 (

H
O

U
n)

T
ru

e 
vo

lu
m

et
ric

 o
nd

 t
ru

e 
ox

io
l s

tr
oi

n 
ve

rs
us

 o
cc

um
ul

ot
ed

 t
im

e 
(M

S
T

I0
)

(o
r 
-o

r¡
=

36
9 

¡P
o

*"
**

¡ú
9



S z. cf cf F a J ct C
f

LL
J :l t F
_

3.
0

aa 2.
0

M
S

T
12

O
¡=

70
 k

P
o

T
=

-3
"C

À
J F

z. E
.

F U
)

C
-) É
.

F t¡
J 5 =J O L¡
J = ot F

40
 6

0

r 
00

0 
I 
50

0 
?0

00

F
ìg

ur
e 

6.
2

(o
-r

 -
g¡

)=
+

oo

25
00

 
10

00
 

35
00

 
10

00
 

{5
00

 
50

00
 

s5
00

 
60

00
 

6s
00

 
?0

00
 

?5
00

 
80

00
 

85
00

 
90

00
 

95
00

A
C

C
U

M
U

LA
T

E
D

 r
M

t 
(H

O
U

n)

T
ru

e 
vo

lu
m

et
ric

 o
nd

 t
ru

e 
ox

io
l s

tr
oi

n 
ve

rs
us

 o
cc

um
ul

C
Ite

d 
tim

e 
(U

S
ft 

Z
)

.@ 36
0



S z. c r F (n J C c Lr
l

:f c. t-
-

l..
J H ¡J

z. æ
.

F (t
)

C
)

Ê
.

F
_

Lr
l = = -J o Ld = É. F

3.
5

3.
0

2.
0

r.
5

1,
0

0.
5

0.
0

1.
1

0.
9

0.
¡

-0
. 

l

M
S

T
l 
J

0-
s=

70
 k

P
o

T
=

-J
'C

80
12

0
14

0
16

0

20
0

18
0

?4
0

20
0

r 
00

0 
r 
50

0 
20

00
 

25
00

 
30

00
 

35
00

 
{0

00
 

I 
50

0 
5o

0o
 

S
so

o 
60

00

A
C

C
U

M
U

LA
T

E
D

 
T

M
E

 (
H

O
U

n)

F
ig

ur
e 

6.
J 

T
ru

e 
vo

lu
m

et
ric

 o
nd

 tr
ue

 o
xi

ol
 s

tr
oi

n 
ve

rs
us

ê A Ê /(
ø

-o
¡=

aa
o 

kp
o

40
0

65
00

 
?0

00
 

?5
00

 
80

00
 

85
00

 
90

00
 

95
00

oc
cu

m
ul

ot
ed

 t
im

e 
(U

S
ftf

)



a
É.t'-
U1

o-
L¡.l
L.le.
C)

I

=

For At and stress step 03,

tr.r=(â1{â.) * (br*b.) t (ct+c')

# # #
nMt

0l

âe

Oz

ðr

Fìgure 6"4 Axial creep stroin versus time in o multi-stoge test

2L3

0-s

br_

Cc

Cr



K\'¿' 
0,40

z
(
E.

f.
lfi

o. o"s
l¡I
¡¡l

v.

0

Jf o"m
x(

(0i -0-)=l zo
O= 70

kPo

kPo

Predicted

Experimentol

Fìgure 6"5 Axiol creep

4m

rMr (HürR)

stroÌn versJs

214

time (0-r-o¡)=120 kPo



1.m

0.90

0.m

0.70

0.ffi

0"il

0.40

0.m

0.20

0.10

0.ffi

(o-' -o'r)=140 kPo

fs= 70 kPo

txperimentol

Fìgure 6"6 Axicl creep strain versus time (0-r-ft)=140 kPa

2W 400

T}Jr (|.lürR)

215



zm

1,m

1.ffi

1.40

1,20

I,m

0"90

0,ffi

0,40

0.20

0,ffi

(oì-o-.)=160 kPo

0-¡= 70 kPo

Experimentol

m2m4mffiffitwfzml4m1M
r#r (HouR)

Figure 6.7 Axial creep stroin lersus time (CI-r-Oi)=160 kPo

2I6



zm

t"w

1.ffi

1.40

1,20

l.m

0.80

0.ffi

0.40

0.20

0.m

(o-.'-o-r)=180 kPa

Oi= 70 kPo

txperimentol

Fìgure 6.8 Axial creE stroin \ersus time (Or-Os)=180 kPa

I

2m

ll
4&

lrMr (H0IJR)

2r7



Jtr

zm

L4D

2.00

1,m

1,20

0"&

0.40

0.m

T--
I

-{

I

I

II
l

Ij
I

i
I

(o-i-o-r)=2oo kPo

0-t= 70 kPo

-l
I

I

MM

Fïgure 6"9

4m M M 1W lm 14&

.IMr 
(HürR)

Axicl creep strain versus tinre (fi -O¡)=200 kPo

2L8



500

0

$ 4oo

.r,)

b

I' J00f
(n

a
IT

v.

ñ 2oo

I
v.
0
t--(

ì 100

0

+!
+[

fl
+!

!
n+

[+

u+

+

0.0 0.4 0,8 1.2 1.6 2.0 2.4 2.8

TRUI AXTAL srRAtN (%)

n Predicted + Observed

Figure 6"10 Deviotoric stress versus ottenuoted true oxiol stress (t'lSftO)

2I9

+u

o



0
0_

-Y

f
I

I
a
a
U
U-

F.
a

0
v.

0
t--I
i¡
o

400

J00

200

100

+

!

0 0 0.4 0.8 1,2 r.6 2,0

TRUI AX|AL STRATN (%)

n Predicted + Observed

Figure 6.11 Deviotoric stress versus ottenuoted true oxiol

220

2.4

stress (MSTI2)



500

0

i 400

¡11
0

I' Joof
n
n
hJ

v.

f, 2oo

I
v.

0
F
g

ì 100

n

+

+u
I

ß

+n

+t

I

¡ttttittttl
0,4 0.8 1.2 1.6 2.0

TRUI AXTAL SiRAtN (%)

I Predicted + 0bserved

Deviotoric stress versus ottenuoted ture oxiol

221

Figure 6.12

rttl
2.4 2.8

stroin (runsrt r)



3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

bE

z.
É.F(t)
J

X
o
UJ

É,
l¿J(r)
coo

n

u

u

t
n

E

E

u

0.0 0,4 0.8 1.2 1.6 2.A 2.4 2.8

PRTDTCTED AXIAL STRAIN (%)

Figure 6"lJ Observed oxiol stroin versus predicted oxiol stroin

222



ffiffi&pwffiffi ffiffiwffiru

trþåtu&wäffiru &ruffi ffi&åtwffiffi

223



7,L INTRODUCTION

CHAPTER 7

À variety of deformation mechanisms, such âsr micro-cracking,

closure and/or open ing of exist ing cracks, movement of gra i n

boundaries, recrystallization of ice etc occur in frozen soi1s. some

of the mechanisms tend to strengthen the soil through densification

known as strain-hardening, while othe¡s tend to weaken the soil through

dilation which constitutes in part at 1east, strain-softening. Às

mentioned previously, in Lhe long*term tests reported herein, it was

found that generally the onset of dilation coincided with the start of

accelerating creep. MechanisticaLly, this makes sense since dilation

is associated with opening of cracks and an increase in voids. Thus

one could conceivably use the onset of dilation as a failure criterion.

However this would require long-term tests, particularly at low stress

levels. For this reason än investigation r*as carried out to determine

if dilation occurred at approximately the same stress condiLions

irrespective of the duration of the test. The investigation was to

determine if the start of dilation was governed primarily by the stress

state or by the magnitude of accumulated strains. This was done by

running a series of short-term, constant mean normal stress tests and

DIIÀTION À¡.¡D FAITURE
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compãring the

the long and

sfress states at which

short-term tests.

7,2 TEST PROCEDURE

7.2.7 Constant Mean Normal Stress Þlu1ti-stage
Short-term Triaxial Tests

Four short-term constant mean normal stress multistage triaxial
tests were performed. The sample preparation techniques and test

procedures were those described in Sections 3,2 and 5.2.1 respectively.

The physical properties of the samples are given in TabLe 7,1, The

tests were conducted under similar stress condition to those presented

in Chapter 5, but were short-term. The deviatoric stresses s/ere

increased in steps approximately every 24 hours irrespective of the

creep state.

dilation started, in the c,lse oI

7.3 TEST RESULTS

?.3.1 HST6

In this test the mean normal stress was 70 kpa and the

increment of resultant deviatoric stress component, so, was 24.5 kpa.

Six stepwise increments of deviatoric stress were applied. Details of

the stress applications are given in Table i,z and the axial and

volumetric deformations are given in the Appendix.
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The cumulative true axial and true volumetric strains versus

time for the entire test are shown in Figure 7.1. The strain-time data

indicated that dilation occurred at the stress step, sa=14? kpa. The

volume change reversal was abrupt coinciding luith the change in step.

Àn abrupt increase in axial creep was also observed at the same stress

-!--þ LËp.

7 .3.2 HSTT

In this test the mean normal stress l{as 140 kpa and the

increment of resultant deviatoric stress, sa, iúas 49 kpa. seven

stepwise increments of deviatoric stress were applied. Details of thç

stress applications are given in Table 7.3 and the axial and volumetric

deformations are given in the Àppendix.

The cumulative true axial and true volumetric strains are shown

plotted against time for the entire test in Figure 7.2. The dilation

occurred at the stress step, sa=294 kPa, r¿ith an abrupt increase in

volumetric strain. The axial creep accelerated at the same stress

step.

5.3.8 MSTS

In this test the mean normal str ess vras 2 B 0
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irrcrentental resultant deviatoric stress was 73.5 kpa, Eleven stepwise

increments of deviatoric stress were applied. Details of bhe stress

applications are given in Table 1.4 and the axial and volumetric

deformations are given in the Appendix.

The cumulative true axial and true volumetric strains versus

time for the entire test are shown in riqure ?.3. The strain-time data

indicated that dilation occurred at the stress level, Sa=561 kpa with

an abrupt increase in volumetric strain. The axial creep accelerated

at the same stress 1eve1.

7 .3 .4 MSTg

The mean normal stress, in this test, was 420 kpa and the

incremental resultant deviatoric stress was 9B kPa. Eleven stepwise

increments of deviatoric stress were applied. Details of the stress

applications are given in Tab1e 7.5 and the axial and volumetric

deformations are given in the Appendix.

The cumulative true axial and true volumetric strains versus

time for the entire test are shown in F'igure 7.4. The strain-time data

indicated that dilation occurred at the stress step, S¿=980 kPa with an

abrupt increase in volumetric strain. The axiat creep accelerated at

the same stress level.

