
THE UNIVERSITY OF MANITOBA

A GEOTECHNICAL STUDY OF REMOULDED WINNIPEG CLAY

by

EDWARD CHI-CHUNG LI

A THESIS

SUBMTT'|ED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFILLMENT OF THE REQUTREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

DEPARTMENT OF CIVIL ENGINEERING

WINNIPEG, MANITOBA

AUGUST 1983



A GEOTECHNICAI, STUÐY O}i REMOUI,DED I,JINNIPEG CLAY

by

Edward Chi-Chung Li

A thesis submitted to the Faculty of Graduate StLrdies of

the University of Manitoba in partial fulfill¡nent of the requirenrents

of the degree of

I'{ASTER OF SCIENCE

o I 983

Pernrission has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this thesis. to

the NATIONAL LIBRARY OF CANADA to microfilnr this

thesis and to lend or sell copies of the film, and UNIVERSITY

MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the

thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author's writteu pernrissiou.



-1-

ABSTRACT

Techniques for the preparation of renoulded samples have been de-

veloped. The rnain thrust of this thesis is to investigate the geotechnical

properties of remoulded Winnipeg c1ay. The study involved triaxial tests,

oedorneter tests, and constant rate of strain (CRS) tests. High quality

trimming and careful handling of samples have been emphasized.

Ten 76 mm diameter triaxial samples were tested using the stress-

probe method. Critical State consolidation paraneters À and f were found

to be 0.313 and 3.96, respectively, for the one-dimensional normal con-

solidation line (NCL) .

Undrained strain-controlled triaxial tests were used to examine

several aspects of the clayrs behaviour. Based on the (or-os)^u*/2

criterion, the normally consolidated failure envelope was found to be

slightly curved ir p, qr-space. The Critical State Line (CSL) is para1le1

to the one-dirnensional NCL and separated from it by a constant ratio of

1.4. This is similar to that of Winnipeg natural c1ay. The average value

of srr/or!" was found to be 0,27. Values of At range between 0.23 to 1.06

and are generally lower than Winnipeg natural clay results, but close to

Henkel's (1956) results. The relative stiffness, Ero/t' varies between

293 and 689. The strain r.ate parameter, Po.t was found to lie between

5.4 and 8. 2 percent.

Drained stress-controlled portions of the tests show clear yields

in these sarnples. The prelininary shape of the yield envelope is sinilar

to that of Winnipeg natural claY.

The CRS and oedometer testing on the remoulded sanples show agree-
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ment in o|" and C"-values. In natural sarnples, values of of"

to be decreased by the softening procedures in oedometeT tests

was not clearly observed in tfreeze -thawt samples.

were found

Yielding
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CHAPTER 1

INTRODUCTION

I 1 GENERAL HISTORICAL DEVELOPMENT

Soils are the oldest and perhaps most complex of the construction

materials used by engineers. Yet, relatively little is known about the

fundamental physical and nechanical properties of these materials. As a

consequence, many early designs and construction procedures were to a

large extent, based on individual judgement and empirical formulas. Be-

cause engineers have been unable to predict accurately how a given soil

would perform, they are forced to build their structures with larger

safety factors, load factors, or rfactors of ignorance I .

In the past few decades or so, research work on soi1s, particu-

Iarly earthwork and foundation problems, have received considerable

attention. Most of this work was built mainly upon the ideas of the

Mohr-Coulomb strength and Te'rzaghírs consolidation theories, which con-

stitute the framework for classical Soil Mechanics. However, the analyses

of many practical problem, based on these different theories, are often

inconsistent because they involve separate and frequently unrelated para-

meters, and are often restrictive in their assumptions (Kenney and Folkes,

le79) .