7.4 DTSCUSSTON OF TEST RESUTTS
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7,4.L Failure Mechanisms

It +¡as observed from the true axial and true volumetric straÍns

versus cumulative time curves (Figures ?.1 through j.4) that in the

short-term tests the sample decreased in volume initially upon

application of the deviatoric stresses. Àt successive increments of

the deviatoric stresses, the samples continued to decrease in volume

until a threshold stress was reached, at which time the samples sta¡ted

to dilate. The same phenomenon was observed in the long-term tests, as

described in section 5.3. In aIl of the long-term tests it r{as

observed that the dilation was gradual while in all of the short-term

tests an abrupt reversal in volume was observed. This may be

attributed to the phenomenon that in the long-term tests the stresse5

were more evenly distributed between the ice matrix and the sand

particles whereas in the short-term tests the time elapsed between

increments was too short for even distribution, and most of the

stresses were carried by the sand particJ.es bearing on the ice matrix.

consequently, a greater portion of the stress was carried by the ice

matrix and failed suddenly transferring the stress to grain to grain.

The resultant deviatoric stress at the beginning of dilation

for both types of tests were plotted against mean normal stress in

Figure 7.5. The resultant deviatoric stresses for the short-term tests

lrere greater than those for the long-term tests beyond a stress of

about 100 kPa. This plot can be used as failure criteria and has been

discussed in sections 5.4. L and 5.4.3. This plot also signifies that
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the onset of dil.rtlon or failure is not strictly a stress phenomena.

The axial cumulalive strains at the beginning of dilation were

plotted against the mean normal stress in Figure 7.6. The axial strain

at dilation increased approximately linearly with the mean normal

stress in bolh test series. The increase in failure strain with

increased mean normal stress can be explained by the concept of ductile

fracture which generally occurs by the formatÍon and subsequent growth

of and coaléscence of voids and cavities. If the cavity nucleation can

be delayed or suppressed altogether, large increase in ductility can be

achieved. By increasing the mean normal stress the dilation or the

opening up of the cracks are suppressed and delayed, and thereby the

axial strain at dilation increases. The cumulative strains at the

start of dilation v¿ere greater for the long-term tests than for the

short-term tests for a given mean normaL stress which means that

failure is not solely governed by the magnitude

strain.

The cumulative axial strains at the beginning of dilation were

plotted against the ratio of mean normal stress and resultant

deviaLoric stress in Figure 7.7. The ratios were found to 1ie r+ithin a

narrow range of 0.41 to o.71. This plot indicates that the ratio of

mean normal stress to resultant deviatoric stress must be higher than

o.41 to occur any failure and below this attenuating creep wilI occur.

of the accumulated
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Sample Dry Unit
We ight

( KN/m3 )

Physical Properties of Frozen Sand Sample

TABIE 7.1

HST6

MST?

MSTS

MST9

15.0

ls.9

16.0

t_6.3

Water
Content

(%)

22 .8

22.5

23.2

22.2

Porosity

(q)

40.6

40.9

40.7

39.5

I,Iater Samp1e
Saturation Test Temp.

(%) (oc)

87.0

88.0

91.0

91.6

-3

-3

-3

-3
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Detaj.Is of Stress Application

Test MST6 o-=70 kPa

TÀBLE 7.2

Or

(kPa )

'10

1i0

130

150

i_70

190

2L0

ú=

(kPa)

70

50

40

30

20

10

0

Sc

(kPa)

0

49.0

73.5

98,0

r22.5

r47 .5

171_ . 5

Duration of Stress
Àpplication

( Hour )

789

22

23

23

24

23

746

23L



Details of Stress Application

Test MSTT o-=140 kPa

T^ABIE 7. 3

Or

(kPa)

140

180

220

260

300

340

380

420

o:

(kPa)

140

r20

t00

80

60

40

20

0

Sa

(kPa)

0

49.0

98.0

147.0

195.0

245.0

29 4.0

343.0

Duration of Stress
Àpplication

( Hour )

79L

22

23

23

24

23

23

7t9

232



Details of Stress Application

Test MSTS a*=280 kPa

TABTE 7.4

Or

(kPa )

280

340

400

460

520

580

640

?00

160

820

840

O¡

(kPa)

280

250

220

190

160

130

100

70

40

10

0

Sa

(kPa)

0

73.5

L47.0

220.5

294.0

367.4

440.9

514.4

587.9

661.4

685.9

Duration of Stress
Àpplication

( Hour )

431

24

23

23

24

23

23

23

24

23

651
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Details of Stress Application

Test HST9 o-=420 kPa

TABLE 7.5

O¡.

(kPa)

420

500

580

660

740

820

900

980

1060

114 0

L220

L260

ü:

(kPa)

420

380

340

300

260

220

180

140

100

60

20

0

Sa

(kPa)

0

98.0

196.0

294.0

392.0

490.0

588.0

686.9

783.8

881. B

979. B

1028. B

Duration of Stress
Àppl ication

( Hour )

454

24

23

23

24

23

25

24

25

23

24

632
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8.1 INTRODUCTION

II{TERACTION OF RIGID PARTICTES A¡{D ICE

Although the creep behaviour of ice and frozen soil has been

studied extensively during the last decade , very iittle systematic

information is available on the interaction of soil particles and their

matrix material, namely ice. As described in chapter 2, the frozen

soil is a composite mixture of soil particles, ice, unfrozen water and

gases. The soi I particles have the highest reLative stiffness among

its constituents. In an ice rich or fulty ice saturated soil, the soil
particles are surrounded by ice. when stressed, the soil particles,

because of their high relative stiffness, penetrate or flow into the

ice mass.

CHAPTER 8

An attempt was made to simulate the interaction between soil
particì.es and ice by loading rigid spheres ç¡hich had been hatf-embedded

into polycrystaLline ice and monitoring the movement of the spheres

t+ith time.

8.2 TEST PROGRA}I

7.4 3



8.2.L Ice Sample Preparatlon

Samples of polycrystalline ice were prepared in 108 mm diameter

by 120 mm long plexiglass molds. The molds were half-filled with tap

water and placed in a cold room at -3oC. l{hen the water was

super-cooled to a temperature of 0 to -loC, ice chips were added to

fill the mold to the top. The rnolds were then insulated with molded

foam insulation leaving the bottom 25 mm and the base uninsulated. The

molds were then placed on metal stands in a freezer at -20oC. The

samples Ì,Íere f rozen unidirectionally upward. This procedure of

unidirectionaL freezing resulted in upward expansion thus avoiding the

build up of a large lateral stresses.

À steeL spherical ball was placed at the centre of each sample

during the latter stage of freezing when the top 6 mm rras stiIl

unfrozen. The balls v¡ere held' in place by a styrofoam cover with a

hemispherical hole in its centre.

A schematic of the spherical ball and the ice sample

in Figure 8.1 to scale.

8.2.2 Loading Procedure

The samples were taken out of the freezer and placed in a cold

room for about 24 hours to attain equilibrium at the room temperature

l5 shown
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which was -3oC. A dead welght hanger system llas used to apply the load

to the steel balls. The whole assembly was pLaced inside an insulated

cabinet to minimize temperature variations dur ing the defrosting cycle

of the cold room.

The first test series consisted of loading spheres having a

diameter of 11.57 mm to loads oÍ.62.8 N, 85.l N, 107.4 N and L29.6 N

respectively. Dial gauges v¡ith an accuracy of 0.01 nm were used to

monitor the penetrabion of the spheres with time. Àfter 1100 hours of

load appì.ication, the loads were removed, and rebound was allowed to

reach equilibrium. The monitoring of the sphere movement was continued

during unloading and rebound.

The spheres were then reloaded with higher loads of 151.8 Nf

174.1 N, 196.0 N and 218.6 N. The moniLoring of the movement of the

spheres was continued

In the second test ser ies, spheres having diameters r-rf 9.5 mm,

15.9 mm, 18.2 mm, and 23.7 mm respectively, were loaded with a constant

hemispher ical stress of 298.6 kPa. The monitor ing of the movement of

the spheres was carried out as before.

8.3 TEST RESULTS

8.3.1 ConsLant Sphere Diameter Tests

a ÀE



The resuLts of the tests in which spheres with a constant

diameter were subjected to a variety of loads are shor,¡n in Figure 8.2.

It can be seen that with the exception of the test in which the load

v¡as 129.6 N, there Has no significant instantaneous penetration of the

steel baIls into the ice at the start of the load applications. Thus

it woul.d appear that the instantaneous penetration under the 729.6 N

load was an abberation caused perhaps by imperfecL contact between the

sphere and the ice. Às well there was no measurable ¡ebound upon

unloading, indicating that aI1 of the penetration was due to plastic

deformation of the ice.

The relationship between penetration and time was essentially

l-inear for the range of load used. The rate of penetration increased

with an increase in load. The relationship between the penetration

rate and the average hemispherical stress acting on each sphere is

shol¿n in Figure 8.3. The rate's increased with the applied stress at an

increasing rate. This was to be expected, since at a very high stress,

the resistance of ice to penetration approaches zero and the rate of

penetrat ion approaches inf inity.

The pì,ot of penetration rate versus hemispher ical stress

I inear ized on log-Iog plot as showri irr Figure B. 4. The relationship

may therefore be expressed as :

ò

in which

= So (o/o-)"

5 = penetration rate ( mm/hour )
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=2 .4

S. and oo = coordinates of any point on the straight line

o

n

= hemispherical stress (kpa)

= slope of the straight Line defined as material parameter

For frozen sand under a deep clrcuLar load, Ladanyi and paqrrin

(1984) stated that a steady state penetration rate can be attained

after a limited period of time varying from a minimum of about 1 day

upto 5 days. They also stated that the penetration rate became

essentially a function of applied stress. For the ice under

investigation, steady rates were achieved after about 1 day in a1l load

cäses and the penetration rates increased exponerrLiatly with applied

stress.

8.3.2 Constant Hemispherical Stress Tests

The results of the four tests in which sphere diameters of 9.5

IIìm¡ 15.9 mm, rB.2 nm and 23.1 mm !úere subjected to a constant

hemispherical stress of 298.6 kpa are shown in Figure 8.5. It can be

seen that there was very 1ittle instantaneous penetration of the steel

balls into the ice at the start of the Ioad appiications. As well

there was no measurable rebound upon unloading indicating that

essentially all the penetration u¡as due to plastic deformation of the

ice.

The relationship between penetration and time was essentially
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Linear for the stress and the spheres used and therefore the rate of

penetration was approximately constant for the applied hemisphericaL

stress. This penetration rate is included in Figure 8.6 along with the

results of the first test series. The rates fits in well with the

results the from first test series.

8.3.3 Viscosity

revealed that the deformation, under sustained Ioading, in the

polycrystalline ice was almost entirely plastic, as no noticeable

recovery was observed after removal of the load at the end of the

tests. The polycrystalline ice may be considered to have behaved as a

non-Newtonian fluid in the range of the stresses and the temperature

From the tests results as

used in the tests. The rate of penetration in a

can be represented by:

presented in Figure 8.2 Ít !/as

duo
---. = ---
dt rì

in which d u,zd t

U

n

For non-Neç¿tonian fluid, the viscosity

in equation B.2 is not a constant but varies wj

The viscosity coefficient computed for aIi the

'2 48

penetration rate

appJ-ied stress

viscosity

non-Newtonian fluid

(8.2)

coeff icient as

th the appl ied

tests is shoç¡n

defined

stress.
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agaÍnst the applied stress

varied nonlinearly with

linearized on a semi-logari

as shown in Figure B. B.

polycrystalLine ice can be

in Figure 8.7. The

the appl ied stress

thmic plot with viscos

Àccord ingly, the

represented by the fol

i¡r which

fì = Ce -*o

n- viscosity (Pa Sec/m)

constant dependent on temperature and ice type

1.3 1013 Pa sec/m at o=0

slope of the straight dependent on temperature

and ice type

1.0258 l0-3 for T=-3oC.

applied hemispherical stress

viscosity coefficient

and bhe relationship

ity on the log scale

viscos i ty of the

J.owing equation:

m=

rì =

u=

The equation indicates that the viscosity coefficient of

polycrystalline ice decreases exponentially with the applied

hemispherical stress. Jellinek et aI ( 1956 ) also observed that for

polycrystalline ice, the viscosity coefficient decreased with applied

s tress .

(8.3)
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Figure 8.1 lce somple with steel sphere of the centre
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9.1 CoNCIUSI0NS

The Ínvestigation was undertaken to study the creep behaviour

of frozen sand subjected to a general state of stress. The study was

divided into the following phases and the observations and conclusions

are listed for each phase.

CONCTUSIONS ÀND RECOI{MENDATIONS

CHÀPTER 9

1. Creep behaviour under isotropic stress

2. Creep behaviour under deviatoric stress

3. Verification of proposed creep model

4. comparison of long ånd short-term triaxiar compression tests

5. Interaction of ice and rigid particles

9.1.1 Creep Behaviour under Isotropic Stress

Multi-stage isotropic creep tests were undertaken to study the

relationship between the volumetric stress, volumetric strain and time

with the temperature kept constant. From the results of the

investigation the following observations were drawn:

1. At each stress leveI there r¡Jas an instantaneous volumetric
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straln followed by ttme dependent volumetrÍc strarn, the rate

of vyhich decreased with time to a zeto creep rate. Most of

the instantaneous strain occurred during the first increment.

The time for complete attenuation increased exponentiaLly with

an increase in isotropic stress.

3. When the sample was unloaded at the end of isotropic

compression. the recovery was immeasurable, indicating that

alI the strains were inelastic compression.

4. The relationship between the attenuated volumetric strain and

the mean normal stress þ/as approximately Iinear for the stress

range investigated. The slope provided an ultimate bulk

modulus which was 10,250 kPa for the frozen sand tested at a

temperature of -3oC.

5. A model for bulk creep

a function of time and

K. = Ko t1 + (I/K.) e--L o-lz

The bulk creep function,

increase in mean normal

with time.

function was developed

mean normal stress as

K-t increased exponentiatly with an

stress and decreased hyperbolically

and expressed as

follows:
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9.L,2 Creep Behavlour under Deviatorlc Stress

Constant mean normal stress multi-stage triaxial creep tests

h/ere performed to study the creep behaviour under changes in deviatoric

stress. From the results of tests the following observations !{ere

d rawn :

The samples underwent volume change during shear deformation,

contrary to the belief that the creep deformation of trozen

soil occurs at constant volume.

2. Up to a certain stress level

creep and at higher stress

accelerating creep.

3. The time for complete attenuation increased with

in mean normal stress.

For a given magnítude

strain decreased with

the samples underwenl- al-tenuat ing

levels the samples underwent

5. The deviatoric

coincided with

occurred. This

of deviatoric stress the volumetr ic

an increase in mean normal stress.

stress at which

the stress at which

stress v¡as taken to

The relationship between

the mean normal stress

expressed as f ol lor*s:

an increase

samples began

accelerating

be the failure

the deviatoric stress

was approximately

to di late

creep f i rst

stress.
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7.

Sa¡=So+m0-

The axial strain at

an increase in mean

B. A model for shear creep function

time, mean normal stress and

following form:

which the failure occurred increased

normal stress.

G. = [mro-ß t. + cto (So/o-)]-t

9. The shear creep function, G-, inc¡eased hyperboJ.ically with an

increase in mean normal stress, decreased exponentially with

an increase in deviatoric stress, and decreased exponentially

with time.

expressed as a function of

deviator ic stress had the

9 . 1 . 3 Veri f ication of the Creep I'lodels

with

Creep models were developed separately for hydrostatic and

deviatoric stress changes. The validity of the models was examined by

performing multi-stage constant ce11 pressure triaxial compression

tests which involved concurrent changes in the hydrostatic and

deviatoric components of stress. The assesment of l-he morlels was made

by calculating the axial deformation based on the creep models and

comparÍng the caLculated values l*ith the measured values. This was
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done for bime dependent strains and attenuated strains independently.

The agreement betv¡een the predicted and experimental time dependent

strains was quite good considering the scatter that was inherent in

all test data. The theoretical attenuated axiaL deformations agreed

weII with the observed values. The correLation coefficient was found

to be 0.85.

9.1.4 Comparison of tong and Short-term Tests

A series of short-term (Ioading duration 24 hours or less)

constant mean normal stress triaxial compression tests were performed

to determine whether the onset of dilation vras a stress or strain

dependent phenomenon. The stresses were identical to those used in the

long-term tests. The following observations were made:

The deviatoric stresses corresponding to the onset of diration

were higher in the short term tests than those in the

J.ong-term tests.

) The axial strains

short-term lests

3. The results suggested

singly a strain nor a

both.

at the onset

than those in

of dilation were lower

the long-term tests.

that the onset of

stress phenomena

di lati on was ne ither

but was influenced by

Ln
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9.1.5 Interactlon of lce and Rlgtd particles

The interaction of ice and rigid particles lras studied

observing the penetration of rigid steel spheres into ice. For

variety of loads the following observations !{ere made:

1. The relationship between penetration and time was essentiarly

linear for each hemispherical stress which was calculated on

the basis of the hemispherical area and the applied load. The

hemispherical stress ranged from 300 to 1000 kpa.

À relationship between the penetration

hemispherical stress vras represented by the

law:

S = So (o/o-)^

3. The penetration

in hemispherical

by

a

À relationship between the viscosity of

ice and the hemispherical stress was

following exponential function.

rate increased

stress.

rate and the

f oI ). owi ng power

exponentially r+ith an increase

fì = ¡¡19-nø

the polycrystalline

represented by the
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5. The viscosity of the polycrystalllne lce decreaserl

exponential.ly with an increase in hemispherical stress.

The penetration rate depended on the hemispherical stress and

was independent of the size of the spheres.

9.2 RECOHHENDÀTIONS

The study was limited to quartz carbonate sand and a

temperature of -3oC. Thus the models developed for the bulk and shear

creep functions did not include parameters representing material type

and temperature. The following suggestions are made with regard to an

extension of the work undertaken.

1. The study should include different material types

temperature variations to obtain a more general modeI.

2. Higher stresses should be used to obtain

stress-strain curves for lower elapsed times.

3. The effect of single-step and multi-step loading on the creep

behaviour should be investigated.

The interaction of soil particLes and ice

with rigid particles having shapes other

the effects of particle shape.

and

complete
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0
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-3.306
-3.194
.3. OA4
-2.A9?
-2.742
-2.102
- 2.59 r
-2.4ôa

.7 .223
-2.189
- 2 - 04 I
- 2 . O26
-t.912
- r.796
-1.711
- t.6G2
- l .4a4
. r.366
- l .299
- 1 .22Ê
-t.ls6
- l - lor
-o.924
-o.455
-o.741

-o. t84
-0.196
-o.o70
-0.ot2
o.o52
o.262
o.306
o.4so
o.540
o.539
o.767
o.903
o.994
1 . Oa5
l.2tô
L 352
L 452

46
72

lot
r 2s . o
t 44 . 2
¡ 69.2
l9 | .9
2t6.3
239.5
265.5
297.l
3tl.Â
336. I
360.2
3A3.9
40a. o
{33.7
4?9.I
504 .2
s28.O
552.O
s76.2
60t .8
64!.3
6? r . ?
695_O
720.5
t43.9
?69.3
t2l.o
840.O
86f .9
8a7.4
9lr.?
936. S

963. r

7 5.9., 294

AX¡AL OISPL
IHH)

SfRAII RÂIE
( /BR )

o.l09E-or
o.564E-04
o.44lE-04
o.3t5E-o{
o.3s5E-04
o.247E-04
o.32?E-04
o-29tE-O4
o.3t3E-04
o . 3 5 I E - q4
o.309E-04
o,3lsE-04
o,326E-04
o.206E-04
o.21?E-04
o.236E-04
o.2taE-04
o.226E-04
o.2l5E-04
o. t37E-O4
o,267E-O4
o,237E-04
o .2028 - O4
o.2l2E-04
o.l74E-04
o.20tE-04
o.25AE-ô4
o.238E -04
o.20tE-o4
o.23AE-O4
o.2alE.04
o.301E-04
o.379E-04
o.36rE-04
o.343E-O4
o-449E-O¡
o.330Ë-04
o.3s6E-04
o.349E-O4
a.352E-O4
o.377E-04
o.449E-04
o.422É-O4
o.366E-O4
o.375E-04
o.392E-O4
o.3t4E-04
o.4r6E-O¡

ao4
874
9AO
ot5
lo2
r90
tr3 t

1 .432
1 .620
r .6s3
I . ?56
I A6A

IRUE AXIAL
STRAIÈ Ì
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sto
?50

EAS
956

o.543
o.580
o.662
o.646
o.744
o.804

IRUE VOL
STRAIfl

-a.st6
-o.6tE
-o.495
-o.490
-o.4?4
-q.45?
-o.429
-o.{o?
- o. 40 r
-o,3ð4
-o.369
-o.347
-o.339
-o.329
-o.321
- 0. 302
-o.300
-o.2a3
-o.265
-o.2s4
-o.2a6
-o.220
-o.202
-o. t92
-o.182
-o. t7l
-o.t63
-o.137
-o.121
-o.I lo
-o.o20
-o.o?1
-o.029
-o.olo
. o. oo2
o. oo9
o. 039
o.o4s
o.o66
o, o80
o.094
o.l t3
o.lf 3
o, r47
o. t 60
o.lôo
o.200
o.214

9!4
looS
lof2
tos?
to62
I to8
r 135

3 -027
3.123
3.2a4
3 _ 35s
3.435

3.54 t
3. ?6 r
4 . O5 6
4 . Ì 50
4.319
4.43 t
4 .555
4.64O
4.At5
4.928
5 _ OA?
5.231
s.36r
5. ¡94
s.644
5. ?a9
5.902

g oo
36a
o28
I t9
I A9
266
3a t
395
45{
49A
55 t

DEVIATORIC
STRÂId i

I .606
I .657
I .690
r . ?s9
| . ô68
t.9ta
1 .96t
2.OtO
2. 05E
2 - 123
2.235
2 .284
2.339
2.41r
2.482
?-s7a
2-768
2. r33
2.950
3 - O2A
3.1l¿
3 . 20I
3.294
3.374
3.484
f .544
f .675
3.76A

3.975
a 05ô

o.90Á
o22
211
280
431
s9?