In recent years, increased attention has been directed towards a

molre consistent and fundamental approach to soil mechanics called Critical

State Soil Mechanics. The Critical State concepts originated from

Cambridge University in England when Roscoe, Schofield and Wroth (1958)
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proposed the existence of lirnit and critical states in saturated re-

noulded clay. Over the past three decades, one of the prinary aims of the

research at Cambridge has been the developnent of stress-strain theories

for soils using the Cïitical State frarnework. Throughout the years, the

original theory was extended and revised (e.g., Burland, 1967; Schofield

and Wroth, 1968). Historical development of the tCritical State' rnodel*

and the concepts of linit and critical states have been reviewed by

Atkinson and Bransby (1978) and Noonan (1980). The importance of the

nodel is to provide a rational way to understand the fundamental behaviour

of soil as a construction material, and to draw a cornprehensive and unified

picture of the concepts of cornpressibility, elasticity, yield, friction

and cohesion, as they apptied to soil (Bolton, 1979). However, the model

has not been widely accepted in practice because the theories were based

on isotropic test results obtained from remoulded Weald clay and kaolinite

rather than natural soi1s.

Since Bjerrun (L967) emphasized the importance of handling and

testing natural anisotropic soil sarnples, more research efforts have been

directed towards 'undisturbedr soil deposits. Roscoe and Burland (1968)

suggested that the linit state and critical state concepts could also be

extended and modified to apply to natural anisotropic clays. Recently,

Tavenas and Leroueil (L977), working with sensitive Chanplain Sea clay

found that a limit state surface existed in the natural clay. They pro-

posed a limit state model (YLIGHT) which has been reviewed by Noonan

(19g0) and Lew (1981). The existence of a limit state surface (or yield

*̂  It should be understood that the use of the word 'modef in Èhis
context does not imply a physical representation in the sense of a scale
model, but simply a conceptual idea, or a number of mathematical equations
(Atkinson, 198I) .
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envelope) in natural clays was reported even earlier, for example, by

Grahan (f969); Crooks (1973); Crooks and Graham (1976).

Baracos et al, (1980) showed that a yield envelope also existed in

the highly plastic glacio-lacustrine clays of Winnipeg. In the past few

yeaÌs, an extensive goetechnical study on Winnipeg natural clay was

carried out in the Llniversity of Manitoba under the supervision of Dr. J.

Grahan. In two najor laboratory studies (Noonan, 1980; Lew, 1981), good

qualitative understanding of yielding and strength of the clay was ob-

tained. The testing programs consisted of 76 run dianeter samples, which

were trimmed by equipment specially designed to ninimize disturbance. In

these test series, clear yielding was observed and yield envelopes were

obtained for four different depths, and therefore four different pre-

consolidation pressures. Yielding was deterrnined by different criteria,

which were examined by Lew (1981). Tavenas and Leroueil (1977) concluded

that the known effects of aging (Bjerrum, 7967) and strain Tate on precon-

solidation pïessure can be applied to the entire yield envelope. The

influence of time effects on Winnipeg natural clay has recently been con-

firmed by Au (f982) in a separate study.

The najoï conmonly understood feature of Critical State Soil Mech-

anics is the linearity and parallelism of the normal consolidation line

(NCL) and the Critical State line (CSL) in log p', V-space.* Recently,

Iaboratory data obtained by Noonan (1980) and Lew (198f) were further

examined by Graharn, Noonan and Lew (1983) . Their papel concluded that

Winnipeg natural clay showed quasi-elastic behaviour before yielding and

*
Symbols are defined in the LIST OF SY¡'IBOLS.
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that the elasticity is transversely isotropic. They also showed that the

clay is cemented. More importantly, their paper reveals strong evidence

of the existence of Critical State features, such as the parallelisn of

the NCL and CSL mentioned earlier. Furtheïmore, sarnples with different

preconsolidation pressures were found to produce a well-defined normali-

zed yield envelope in p'/od" and q/o$.-space. Traces of the relastic

wallr of these yield envelopes in p', V and q, V-space were geonetrically

sinilar (homothetic) for different preconsolidation pressures, and

parallel to each other.

Although there is some understanding of the relationship of the

behaviour of natural Winnipeg clay h'ith the Critical State model (Grahan,

Noonan and Lew, 1983), the detailed applicability is still unclear. This is

because Critical State Soil Mechanics was mostly built upon the testing

of remoulded kaolinite. However, most of the clay minerals in Winnipeg

clay are smectite (montmorillonite) and illite (Baracos, 1977). In order

to facilitate the understanding of how Winnipeg ctay is related to the

Critical State nodel, the testing of rernoulded Winnipeg clay was consid-

ered necessaïy. It is clear that test results of the remoulded clays

cannot be used directly in practice. However, such testing facilitates a

more fundamental understanding of their properties. The present study on

the geotechnical properties of remoulded Winnipeg clay is designed to

neet this particular Purpose.