AVLIN EOUATION NUMAER

Y r -2.651254 -1

l-VALUES ÀRE I l2
RSAUARE : O.9313

CUMULAI I VE
IIHE IHRS)

3S7.6
36t-7
3E I . O
34t.6
40s. r

429. a
456.5
442. I
50I .3
526.3
549 . O

573. ¡
596.6
822.6
65q .4
66t.9
693.2
111.3
74 r . O
?65. 1

?90.8
û3?. O
t51.3
t85. r

909. r

s33.3
95t.9

loo5.4
lo2a.t
1o52. I
t07?-6
l LO
r126.4
tl?ô.1
tt9?.1
l22l.o
1244.S
r26t. â
t293.6
I 3?O .2
l34l -2
t365.9
t389.6
t4t4.5
r439.2
t465.O
1492.5
r511.5

I .653
2 0 ao

t 82
426
6r I
61?
oo9
l4a
323
4 23
554
?o3
ô42
932
I O?
39?
s32
664
?7S
902

lIME VOL DISP! AXIAL OISPL STRA¡È RAIE lRUE AXIA!(HouRs) (ccl (HH) t/HR) srRA¡N ::

LOAD INCREMENT 
' 

A S.D

LOGSIRAIN LOGTIME
RATE/HOUR HOURS

o.6
6.3

30.3
46.ô
?o. r

94.6
127.0
r 66.6
t 90. I
2lÀ.E
23ô.2
262. r
3r2.7
33¡.9
35A.2
382.6
406.2
4 30 . G

455. S

479.3
526 .2
5 50. I
s14 .2
59t.8
624 . O
649.4
670. ô
69{-a
?ta a

6

963?70

1151
slo

t .732
2.1?4
2 .5O1
2.65 r

2_450
3.299
3. 642
4 .233
4.950
s 421
5.9A6
6.393
6.4?6
?.8AÊ
t.534
L 3EO
9. A31

to.t64
ro.589
r L 26¡
I t .412
l?.651
13.o56
13.445
l3_?93
14,o90
14.446
r4.7f3
ls.029
15.590
r5.É31
16.211
t 6. 624
t 5.993
11.273
la.o72

5 . 07 t
5,3Ê4
5.491
5. 641
5.469
6 05 6

30I
ôa 1

37E
êga
6Al
459

x + .55SA4EA Xr¡2

4.4692
. oF ESl. ! 1062342

2. OO6
2. 09?
2. 159
2.226
2.2A3
2.33S
2.319
2 .424
2.413
2.494
2.526
2.557
2.584
2.5tt
2.631
2.6t I

2.123
2.142
2.161
2.119
2.412
2. ¿21
2.442
2.858
2.472
2.846
2.914
2 - 9?4
2 - 936
2.94A
2 . I60
2.91"
2.9E4
2.993
3. OO4
3.Ot4
3.024
3. O34
3.O45

3 _ O62

343 KPÀ

29 t
111
93ô
234
44A
665
895
134
3À 1

621
aa9

350
6f4
499

945
o76
336
460
6t?
o23
373
439
4EA

o.6alE-or
o . I 6l E - 03
o.ll5E-03
o. to?E-03
o.966E-04
o. t02E-03
o. rolE-o3
o- r02E-03
o.lf3E-03
o.l22E-Oa
o.l20E-03
o. t32E-03
o.l{2E-03
o.l42E-03
o. r4aE-03
o.lgaE-o3
o.l46E-03
0.1t7E-03
o.l17E-03
o.2stE-of
o. t34E-03
o.rlsE-o3
o. t33E-03
o.1l6E-03
o.104E-Ot
o.lo3E-o3
o,958E-O4
o.902E-04
o.lo9E-03
o.If 4E-03
o. t 1?E.03
o. toaE-03
o. to2E-03
o.953E-O4
o.947E.04
o-732E-04

ô.66?
3 .280
9.711

lo.184
1 I . I ?4
I I .62S
1 2 .251
12.74A
l3.1ta
t 3. soa
l4_343
14.771
t 5.497
l5-92t
r 5. ?ao
18.619
16. S 60
1?.2AO
t?.533
11.471
rô.29ð
14.651
I E _ 895
r s .337
r 8. 628
1S.A95
2O.121

ro.l05

747
765
192
8r6
E3r
862

375SO79E-Or X't3

I a!5t

4 . OEA
4.176
4.358
4.445
4.605
4.443
5 . O90
5.42r
5. ô59
6.154
6.4Sq
5 . 7 50
7 . I OA
7.6t9
a. 14A
a.8lo
4.969
I .244
9. S33

to.152
to 472
r L oo9
I ! .3f,5
I L 606
r I . â63
12.121
12.365
r?.55E
12.421
tf,. t43
t3.4ts
t3.580
t3,94¿
l4 _ I lO
| 4 .311
r4.553

1.A29211

TRUE VOI
SIRAIN

T-VALUES ARE : 24.9A21
RSqUARE : o.9a42 STO

.I¡PLOT 1, 6?I UXPLOffABLE POIITS.¡r

AVLIH EOUATIOH HUMAER 1

o.256
o_31¡
o.370
o.39 I
o.43S
o.487
o.537
o.824
0.730
o.?99
o. tt I
o.941

Y r -2.Of9707

OEVIATORIC
SIRAIH :

lo
to
!o
tt

484

209
636
260
906
7 A1
97 t
126
519
321
234
ttt
9A3

| 49
a5l
6t9
.2r1
012
4EO

o36
101
37s
ot4
s21
t99
o5 6
?6r
¡5 f

73Ë
27 6
800

CUHULATT VE
TIME f HRSI

I

2
3
4
s
€
1
a
o
o
2
3

.ot2

.r74

.254

.374

-3.41?120

ts12
t5l7
ts33
| 54 t
t55A
l5at
t 606

492
ss4
6S2

454
sr3
969
o20
o63
I t4
r56
t99
2AO
329
3?9
429
493
523
634

LOGSTRAIN
RATE/HOUR

- L 167
-3.794
-3.940
-3.969
-4_OtA
-3.9A2
-3.996
-3.9Sr
- 3.948.3.913
-3.92t
-3.a78
-3_449
-f,.64?
-3.829
- 3. 703
- 3.835
-3.931
-3.930
- 3. 600

-f.9at
-3.877
-3_93?
-3.983
-3.9A7
-4,O!8
-4.045
-3.961
-3.87t
-3_9f,3
-3.964
-3_993
- 4 . O21
-4.024
-4.136

t 63A.5
t67A.3
t 70I . 6

| 726.3
r?4t.?
1774.3
1624.2
t446.4
t469,?
!69{.l
t9t?.?
!942.3
t967.O
t890.6
2031 .1
?o62.3
20as .1
2tlo.4
2r35.S
2 t 60. I

2206.3
2230 .3
2253 .6
221 ¿ .2
230¿ .2
2321 . A

2f 49. t
2373.8

16.3912 12.8931
OF EST. : .79o?o45E-ol

283

LOCTIHE
HOURS

o .222
o.7a9
I .346
I .481
1 .670
1 . E46
L 975
2. r04

o

3
3

275

371
420
4AS
52S
554
543
609
634
656
6t I
12t
?¡ r

759
711
7t5
al3

842
857
870
!8S
499

923
t36

332?64f, x..3
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lHouRs I

r oao I HcÂEME{r

o.6

2l.o
46 _ 5
E!. O

?¡.5
¡2.5

tr6.3
1a0.5
| õ4.5
r¡t.s
236.O
260. O

2!a.o
f,o6 , o
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157.O
a04 , o
a2t . o
452.O
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500. o
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s72. O
sl6 0

YOI O¡SPr Ar¡ÁL o¡spL slRA¡ts RÀlE IRUE a¡tÂL TÂuE vor-lccl lHMl l/xRl sTRÂtd I stRAlÈ 1

s.o

o. o4o
o _ t 25
o ta5
o .2)1
o.272
o_f,1ú
o,fr6
o.f29
o.152
o,ala

o.as5
o, aô6
o.s35
o.54 r
o.565
o.630
o.5t9
o. 606
o. 622
o.63ô
o.422
o.6¡l
o.627
o.629

- a t ao
-a.taf
-4.554
-5_Ot3
-s 4c4
-5.S?f,
.5 029
.5.6f 6
-1.f29
-3.6Àê
-l I I I
-3.7ã2

o.5.oE -oi
o.l6lE-ol
o.7a2E-o5
o.2528-Oa
o. t03E-oa
o - ls2Ê -04
o.o
o.l6rE.05
o.9r5E-O5
o. t4tE-oa
o.7aoÊ-05
o.låoE-os

o. 02?
o. or3
o.o9?
o_ t59
o. I a2
o.2¡2
o.212
0.221
o.2¡3
o. 27ô
o.2!B
o. f o6
o.f26
o.358
o.362
o.3?8
o . 

^22o-f9s
o. 40a
o_al?
o-¡28
o.at?
o.af,t
o. a2o
o .122

o
o
o
o
o

-o
o

o
.o

o5

o5
os
o5
o5
o5

OEY¡AIORIC
STRA¡T';

o.21?
o.o?a
0. t43
o.35t
o.oE9
o.ols
o.0?6
o.o¡o
o, t 2a
o- t53
o.243
o.2!o
o.255
o.3ô2
o. Jo6
o.3a I
o. a?a
o.ftt
o-329
o.417
o. f 70
o.57a
o.6t3
o.560
o.579

cuau!atIvE
l!HE lHRsl

o.5
a.o

2t -o
{3 _ 5
6t-o
76 - s
42.6

1tó.s
140. s
16a.3
Itr_5
235-O
260.O
2ôa.o
30a. o
:fo.s
fs?.o
ao¡. o
42ô. O

452.O
476.O
500.o
525. S

572.O
596.O

T¡HT
I xouRs )

l.å
?_!

23. f
f ¡.l
.7.l
7t I
96.6

t 2l, ¡
tal.¡
l8a _ I
I Aô . f,
2tl,a
215.2
2Sl. ô
264 - 3
3Ot. f
3f f . 6

35a.1
3?t - o
403. o
a2ô. f
457.O
4?5.2

loÀo ITCREHE¡T r 2 s.o.¡ 9ô KÞÀ

tocsfRAIr (ocrtME
RÂIE/BOUT HOURS

-i.2a1
-3. ?92
-5. !O?
-4.5tô
.a.a!5
-a-453
o,o

-5.¡4f
-5.O39
-4. ôf 3
-5 ltt
-S. t45
- 5 . Oô0
-¡. ts?
-s.ôsô
-5. tio
-4-7t6
o.o

-5.271
-s.aro
-5. f 52
o.o

-5.26r
o.o

-6.2S5

VO( OIsPL AXIAL OISPL S'ÂAIfl RA'E TRUE AX¡AL TRUE YOL.(cc) lHHl (/BRl srRAlù :, srRÂ¡r :
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9.7a4
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ro.of2
lo. ttt
ro.lf,7
to.412
1o.65?

o.5EfÉ-ol
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o.62tE-Oa
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o.672E-Ot
o.540Ë -o4
o.a2tE-oa
o.:foE-oa
o.274E-Oa
o.a7sE-oa
o.ao6E-oa
o.a56E-Oa
o.609É-oa
o-55ôE-Oa
o.?2tE-oa
o.5t6€-oa
o.672E-Oa
o-242E-O¡
o.f06E-oÂ
o.2l5E-o¡
o.2378 -Oa
o.2?tE-04

.o.409E-O5
o.63lE-04
o-3ôfE-oa
o,4ô61-oÁ
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o.al?E-o¡
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o.39aE-Oa
ô_766E-04
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2.tt3
2-aa1
2 - 992
f . o40
t. tJr
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f.a65
f.sa6
f.512
3.652
l.?t5
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3.960

2 _ a09
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2. ao3
2. f 6S
2.ftt
2.f7ô
2.36!
2.faa
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2 -321
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z . | 61
2, t¡2
2.1f.
2.t2J
? - to1
2,091
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at. a
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¡31.6
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2. 06 r

2. t l3
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5. O? |
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o.97aÉ.04
o.59tE.Oa
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o.a6ôE.o5
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o. t69É-o¡
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2.5{t
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2.GG7
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2.77a
2.1A5
2.1a7
6.6ao
6.1f,t
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6. ZO7
6.282
6.30?
c.3a2
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6.5S?
6.799
a. ô52
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6.150
¡. ¡t¡
?_ot5
?. oô2
l. r5t
7 .20?
t.361
?.5at
1.726
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ô.tta
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57?. a
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7.962
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3 . 02 6
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f.tt4

l. ?5ô
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f.lf6
f,.fJ?
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f,?a!
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!.32r
f.9À5
¡ , o¡ 5
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4. t5ô
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4.412
4.3ôO
4.ltt
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4.96t
5.Oô5
3,2ta
5. !tr r
5.4f,7
5.503
5.366
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5.6t6
s,7a7
5,t9f
5.a17
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.a.ot2
-4.224
.{.t{2
-4.325
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-5.430
-4.904
-4.9r1
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-4.979
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-5.t13
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.4.500
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.4.6f 4
-4.56t
-a.!5t
-¡,4f6
-4.2ôa
-a - 2a r
-..260
-..296
-a-?7r
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o.26lE-ô¡
o.29¡!-oa
o-22tE.O¡
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o.?t5
o.t¡t
o.?!o
o.tta
o. 00a
o.eto
o.0t!
o.tt6
o. a2a
o. tJo
o.631
o. af t
o.6f,?
o.aft

4,051
4.099
¡. t a5
a.la2
¡.ttt
4.2åo
4.12a
4.370
a-l6t
{.415
a. a5t
{.505
¡,551
4.596

4.66t
4.6f9

a. ?3 |
1-7at
4.121
4. ô25
¡.120
6.otl
s_oto

rRuE VOL.
SIRA¡N 1

o.a?2
o. a3?
o.412
o.462
o.ato
o,a?5
0,a¡¡
o - a¡a
o. 60 !
o.50?
o.30?
o.306
o_520
o.52?
o.6f l
o. !33
o.sfl
o-5:l
o,526
o.516
o.325
o.5a?
o.56r
o.575
o.5ta
o.5E!
o.5¡a
o. 60 ¡

o, coô
o. 607
0.6ta
o.t2?
o.6fa
o. 640
o.6ao
o.la?
o.l5l
o. 6 to
o.66?
o. 67a
o.6!o
o.6!l
o.6to
o.l9t
o_ !t3
o. 700
o-a¡l
o.707
o-72t
o.?f5
o.?la
o. ?f a
o. ?Jl
o.74 6

o.7a3
o.759
o.73¡
O.?Gá
a.712
o. t?t
0. ?¡¡
o.?t2
o _ ?r I
0.7¡t
o.?t6
o.612
o.ar2
o.626
o.60a
o. !26

OEYIAIORIC CUHULAfIVE IOGSIRAIH LOGfIMÉ
SIRÂ¡I: TIME IHASI RÀTE/HOUR HOURs

. ao6

. aot

.a2t

.454

.4ôô

.5t6

.6lt
1.601
t. !f 5
I. CÉ]
¡ - 6C6
t.663
I . ?Ot
I . ?:l
¡.751
1.75t
r . ?co
t.706
| .759
I . ?86
l -132
l. ?tt
t. a2l
1.65a
t.t63
| . o02
r .9f 3
1.982
| , I73
l.tâa
2. OO¡
2.Oa5
2.o10
2. ODO
2,lo!
2- t tÉ
2. t af
2.l6!
2. trt
2 . 20I

2 -232
2 -231
2.29f
2 - 216
2.272
2-21 t
2.f l2
2.fao
2.f6.
2.lcc
2.ftG
2.4tô
2.a3?
z. a7l
2.48t
2.!t¡
2.530
2.6t¡
2.6a r
2.lto
2. ¡30
2. 8f ?
2.656
2.610
2,195
2.6¡8
2.126
2.106
2.71o

2ÉS I _ S
2SSf . o
2565.O
2S60.o
257S.O
2t99.O
2¡26.O
2572. S

26t5.O
2? I I . O

27aJ.O
276?. O
2lt I . o
2t37.5
2160.o
2¡!4. O
2¡01.o
2tf 2. o
295ó.o
f ooa . o
302!. o
fo!2,o
f o? 6 . o
f I oo . o
fl2¡.o
lrE7.O
f,t0G.o
!2U O. O
f,2aa.o
126Á.O
f292.O
f la l.5
fl5..o
f 3tt . o
f.l2.o
!a¡6.o
fa6!.o
3509.s
35f 2. O
3155.O
36to. o
floa,o
f62r.o
f,t53,0
367s.O
3?OO.O
a12a.o
f 74E. O

f t75. O

1799.O
f 622. o
3Ca5.5
f ôGE - 5
3ô92. O

3916. O
f,tao.o
3r64.5
f ¡90. o
aot3.5
aof6,o
aoGo. o
40to, o
a lot. o
4t35.O
a l5E. O

a20a. o
{226. O
4232. O
4276.S
4foo.3

ooô
oo I
o9a
o90
tt5
| !o
7?6
?10
711

5-f6l
E. ao7
s. a0!
5.48t
5.aa?
5 .643
5.842
5.6f G

5. at8
s.6f,?

.2 . ooo
o.l?t
o.544
o.t2¡
I . f 7 t
I .3??
| .6?2
2. otl
2. tEt
2 .22a
?-262
2.lf l
2.379
2. a65
2 - 4ôt

2.562
2 . 5 00
2.5Aa
2. €56
2. 6 6l
2.6a9
2 -7?o
2.7f !
2 -1SA
2-162
2. ðos
2 - 625
2 - ôao

2.t70
2. ô3E
2.91o
2 -92?
2.919
2,9¡?
2.062
2.9tt
2.91I
3. oo2
f.ot2
f . o22
3. o32
l.oÂ2
l. o! r

f.o60
f.o6t
l. o?E
f.oal
l.ot6
l. toa
f,tt?
l. t 20
7.121
f . t 35
f . t4l
I . 150
f . I Éô
3. 185
J.112
f . r7¡
t. rå7
3. r ¡2
3.200
3.206
3.211
3 -22a
3.2f r

o.o
3.2al

379



toaD ¡xcÂEt!xf rtf

IIHE YOI DISP!
t HOUR5 | I cc I

o.o
t.o
a,o

5.6f l
5. gf a
s. e f l
9.32¡
3.16?
s.7lo
s.70a
E.751
5.74ô
r.7¡l
5, !f 6
É.0!t
B. ¡?ú
É . a?2
s.at6
3.96ß
3, O80
¡.06a
6. OtE
G.l4l
¡. t 67
5.233
6 -217
6.12r
ß.¡t7
6.3r2
6.3f¡
5. ao?
t. aaô
6.49t
6.{A?
?.olf
I . ! 6?
a .22a
a.274
4.2¡¡
a. t t7

rc5

S.O.r rto (pa

t96.O
2t5.O
23?.5
261.O
2r5,O
lo9 - o
lf 3. o
ls9.o
llf,o
ao? _ o
a29.o
asf . o
a7l , o
50I . O

52?.O
352.O
5?3.O
!9?.O
621 , O

6¿5,O
661.O
6?5. O

695.O
?r9.6
?a I . o
112.O
?À! ô

ÂTfÂL O¡SPI STRÂTI RAIE TRUE AXIA(
(HA) I/HRì SIRA¡N :

2S3
262
26!
21J
29e
ft6
l2!
3¡E

o.t3t€.æ
o.643E-oa
o. t36E-oa
o.5lfE-05
o.I t6E-Oa
o-4¡58-O5
o.35JE.O3
o,22fE-05
o.torE.o5
o.29tE.O5
o.2t?E-of
o.2a?E-05
o.{79È.OS
o.207E-O5
o.2a7E-05
o.l¡aE.os
o.3f,9E.05
o.361(-o5
o.3608-05
o.2tlE-05
o.36¡t-OS
o.26¿E-05
o.fttt-o5
o.faoE-o5
o.2a2E-05
o.Jt3¿.05
o. rô6¡.09
o.a?tE-os
o.26?E.Of
0.at2E-o5
o.29tE-05
o.550E-03

-o.lf 6E-ol
o.2ô9Ë-O¡
o.2a¡E.os
o.328E-05
o. r:lE-os

-o.3alE-oE
o.9!aE-O6
o, t 9 5E - OS
o,l?¡E-os

-o.r53E-o6
o.70ôE-o6

-o.252E-06
o.o

-o.?4?E-O6
o. g9aE-06

-o_tr?Ê-ô6

I .3a7
r . rst
Lf6!
I . f EO
I .192
LfIt
I _ ¡O?
¡.ata
I .127
I . af I
¡.434
t.al6
t. att
l.aE1
I . EO I
|.Elf
I .822
I .6f a
L Ea l
1.6s5
t.665
I .560
1.6¡O
3.51?
3.ar?
3.302
3.513
: - 62f
3.62t
f . s2!
3.6f 2
l.5lt
f .832
f .3a9

f.g5r
3.551
3.560
f.565
3.552
f.s55
l_661
l.s6l
f,.s61
3.56t
!.5t5
3.!6?

o. !f ô
o.!aa
o.ôat
o _ Às r
o.tG9
O. EôO
o.tôt
o.t9a
o.tot
o. ¡06
o.¡t5
o, ¡2f
o. ¡3 t
o.tl6
o,ta2
o.9at
o.¡6s
o.963
o.t7l
o,9to
o,9to
o.99É
I . OO5

atl,o
6f,?. O

ôô6,O
tol. s
9f,f .5
¡5?.O
ttt.o

I OO5 . O

t066_o
loto.o
I tol,o
tt25.o
lt¡t,o
I l?3.o
t20ô.5
1245.O
t293.O

lRuE voL -
slRAlff :

o. t25
o.625
o.a2a
o. e 24
o.6f o
o. al6
o. !J5
o.ô42
o. ôa t
o,ô¡ô
o. asa
o. t6 t
o,660
o.lco
o.tc6
o. a7f
o.6E7
o.ôt6
o.ôt2
o.!99
o.902
o.9t2
o.¡19
o_925
o 924

t 57
2t3
3r2
fô6
lot
fo6
fo7
fo?