L.2 OBJECTIVES

As mentioned previously, the nain purpose of the present study was

to investigate the behaviour of renoutded Winnipeg clay, so as to bridge
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the gap between Critical State Soil Mechanics and its applicability to

Winnipeg natural c1ay. In addition to this, there are two additional

general targets:

1) To perform oedometer tests on rfully-softened' and tfteeze -

thawr samples to conplement the work done by Au (1982).

2) To continue the development work on Constant Rate of Strain

(CRS) oedometer testing.

The specific aims of this thesis are as follows:

1) To develop techniques in the University of Manitoba for pre-

paration and testing of one-dimensionally consoli-dated remoulded clay'

2) To measure Critical State parameters À for one-dimensional

norrnal consolidation line (NCL) and Critical State line [CSL), l, the

ratio pil¡ç¡/f[g¡ and srr/o]. for remoulded Winnipeg c1ay.

3) To investigate yielding and to explore the preliminary shape

of yield envelope for remoulded Winnipeg clay.

4) To determine the failure envelope for Winnipeg remoulded clay.

5) To investigate other traditional paraneters, such as undrained

shear strength, porewater pressure parameters, elastic moduli, relative

stiffness and strain tate parameters for remoulded Winnipeg c1ay.

6) To examine the effects on softening and freeze - thawing on

preconsolidation pressures in natural oedometer samples.

The laboratory testing progran consisted of ten large diameter

(76 nn) triaxial tests, four oedometer tests, six Constant Rate of Strain

(CRS) oedometer tests, and standard classification tests on remoulded

Winnipeg clay. The remoulded sarnples were obtained by artificial recon-

solidation in the laboratory (Appendix 1). Four additional oedometer
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tests on tfully-softenedt and tfteeze -thawr natural samples were also

conpleted to conplement the work by Au (1982). Results are presented in

this thesis, although this is not the main thrust of the present work.

Before proceeding to the testing progran in Cahpter 3, and its

results (Chapters 3,4 and 5), a review of the properties of Winnipeg

cLay, sanple preparation and test procedures will be given in Chapter 2.

Discussion of test results and conclusions will be presented in Chapters

6 and 7, respectively.
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CHAPTER 2

SOIL PROPERTIES, SAMPLE PREPARATION

AND TEST PROCEDURES

2.T INTRODUCTION

Although the laboratory work mainly involved tests on remoulded

Winnipeg c1ay, additional oedometer tests were performed on sarnples of

natural rundisturbedr Winnipeg clay, which had been subject to fful1y-

softenedr and rfreeze-thawr procedures, as described by Au (1982) ' This

was done to investigate the relationship between o$" and yielding in

these samples. Sarnple prepalation and procedures for both sets of tests

will be described. Detailed accounts of the test results will be dis-

cussed in Chapters 3, 4 and 5.

2.2 WINNIPEG CLAY

Ten triaxial sanples and ten oedometer samples tested in the

present study were dried, pulverized and then renoulded from natural

Winnipeg clay. The soit profile and properties of Winnipeg clay have been

described by Baracos et a1 (f980). In its natural state, Winnipeg clay

is highly plastic (CH), has laminated structure and medium-stiff to stiff

consistency. Extensive nonhonogeneity, anisotropy and fissures are vis-

ually evident. Recently, Grahan, Noonan and Lew (1983) further concluded

that Winnipeg natural clay is cemented. This is supported by previous

studies using electron microscopy (Baracos, 1977) and geohydrology

(Render, 1970). The clay is iightl-y over-consoii<iated, havirrg al-r over-

consolidation ratio OCR of.2 to 3, due to a vatiety of processes such as
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groundwater level changes, cementation, porewater chenistry changes, de-

layed compression, desiccation and freeze-thaw effects. The rnost dominant

clay minerals, in the order of decreasing occurrence, are smectite, i1lite,

kaolinite. Since it contains a large proportion of srnectite (nontmorill-

onite) , winnipeg clay is known for its high swelling potential.