OEVIAIOR¡C CUHULAIIYE IOGSfiÁIX LOCIIHë
SIRÂ¡I : ItH! (IR5I RATE/HOUR SOURS

2.t2€
2-111
2. rsf
2. ?5ô
2. !05
2. t!t
2.15t
2. t76
2 - A¡a
2.9t7
2,¡39
2 . ! 65
2. ¡!¡
2.9r5
t.o¡5
f . 032
I - Ot3
l. ot3
t.tt3
f . r3s
l.l6r
l. tô3
J,zlt
J.2¡6
1.250
3.2A¡
l - 2!a
i-trr6
3. f 3?
3.f66
1.383
c.6??
E. E75
6.2Cô
6 - 30¡
6. f 2 t
6.1t9
6. f 2a
6. f f 5
5.156
5.37t
6.315
6.379
5. f 7t
5.37!
6.3??
6.39 r

¡-315
6.1¡t
6. {O7
6.at3
6.at6
6, ¡30
6.4??
6.¡ao

a . Jo?
¡. f 65
a. !56
a, ao5
a.a6a
4.462
a. a5 t
a.alE
a .500
¡ 399

otf
ot9
o21
of2

o4t
o5ð
oô5

afoo.5
a30t.5
4304. E

430ô.5
at2l.6
4347. O

¡f 70. o
al¡f .5
aatt.o
¡aa2.o
aa6¡.5
aat¡.6
a5lE.s
46!t. O
4361.5
asa3.6
alo9.6
46f3.6
486¡. E

ag¡3. õ
a?o7.5
4729. g

4753.6
a771-6
aôot.6
aa21 - 5
atg2.5
ac73.5
.8r7.5
¡92r.5
a9as.3
a9¡t.3
4t76.6
a¡9E.6
6020. o
60a l .6
50?2. 6
501t. !
5tt3.s
slf?.s
6 t t! . 6
Á209. o
52fa.o
625ì. S

52t t .6
3f o3.5
3t56.S
53rO.6
3¡O I . 6
5425.5
54¡0.6
5¡73.5
5508.O
s5.s.5
s69f .5

2.16.
2.lol
2.160
2.15?
2.375
?.J13
2 . J16
2.f60
2.36S
2.106
2.392
2.39¡
2.191
2.193
2.311
2 - f 9 6

2.l9Â
2.a91
2 . J9 6
?. aoo
2 . ao2
2. a05

2. aos

T I HI
INOURS )

o_924
o-¡?6
o.937
o.¡43
o.95ô
o,949
L O2 6
o.2a9
o.620

LOAO ¡XCRIHEXI rra s.o.r Ira xPÂ

o.o
1.6
t.f,

21.5
11 .6
i7.6

r19.6
t46.8
r ¡?.6
t¡t,5
2t3 0

VOI.OISPL ÃXIA( O¡SPL SfRArX RAIÊ TRUE A¡IÀ!lccl IHH) t/B^t ,r^ol* i

o.6t
o.6t
o. 60
o.6r
o,6t
c. 6l
o. 63
o. €l
o.6l
o.6f,

- 2. OOO
o.o
o. co2
o.9ol
r.162
I .56?
l. ôa2
l-9!t
2. O70
2. r5¡
2.217
2 -2?7
2.332
2.3?6
2,4t1
2 .133
2,a¡o
2 ,522
2.6!6
2.5¡f
2.6to
2. At2
2.9s6
2.6?t
2. ?OO

2.1a2
2.75t
2-716
2-79J
2-AtO
2 . A2S
2.9ro
2. Ea2
2. !57
2. r70
2.ôa8
2.9!r
2.0ro
2.423
2.taâ
3. O22
2.i10
3. O¡2
f . os r

l. ogo
3. 02¡
3. O?ô
f.oa2
3. 05 r

f.oao
3. O69
3. Oô2
f , 127
3.rt2

7.a
2t!
291
Jt I
f35
lt¡

o. 6f, I
o, 5l I
o.6fô
o.6fl
o.645
o.653
o.652
o 65?

l!l. E

aJ2-Á
aó6,6
att.5
lof .5
6??.5
5ú L ô
gOa, o
421.6
e a7,5
6t r , o
ú¡5.5
7tt.6

3, EEE
f.6a7
3.17¡
L 57J
1.677
t.3tz
l.5r¡
L Ee f
!, ú9 t
f .50 |
tr.la!
f.!t2
L 6¡a
f,,ts¡
f,.89a
l.f!ô
f . 60I
l. aoz
f . ro3
f - 607
f-ato
l.¡12
f - 020
Lgrt
3. 321
f .l2f
3.626
l.5l?
L 6f,t
f .6lr

afE
!fó
Eô'
!ta

o.2ao!.ol
o.?to¡-o5
o.675Ê-os

-o.l¡!E-O6
o.l2f E-05
o.3llE-ot
o. tl.E-OÉ
o. t?5É-O3

-o,!¡¡E-O!
o.o

-o_7faf-o6
o.tot¡-06
o.a9t!-ot
o.o

o.?3të.oa
o. tzll-os
o.49t!-ol
o.l2l¡.o6
o. t2t!-05
o.7lat-oa
o,a¡t!-o5
o.2a6t-05

-o.4ttE-06
o.lftt-o6
o. !o¡E-Of
o.?l!E-Oa
o. t76(-09
o. r2tE-05
o,7J6!-o5

¡.of,1
¡-Þ00
a, !?t
a.t?¡
4.87a
L O2ú
5. O?a
I , t 7f,
6.?óo
1.2{l
E-261

I tf

2. aoJ
2. 40a
2, ao¡
2. ao9
2-11?
2.4ta

tÂu! YoL.
s I RA ¡ X 1

o.6fa
o.!tl
o.l¡¡

.o.l7l
o.6tc
o.t7l
o. t!7
0.5?t
o.t!7
o.6Ef
o.q6f
o.8ta
o, ?o I
o,69a
o. ?o¡
o. ?oE
o.7tt
o.7t5
o,120

o ,12t
o.72¡
o.?2t
4,129
o.7f6
o.7f ¡
o,75t
o.tat
o tat

olv¡aToRtc cuHu!allvf !0c3lRÂlx Lo6tlHEslta¡x: trH! lBRs) RÁtr,/HoUe nouei -

-5.fo6
- ß. toô

3.al?
!. a!a
a, a19
6 . r of,
6.a5t
6.¡ta

41?
¡al
4a3

¡52
.3f

4ôl
a¡ô
a0 t
a¡ I
¡ôt
a¡ô
50?

!5tf.t
!t95.o
¡802.o
6lr7.o
3¡4!.o
!E¡t.o
l7lf,.o
57aO.o
E7¡r.o
t?ts. o
Ego¡.6
saf a. o
3tl2.o
3tt ¡ . o
3toõ. o
l¡2t.o
3ttl.o
al7?. o
602t.o
60at,o
Ûo7f,. o
ôot 7 . o
¡r2l.o
6146.O
6!r7.ó
62r7-o
82¡ I . O

r2c4.5
62ôt. o
all3.o

¡ _ 50I
Erl
5tt
slo
5ll
3f!
!a7
65¡
5 !O
5?a

s¡2
5!a
90?

o.lor
-5. t02
-5.t71
- ! .23.
-É.ttt
-ß.27A
-6.!7f
-5.?51
-6.6r1
-6-tf,t
-5.52Â
-6.096
- c.lot
-6-aat
- B . go?
.6- tl2
-5.lto
- ó. f ot
-5.0te
-s.a93
- 6. I f 2
- 5. ¡O9
-5.00t
-Í.46t
.â.a12
-6-210
- t. r f,3
-6.755
.3.r1?
-6. rlf

330

- 2 . OOO
o. t?6
o. ¡20
o. tof
| - a11
I . ¡!t
2 -o11
2. t66
2 . Oto
2. t5t
2.2t1
2. f 6ô
z . a2þ
2.l?6
2.at1
2.526
2.556
?.3!a
2.ß13
2.6!6
2 - 3ô t
2 -102
2.122
2.619
2,1al
2.176
2.!lt
2 .621
2.612
2. ¡5t

ú,825
6 _ 61f,
6.810



LOÂO ¡{C¡¡HErr rtt S.O.r Z2o xpÂ
llHÉ YOL O¡sPt Ât
lHou¡sl lcct 

lal. DI9¡t stÂÂlR ¡atf
IHHI (/H¡)

5.2lt
5.2r?
5.2tf
3.2¡r

lof
foo
3aa
f,a t
alt
af¡

s25
E?I
6¡7

3. !f 5

f.6aa
f.E!2
f . õ?o
L 6?t
f . Ga!
3.ßtô
1.705
l.rtf
3. ?z I
f .73f
J. ?a t
3. ?5 t
J-75ô
1.762
f ,77 t
l. tt3
f . ?¡.
f.790
J-?r.
f . lo I
3.ôlo
f.atl
f . c22
f.r27
l. !¡o
f,.êao
l,ôaa
l.âa6

5.71a
É .7 62
s.73t
6, !o3
5. !02
6. ?tt
5. ôa?
5.60a
!.tto
6. ¡!?
5. Dt!
6. Oll
t.oô?
6. t 2t
6,155
t. r ?a
a .220
6,?a¡
¡.2!6
6.la3
6-?Âl
6,l¡ I

o.7?2
0.7¡a
o.?a.
o.7t t
o.711
o.t76
o,?6f
o.7ô2
o,79ó
o.716
o.to2
o, tot
o.¡21
o.tfo
o.tJ6

o.6at
o.ô!o
o.ta!
o.tal
o. ô56
o.!6f,
o.!65
o.ô?6
o.c76
o-tt!
o.o¡o
o.197
o-lot

o.9to
o,¡la
o.ttt
o.9?t
o,9t9
o.92t

toÁo lacREHÊNl rt6
llHE vol otspt
f BouRs ) I cc I

ó36
ô5!
ô6.
ô66
À? I

oEv¡^tonrc cuHUtal¡vE tocSTRAIr !ocTtM€5ÌÀalx: T¡HE IHRSI Âal!,/BOUR HOUR;

6. af a
6.6f I
6, ta2
6.6¡t
5.a¡6
6_?Ot
8.121
¡. ?.7
6. ??l
l.7ta
ó. !ol

t.o
ô.o

25. O
a9.o
7f , o

I OO O
lzt,o
ta?.o
t6¡.o
2t7,t
?¡o.o
?6ô.o
26ô.O
fr2_o
3l? . ô
367 0
¿ot o
432,o
4S5.O

ßf I ! - O

afta.o
¡f r c. o
tf22.O
¡f t2. o
tf 52. t
¡t7ú.O
Gaoo.o
ßa2a.o
aaat.o
taa¡.o
t¡22.S
l6a4. o
tE!¡.o
E¡!2.o
¡¡r6.o
ôtao.o
!¡¡a.o
aa¡o-s
t? r 2. o
!7J6.O
¡tao,o
67ô..o
6!12.o
It37.S
aôao. o
¡toa. o
t¡2t.o
¡¡ú2.o
ltt6.o
7000. o
fo?a.o
?o¡6,o
7012.o
?o¡6,o
? t 20. o

S.O.. 26t XPÂ

AX¡ÂL OISPT 5TRÀtX RATE fRUI
IHMI (,/HRI SIRAI¡

ô2¡
¡Él
t?!
a¡l
toa
120
¡ll

l.¡a?
l.t5t
¡.!at
¡.¡lt
t, ooJ
7.O2a
?. ol2
f,oaa
7.06?
?, o?0
?,olt
1.O96
7, t16
?. t26
?. I f !
7, ta¡
t , 130
t. I a6

3. t?a
f .679
f . ô82
l - ro7
3.925
3, ta¡
3.962
l.¡72
4 , OOO
4 . OOO
a , o27
a . o3l
a, oa5
a . o5.
4 . OG I

4 , O70
a . o?5

o.2altrot 2.5ta
o.36AE.Oa 2.6ts
o. r ttE-o¡ 2.626
o.6268-O: 2.6J?
o. 6l r E - o9 2 . 3 a 9
o.5a2E-03 2.Aal
o.4¡oE.06 2.5?S
0.froE-o5 2.6St
o.?2tt-o5 2.1OO
o. o 2 .700
o.3ltt-o5 2-?r6
o.f42E-05 2.123
o. f 2 t t. ot 2 .7J t
o.2? I E -o5 2.1)1
o. r9?E.05 ?.1a2
o.217É-05 2.1a6
o.7toÉ.06 7.152
o.226t-05 7.136
o.2?tÉ.o9 2.?61
o. ?¡?É.o5 z.168
o.27?8. 06 7.715
o. t72E.05 2.tao
o. rtoE.05 2.?ô8
o.2t6E-05 2.194
o.¡lfE-06 2_?r6
o.2a7E-05 2.õo2
o.fa6E-o5 2.ôto
o.216E-05 2.!r6
o. rE6E-O5 2.62O
o- r90E-o5 2.ô25
o. rEôt.os 2.629
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É75.5
aoô.5
ßa?.5
6t L 5
!¡5.5
7t¡.5
t46.6
7tG.o
¡i!.5
142.5
836.6
leo.6
t22. S

96a.o
0â6-5

loro.5
rof a. !
toÉô.5
10a? 3

o.163
Q-lat
o. f ?f
o.176
o.f?6
o.fr5
o.f¡¡
o.aol
o.at8
o.att
o.4lt
o.a3E
o.45t
o.46t
o, 4 69
o, a 6a
o.460
o.469
o.a?3
o.47?
o. ato
o.¡12
o.so6
o,300

ala.
¡15.
!l?.
tt8.
822.
r¡¡-
!32.
ta6.
Itt.
t35.
95t.
9t2.

loo6.
1o30.
I OS?.
I t o¿ .

| 126.
It5t,
tt?¡.
I t9t,
r 225.
r 2? l .

12t9.
t3lt.

5
o
o
o
o
o
o
o
o
É

o

-o.749
- f . ô21
-4.ß46
- a , tol
-s.6la
-3.ú6¡
-5.6a¡
-5.ôgt
-5.6?.
-5.a52
-5.C61
.6.att
-s.5f6
-5.549
- 6. t 62
.6.406
.6. OlÉ
-5.a91
-6.09¡
-5.lra
- 6 , f,4 |

-5.950

LOGf¡HÉ
xouRs

- 2. OOO
-o.fot

o.tol
o. !o2
o.rlf
t.371
I .6??
l. t5a
2.O!5
2. ôtf
2.141
2 .223

2.3t3
2.365
2.¡62
2-a93
2..03
2,556
2,6ôa
2.51f

2. 6C5
o.o

o.2248+OO
-o_ t?7E-04

o_ t65E-04
o. t4tÉ-oa

o,l5¡É-05
o_ tâoÉ-o5
o. tt7€-05
o.lf ?E-05
o.25?E.O5
o, t55E.OS
o,l60f -o5
o. !55E-O5
o. t25l.os
o. tf ?E-05
o_ lof E-os
o.5t6E-o6
o.??28-O6
o_259!-O6

-o.259E.O6
o.l60E-os
o.25ôE-O5
o. t54E-05
o.lo3E-os
o. r 3 | E - 05
o.142É-05
o. t29E-05
o.lo3E-05
o. tof,è-o5
o_7loE-o6
o.?¡Á!-o6
o.220ê-o5
o.257¡-O5
o,7716.o6
o.5lf,E-o6
o.966E-O6
o.7a2E-O6
o.5sf,E-O6
o.t?oE-o6
o.206€-os
o.5taf.o6
o.!rlë-o6

Ðév¡ÂloRtc
5lÂAIx :

o,a9a

o. 50ô

o.612
o. 5f s
o.É51
o_56?
o.57a
o.5t9
o.5¡ô
o. Eoô
o.õ2f
o.612
o.6tt
o.65?
o.6a!
o.6a6
o.oa2
o. !4ô
o.046
o.562
o, 669
o.6¡ô
o,70a
o.720
o, ?13
o.7¡?
o.?52
o,75t
o.?3a
o,7a9
o_?ôo
o-?t6
o.600
o.602
o,lto
o.6t7
o.ð25
o. ô¡f
o.ôa¡
o.stl
o.aat

CUHULAI ¡ YE
T¡Mr lxRs)

tocslRAtk tocf IHEÂÂlE/nouR BOUR5

.2 _ OOO

.o.30t
o-5¡a
o.921
o.ttl
I .677
I. ô5a
2. OÂ3
2. t57
?.22a
7.2A2
2.3f,1
2.a79
2,¡€!
7. a97
2.526
2. s56
2,5t4
2.61o
2. St¡
2.6r3
2 .107

2.1^2
2.750
2.1¿.
?.!rr
2 . A21
2 . Da2
2 . ¿51
2. ô71
2 - 00l
2.91f
7.976
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I50
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9!¡
tla
oos
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l¡HE VOL Ol5Pt
( ðour.s I lcc )

LOAO INCÂIHEXI r 7 5.0.r t47 ÍFA

o.o
l.o
l.o
9.O

26.O
a7.o
72.ø
OC. E

120. o
ta?-o
l7l,o
t9a.o
2l?.o
240. O
2e a.o
2ô!.o
lt2.o
336.5
162.O
lô5. O
aoô - o
af2.o
¡62.O
aôo.o
506. O

530,O
552.O
s?6.O
600 _ o
€24-s
64E.5
6?¡ . o
697.5
120.3

-o.26t
-o.26A
- o. 2 e o
-0-2ta
-o.21¡
-o.2t7
-o.27J
-o.f25
-o-211
-o.277
-o.la6
-o, tto
-o. ttf
-o. tt7
-o.2ß¡

ÂXIAL DISPI SIRAIH RAIE
IHH) l/Hrt

0.6J7
o.Í36
o,5ao
o.Eto
o.6!2
o.ú57
o.873
o. ¡7¡
o.6ca
o.5tE
o. 60?
o.6t¡
o. 626
o.6t6
o- 6a?
o. 654
o.6co
o.672
o.67?
o.6r3
o.c9t
o.?oo
o.70f
o.705
o-716
o.120
o.72ã
o_731
o-73r
o.7f,6
o.74?
o.752
o.756
o.75a

o. I t aÉ.
o- t40E-
o.{20É-
o. t??E-

IRUE AXIAI fRUÈ YOI.
5ÏRÂ¡È 1 SlRÂ¡H 1,

oo
o4
oa
oa
o6
o!
o6
o5

o.lf tE-o
o-22¡t-o

o.Jtl
o.fõ7
o.:Et
o.¡6?
o.ft¡
o.f72
o.!E2
o.ftt
o.f80
o.!to
o.405
o.att
o.{ta
o-{2¡
o.af2
o-aJ7
o_440
o. a4t
o-a52
o.467
o.461
o.466
o.a70
o.a?l
o.a?6
o,46t
o.at6
o-at!
o.a¡l
o-a0l
o_49!
o - 602
o.605
o-505

0.cttt-o3
o.269!-O5
o.2lll.o3
o.26¡l-o5
o.ff3É-os
o.2061-o6
o,l6tË-05
o.f2!E-O5
o. t4sE.OÉ
o.2l6E-05
o. ttEE-05
o.25tE-o5
o.6t7E-06
o.692f,-O6
o.265É-O5
o.lt2E-05
0.253E-O6
o.?7aE-o6
o.?o6Ê-o5
o.o
o.2sôÉ-o3
o_ t2rt-o5
o.lost-os
o.535É-O6

-o.olc
-o.ola
-0.o3a
-o.03t
-0.ot2
-o.o!2
-o.oao
-o.o46
- o. oa I
-o.oat
-o.o21
.o.o2ô
-o.o2a
-o.o2t
-o.of?
-o.of?
-o.qlt
-o.03t
-o.olt
-o.02a
-o.o25
-o.o2t
-o.o2t
-o,otl
-o,ol2
-o.ol2
-o.ot2
- o. oo5
- o. oo5
-o,o2?
-o.oo6
.o.oo6
.o.oôc
.o.oo7

I¡HT VO( OISP! AXIAL O¡¡Pt STÂAJX RAÍE IRU! AX¡AT fRUE VOL.lHouRs| lccÌ IMH) (/rll srRArr ; slrÂrr a

loao lxcREHEXt r 6 s.o,r 16f, KPA

DEVIÂTORIC CUHUIAIfYE LOCSIRÂtB
srÀatH t Ì¡HÊ IHRSI qÂtE/HOUR

o-64¡
o.8{4
o.¡É2
0.at3
o. aa7
o.tc6
o. ¡oa
o.90t
o.a2l
o.¡2f
o.t70
o,¡46
I .000
l.ota
L 02t
I . Ot8
| . oa t
t.o73
t . oô2
I I OO
1.110
t. r2t
| . I lf

2too. f
2aol.8
2aot. t
2aot. a
2a26. ú
2aa1 .6
2a72 -A
2407.o
2820.6
2647. t

o.755
o.151
o. ?5!
o.75¡
o.?6¡
o.7?6
o.167
o.?9a
o. ao5
o.ôtl
o,!tô
o, E24
o.ô2t
o.!ft
o.a¡l
o.ô56
o,661
o.a7f
o.665
o,t0a
o.902
o.9lt
o,9ta
o.170
o,l¡o
o.rfl
o.Ê¡o

-O.aa6
-3.82r
.{.tf2
-a_¡!a
-E.9fa
-5.t6f
- 5. ¡77
-s.?62
-5.ttt
-6.!42
- s .200.5.57r

2B?r
26ta
26t?
2AaO
2564
2g¡!
27t2

toclrxc
HOURs

-2.OOO
-o.Jol
o.117
o.tta
r . f ¡t
r .5:2
r . ô6:
r . at5
2.O19
2. I ¡7
2.2f 3
2,2tG
2.l3€
2. ¡ôo
2.422
2. a3t
2-a¡a
2 .521
2.668
2. SôS
2.6tr
2. 6JS
2.866
2, 66 t
2 _ 706
2.12a
7 .1a?
2.?60
2.7?ô
2. ts?
2.r12
2 , E2E
2. !a4
2. A5t

o.5o5E+oo
o.l26E.04
o.35aE-OÉ

o.206É.oE
o.f2tE-o5
o.JtoE-o5
o.2toE-os
o.225É-O5
o.2t2Ê-05
o.l6sÉ-o5
o, rB!!-oó
0. t55E-03
o.2f!E-o5
o. r29E-05
o.lffE-o5
o_ l¡tÉ-o3
o_alfÉ.o5
o.225t-o5
o.25ôE-O5
o-?¡2E-O5
o-232E.O5
o.¡5Jt-o6
o. tat!-o5
o.l2aé.o5
o.?t5!-o6
o.206E-o5
o.tltE-ot
o.tro¡-ol

-o.67ßE-Oa
o.lttE-of
o.!faE-oÉ
o.¡¡aE-05
o.26tE-oÉ
o.20tE-ot
o. roaE-05
o.3l3E-o5
o.2iJE-o5
o. taf E.o5
o. t53E-OÉ
o.523t-o5
o.o
o.26!t-oú
o,t10E-06
o.?6lE.O6
o, ta¡E-05
o_ t30E-oE
o. toSf -05
o.7?rE-ô6
O- lOAl.O6
o,l{5f-os
o,a90t-o6
o. ! t tE-05

. t 3t

. t 6?