Although the results of tests on remoulded clays cannot be used

directly for the solution of practical probtems involving undisturbed

clays, it is irnportant that research on undisturbed natural clays be

supplemented by research on rernoulded clays, in order to have a more fun-

danental rnderstanding of their properties. In particular, this project

has examined the Critical State properties of remoulded Winnipeg clay.

This has been done as a control for the natural clay properties reported

recently by Graharn, Noona¡ and Lew (1985). The use of remoulded soils in

basic research has inportant advantages, especially in regard to the uni-

formity of test specimens, control of stress history, and the separation

of the influence of nany variables which govern the deformation and

stTength characteristics of soi1s.

2.3 PREPARATION OF REMOULDED CLAY

The testing of remoulded soils ís comrnon in nany research labora-

tories. However, details conceïning how these sanples are prepared are

not well documented in the literature. Dr. J. Graham suggested that ideal

renoulded clay should not possess any tmemoryr of its past experiences

throughout geological time. Through the remoulding processes, influences

such as stress history and the general macro-structure should be destroyed.

Henkel (1956) suggested that remoulded samples should be prepared from a

suspension, or at least consolidated from a water content close to the



-9-

liquid liait, wL, of the soil. The rernoulded sanples used in the present

study were all formed from pulverized Winnipeg clay powder nixed thoroughly

with distilled wateï in a nechanical rnixing tnit (Fig. 2,I).'r,he prepared

slurry hail a moisture content close to twice the liquid linit of Winnipeg

clay (w = L64%). This process of nixing at 2 x w" conforms with experience

reported ínfornally to Dr. Grahan during visits to several research labora-

tories in 1981-1982.

The slurry was then poured into a ïeconsolidation cylinder (Fig.2.2)

in which it was allowed to consolidate with top and bottom drainage under

a vertical load. Attenpts were initially rnade to monitor both the axial

defornation and volrunetric change throughout the reconsolidation plocess.

Volume change measurement was fornd to be difficult to control consistently,

and was later abandoned. Thus, only axial defornation was obtained. More

importantly, because of the fluid-like nature of the slurry, it was very

difficult to determine the staïting position of the loading piston when

it first made contact with the slurry.

Reconsolidation was perforned in two load incrernents. Consolidation

veïsus tine readings were taken to ensure that an equilibriun condition was

obtained in each of the load increments " The final vertical stresses in

the cylinders for all the reconsolidation tests were about 80 kPa (except

for T505, which had a final vertical stress of 100.2 kPa). In the present

study, the total reconsolidation time for the two increments was about 30

days. As stated by Henkel (1956) , this pnocess is very time consuning and

difficult to contlol conpletely. The choice of final vertical stress was

decíded on the basis that the reconsolidated remoulded clay should have a

shear strength high enough to pernit triruning of triaxial and oedorneter

samples. According to Graharn, Noonan and Lew [1983), Winnipeg clay has
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t,r/oi 
" 

= 0.22. This produces a shear strength of 17.6 kPa for the re-

¡noulded clay urder a vertical stress of 80 kPa. This strength is adequate

to perrnit easy sample trinning with nininum disturbance. Appendix 1 con-

tains the precise detail of how renoulded clay was prepared in the

laboratory.

2.4 SAMPLE PREPARATION

The inportance of high quality sanpling and testing techniques, in

regards to natural clay samples, has been ernphasized by several investi-

gators (Crooks , 1973; Graham, 1974; Crooks and Grahan, 1976; Leroueil and

Tavenas, L977). The same irnportance should also be applied to remoulded

clay sanples prepared in the laboratory. Although the sarnpling problem

is eliminated in these tests , ñy significant disturbance during sample

preparation and testjng should also be carefully nininized so that the

results are meaningful. In this regard, the author will suggest an im-

proved nethod of preparing test samples other than the one adopted in the

current work. The nethod will be discussed in Chapter 8 and is thought to

be helpful in ninimizing the triruning disturbance.

The trimming equipment used in the present study was designed and

constructed at the University of Manitoba (see Lew I98I, Fig. 3.3). The

equiprnent is sinilar in principle to the equipnent described by Landva

(Ie64).