. I ôr

. ttt

. t91

.204

.lôt

.21à
775
2f I
2fa

2731.O
2?62.5
2?a6.5
2r06 - 6
2rf 2.5
2682.6
26rO.5
2¡Oô.6
2¡fo.5
2952.5
29?6.5
tooo.5
f,ozs.o
f o¡a,o
f ota.5
f olt. o
3t2l.o

.5.6?O

.5.97r
-5.47
-É.GC
-5.tt
-s..!
-6-t3

o,503
o,!o6
.o.30?
o.501
o.5to
o.stt
o.52¡
o.6lt
o.6Jt
o.l¡l
o.3a?
o.850
O.6E¡
o,560
o-66f,
o.542
o.5?6
o.6t6
o.Etf
o.59?
o. 001
o. E09
o_6tl
o.!t5
o.622
o_623
o. ¡2t
o.6ll

-5.G6ô
-s_?25
-6.5ô9
-5.21O
- 6. 160
-s.3??
-5.¡at
-5.St7
-6.trl
-5.6!5
-5.9t6
-5.5t!
.5.9t6
-5.97t
.6.270

2,OS7
I e q2

DEV¡AIOR'C CUHULÁT¡VE
5TÂAIN: f¡HE (HRSI

la!
371
3At
391
40!

2,¡ol
2 , a70
?.al?
2.4¡f
2,a¡a
2,450
2.a50
?..51
2.45t
2.462
2. a61
2, a? I
2. a75
2,47ô
2. ¡61
2.aa5
2.4t1
?. 49I

ll2l.o
fr22.o
f 125 . 6
f,l?¡.5
I l aa .5
I | 69 , O

3t93.O
32 r 5 .5
32a9.5
1266. S

32t9 . O

f,l r 2. 5
f f t5.5
l¡lo.E
33ôa.3
fato_6
fal..5
la5a.5
fato.É
f 504 - s
152ô,5
15s2,Á
157å.5
160f,.5
162a.5
!tat.5
1612.5
!696.5
l?20.6
1725.5
tral .o
t7? r . o
trr2.3
Itt6.5
1440.5
l0û..s
16r!.3
f 9tl. É

l9to.o
39ða.5
400ó, !
40f 2.3
ao!5.6
4 r o7 - 5
4tfr.5
4t32.5
4t?6.5
4200,5
¡22a.5
a2ao, o
a?¡6.5
af,22,o
alaa,f

.f?5

.3¡6

.3?l

.tt3

.Elo

.¡15

.Gt!

.625

.6f ?

.8a r

. ô45
, !46
.646
.84t
.962
.l5a
.857
.660
661

.ag5
E6!
6to
67r
671

!ocslRÂlt Locl¡HE
RATE/HOUR SOUPS

'2 , OOO
o.o
o.c!l
o.9!a
t. f 7 t
| - 6t I
| . !5?
| . I óO
2 . 10t
2. r 6l
2 .225
2 .282
2. f f l
2-319
7 _ a2 |
2,aa?
2. at6
2.62!
2.356
2.51a
z.clo
?. cf 5
7, èao
2. 3rJ
2 -10?
2.422
2 .112
2 ,1AO
2.11n
2. ô3?
2-171
2.01f
2. t27
2. ea2
2.85?
2.A71
2. AtS
?.9t1
2.A?1
2. ¡f 6
2.0¡ú
f . o25
?.ttt
2.Ot¿
l. oo5
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toao l¡cRÉHÈtl r t

IIHÉ YOL OISPI
f aouRs, lcc I

o.o
l.s
a.s

2l.5
a?.5
t?.s

lts_!
ta6.s
t 6t s

2.i20
?.90a
?.6?f
2-020
2.9t6
!.003
3. toa
3.000
l-096
f . ta4
l. o9a
l.la2
3. ! ¡O
1.190
3 - 2f ?
1.2ô5
l.2al
l. f lo
f,.376
l. f ?4
L ao2
3.189
1.387
3. f 65
1.46S
f,¡82
3.6tO
1.656
!.65a
!.70a

s.0.. ttG XPA

AXIAI OISPI
lHHl

2. ao1
2.500
2.lra

2.5f2
2.549

2.É?G
2.381
2 -SA1
2-492
2.59?
2,5t9
2.60s
2.6t1
2.6r5

fTRA¡X RAf¡ IRUE AIIÂL lRUE YOL.
(/HRl SIRA!X 1 slRÂrt I

o. t68E.Ol
o.l26E-O4
q. t¡4E-oa
o_f?68-o5
o.207t.o3
o.2258-06
o.f89E-05
o.25SE.O5
o. ta9E-05
o.26?E-O5
o.25ôE-O6

I - 67?
| - G?9
I . GôI
l.6la
I . to I
r.7tl

62f
613
6f9
ß45
65 |
t56
659

o. toðE-os
o.1f oe -o5
o.66rE-O6
o. r63E.O5
o, t56E-O5
o. t3r¿.o5
o.2f6E-05
o.l2À8.o5
o. ¡ttE.o5
o.t56E.OS
o. t 6f,Ê -O5

2.66f
2.6?O
2.6?6
2. 5Á5
2.690
? 690

721
726
7f I
7fl
ttc

o - alo
o-t2?
o-a?t
o. a2t
o.r2ô
o. t{ I
o.4s5
o.{ao
o.454
o.46t
o.454
o.a6t
o. a 6a
o.¡6a
o. ¡?5
o. at2
o_¡6t
o.aÀE
o.495
o-495
o-{¡9
o.a9a
o.a9À
o.a9a
o,50ô
o. áo7
o. s29
o.516
o.5f5
o.5a3

1.1a2
I .746
t.?46
l .75 r

r . ?55
| . ?5!
t.76f
1.710
1.114
r .77!
I . ?r2
I . ?t5
I . ?At
t -?90
r.7if
L ?¡9
I toß

o,
o.

T I Hf
f HOURS ¡

l.o
9_O

t9.o
tl.5
61. o
6?.O

ttt o
1f5.o
t5f_o
209.5
zfLO
253,o
21t -o
f ol. o
f ?? . o
35 r . o
f,r?.5
f r9.o
42f,_o

499.o
5a¡, g

567.o
591_o
6t5.o
65f.o
B6?.O
?rt_o
7t5.o
759.O
?al.o
lol. o

DEYIAlOR¡C
SIRÀIÌ :'

IOAO IHCREMExt rto S,O.t a2s xp^

o. ¡ tlE -
o.26tE.
o. l30E -
o.o

a-a¡o
a.a6z
4.¡!t
4.500
a.6lô
4.555
¡.60a
4.5!2
4.6!2

vot o¡sPL
I cc )

o
o
o
o

CUHUTAT I YE
TIHE (XRsl

€fa
630
6af
G5t

AXIÂI OISP! SIRÀ¡X RÂTE
IMH) I/HRì

toGsf 
^Â¡ 

x tocT tH¿
RATE/AOUR HOUÀS

.5to

.6?6

. 691

.59t

.7rô
_ ?f 9

,7a9
. ?c2
.112
, ?ôo
. ?ao
_ 600
.6lo
. t39
.660
- ô67
. ô7J

2.10r
2.105
?. ?oa
2.120
2.1a5
?.16a
2.182
2. to¡
2 , â20
2_rf6
2.651
2 . B7 S

2,rô6
2.aoa
2,t16
2.926
2.9aO
7.9a7
2.96t
?.a12
2_9ll
2.tt5
3.oo6
3.Ot6
3.O29
f . o37
l.o¡5
l. 05 6

).o12
l. ot?
f , o9 a

l. tor
f,. lo7
f.tr5
J.122

o. ¡l2E.Ot
o.ll6E-Oa
o.El6é.05
o. t36(.oa
o. t59E-oa
o.642E-05
o,50?E -o5
o, õ2?E.05
o.¡¡aE-o5
o.4aaê-05
o.592E-O5
o.2l0E.oE
o..o¡E-o5
o.aaal-o5
o-faoE-o5
o.2taE-o5
o.39fE-O5
o.l6!E.05
o_3?tÈ-og
o.lBOE-O!
o.3raE-05
o.f4oE-o5
o.2ElE.o5
o,2a7E.05
o. r rtt -05
o-2sl€-05
o.216!.O5
o.266E-05
o.1l6E.05
o.at¡E-05
o.2loE.os
o. tt3É.o5
o. ttlE-oÉ
o.ztoE-o5
o.20rÉ-oa

.2. OOO
o. t7õ
o,g2t
r,3?r
I .6t7
l.¡ô0
2.O11
2. tG6
?.221
2 .7a2
?.ff3
?. f rt
2 .477
2..S9
2.atf,
2.526
2.556
2.Sôa
2.6f,6
2.656
2. 6! r

2.ao2
2.772
2.142
2.7! r
2.795
?.arl
2. C71
2, ôa2
2. ô57

IRUE AX¡AI
SIRAIX 1

.tt6
,ô19
.421
.829
. t46
. !5e

,666
. ôt?
,907
.gt6
.lf .
.¡al
- 95¿
.962
.t89
,t?t
9tf
9lJ

TRUI YO(.
SIRAIT :

o,542
o.5ls
o_sl5
o,514
o.547
o.53ô
o.560
o.56t
o.572
o.566
o.565
o,5t!
o _ 609
o, 606
o.625
o.625
o-627
o.52ô
o-63t
o.65t
o.65A
o.66t
o.564
o. 6? |
o,6t¿
o.6tl
o. 99l
o.690
o.692
o,7of,
o.?t7
o.731
o. tt I
o ,123

ÞEY¡ÂTOR¡C CUHULÂI¡VE LOCSIAAIH !OCI¡HTSIRA¡È: IIHE (HRJ) RAfE/HOUÂ HOURS

a, t90
4.1!2
a.tl6
4,9t6
4.96!
5 _ OO9
5. Oao
5.07Â
s.ltf
6, t50
3,176
5 . 22 5

5.2S?
s.2ô2
5.fr6
5 - f,f 2
5. f,57
5.f6t
5. .o I
s.4fl
5 - a55
5, a7l
s.at7
5.519
5.562
5.5t I
5 _ 6!5
5. 60 |
5.63r
s.65a
5. û6ô
s_7lo
s.721

5. ?19

ooa
ot6
o2l
ofo
o3E

o50
o5l
o5ô
o76
o6l
oôl
o9 2
ot 7
to2

loô4.o
50!5.o
50õ7.o
50?f, . o
50ôl.o
5rof.5
5r2?.o
5r3t.o
s r 75. O
5r99.O
52tt.o
52?f .6
5295.O
5tt9.o
5la3.o
5f67.O
5f 9 L O

5at5.o
saa l , g
5a63.O
6467.O
55tt.o
s5¡s . o
566f.O
560a.s
f6Jr_o
sß15.O
567t.o
$121 .a
5tEl.o
67?5 . o
g?99.O
Jt2f . o
5¡47_O
5ôtt,o

o.259
-4.!OO
-5.026
-4.ôl?

- z , ooo
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