2.4.1 Triaxial Sanples

Triaxial testing was done on the 76 mn dia. specimens that were

carefully trimmed fron remoulded Winnipeg clay extruded fron the reconso-

lidation cylinder (Fig. 2.3). The triruning and building-in procedures were
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described in detail by Lew (1981). The inportant feature is that the top

of the triaxial sanple is supported throughout the process and rninimum

disturbance is thus ensured. The rernoulded clay extruded frorn the recon-

solidation cylinder (102 mm dia.) is suitable for direct use on the

trinming platforrn. Initial rough cutting to size is not needed (Noonan,

1980). The trimming and building-in procedures for triaxial samples can

be outlined as follows:

The cell pedestal was de-aired by flushing water through it by

means of two burettes attached to the pedestal drainage leads. The base

plate was placed on the cell base and was adjusted rntil the inverted

cutting cylinder was accurately centred over the pedestal base. The

trinming table was then attached to the base plate. The trinniing equipment

was lubricated with silicone oil to facilitate smooth sliding. A lightly

oiled cuttíng cylinder with a sharp leading edge was pushed carefully in-

to the soil to a depth of slightly less than the full length of the

cutting edge. The excess clay outside the cutting edge was then removed

by triruning wire. This process was repeated uìti1 soil protruded from the

top of the cylinder. The cutting cylinder was then removed from the up-

rights and placed over a glass plate. The excess clay was trimmed away.

A saturated de-aired filter stone in a holder was attached to one

end of the sanple. The sample was then lowered onto the cell pedestal,

the top cap h¡as located firmly by a central rod, and the cutting cylinder

was removed. After the height and diameter of the sample was obtained, a

thin coat of silicone stopcock grease was applied to the side of the

pedestal and the top cap. Lateral drainage filter strips were applied

longitudinally around the sanple surface. Two membranes separated by a

Iayer of silicone oi1, were placed over the sample, together with two
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O-rings on the top cap and three on the pedestal. The cell top was then

fitted very carefully onto the cell base and screwed down. The loading

piston was lowered until contact was made with the sample and the piston

was locked in place. The cell was then filled with de-aired distilled

htater. A layer of engine oil about 2 cn thick was applied through the

top of the cell to reduce leakage of cell water, and friction between the

piston and the bushing.

2.4.2 Oedometer Samples

To mininize disturbance, oedometer samples hrere prepared using

similar trirnming equipment to the triaxial sanples, but with sone rnodifi-

cations. For the detailed set-up of the trinming equipment, the reader is

referred to Figure 3.4 of Lew (1981). The building-in procedure was basi-

cally the sarne as conventional oedorneter tests, and thus will not be

described here. Besides testing remoulded cIay, the author also perforned

oedometer tests on naturaL clay samples subjected to rfully-softenedt or

rfreeze-thawr procedures, as defined by Au (f982).

The following sections describe how they were prepared.

2 .4 .2 .r lgU¿:9g{!9199-9999T9!9r_9elp1e:

After the sample was placed in the oedorneter frarne as usual, a srnall

axial stress of approxirnately 5 kPa was applied, in order to keep the

loading frame just in contact with the top cap ball bearing. This procedure

facilitated the measurernent of axial deformation. The oedometer cel1 was

then filled with de-aired distilled water, and the sample was allowed to

absorb as much water as it wished. ft was observed that the axial deforrna-

tion caused by water absorption under a small constant load became stable

after about 2 weeks. This is consistent with previous experience in 'fully-
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softenedt triaxial samples (Au, 1982)

2.4.2.2 f Freeze-Thawr Oedometer S?TPI9!

Prior to conventional testing, the soil sanple, together with the

ring and cell, were subjected to six cycles of freezing and thawing.

The duration of each freeze -thaw cycle was about 12 hours. The average

freezing temperature u/as -20oC and the average thawing temperature vJas

20" c.

2.4.3 Constant Rate of Strain (CRS) Oedometer Samples

Sarnples for CRS testings were no different fron the conventional

oedometer samples. The building-in procedures for these tests were de-

scribed by Au (f982). The CRS oedoneter ce1I has been modified to a11ow

back-pressuring (Fig. 2.I) as suggested by Au (1982). This cel1, and the

accompanying back-pressuring procedures, will be described in section

2.5 .3.

2.5 GEOTECHNICAL LABORATORY TEST PROCEDUPGS

This section summarizes the test procedures used in different types

of laboratory testíng exmployed in the precast study.

2.5.I Triaxial Tests

Noonan (1981) described details of the two main phases of triaxial

testing on undisturbed sarnples, namely, triaxial consolidation (drained

stTess-contïoIled testing), and undrained shear (strain-controlled testing).

These procedures r^rere directly applicable to the remoulded sarnples in the

present study and will only be briefly summarized ín the following sections.
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2.5.r 1 Triaxial Consolidation Test Procedures

The renoulded samples were generally first reconsolidated aniso-

tropically (following an approximate Ko-stress path) to the maximum ver-

tical stress that the sanple experienced in the reconsolidation cylinder.

A constant stïess ratio, Oi./Oiq, of 0.62* was found closest to the Ko-

consolidation in the first remoulded winnipeg clay sample, T501. Discussion

of difficulties in measuring the K6-ratio has been given by Noonan (1980) '

This stress ratio was then used as the stress ratio in the rest of the

remoulded winnipeg clay sanples subjected to Ke-triaxial consolidation.

This ratio is slightly less than the value of 0.65 proposed by Baracos et

al (1980) in natural winnipeg clay. Crooks and Graham (1976) showed that

laboratory reconsolidation strongly influences the stress-strain behaviour

and porewater' pressure generation during subsequent shearing of a natural

undisturbed sample. In order to pleseÏve the in-situ grain structule of

natural Winnipeg c|ay, laboratory reconsolidation to its approximate in-

situ stress state was deerned important by Noonan (f980), Lew (1981) and

Au (1982).

Since the remoulded sanples have their o$.-values equal to their

maximum vertical stresses experienced in the reconsolidation cylinders,

the reconsolidation procedure pernitted the evaluation of the Critical

State parameter K. In order to establish the reload curves, 3 to 4

loading increments weïe used to restress the sanples to their maximum

vertical stresses in the cylinders. Furtherlnore, the vertical stress of

the first increment had to be high enough to avoid swelling. The present

The value of K = o\"/oi. = O.62 produces small lateral strains, and

is not exactly the "at-iõstñ-fo-condition. Hov/ever, in subsequent sections
K- will- be used to identify these tests for convenience.

o
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study showed that a vertical stress of 40 KPa was high enough to be the

first loading increment in the present study.

The consolidation stage of the triaxial tests was carried out on

a steel frarne, the general arrangement of which has been shown in Figure

3.5 of Lew (1981). The frame can acconmodate a rnaximurn of three rotating

bush triaxial cells at one tine. Dial gauges were used to monitor the

vertical displacenent of the sanples, while the volune changes were ob-

served by burettes. Before each load increment, water was flushed

through the drainage to remove air which rnight have been trapped in the

cel1 base passages. This procedure is especially important for soils of

high organic contents because of their high gas releasing potential.

Ce11 pressure was applied through the de-aired distilled water in

the ce1l, using compressed air in a separate pressurized water tank. The

cel1 pressures and porewater pressures were both monitored by pressure

transducers, which were re-zeroed to atmospheric pressure daily at mid-

height of the sample. Axial loading was applied by dead loads on a hanger

which rested freely on the piston" New load increments were added at 24-

hour intervals. Strong efforts were taken to obtain constant load dura-

tions and consistent load increments on a 7-day per week basis. The

calculations for each load increment have been given in Appendix A of the

thesis by Noonan (1981). After the application of new lateral and axial

stress increments, axial dial reading and volume change burette readings

were taken using standard 'doublingr time intervals, (i.e. I,2,4,8,15,30

min., L,2,4 ht. etc.) similar to conventional consolidation time readings.
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2.5.I.2 Llndrained Shearing Test Procedures

Except for sanple T509 , aII triaxial sanples were subjected to

strain controlled shearing after triaxial consolidation was conpleted.

The triaxial cell was transferred carefully fron the steel frane to a

10 kN cornpression frame. Careful efforts were made so that the changes

in axial and lateral stresses were nininized. The piston was clanped

before the axial dead loads were renovQd. However, the cel1 pressure

line, burettes, dial gauge and pressure transducer connections were all

maintained in place. The axial load was re-established in the compression

frame by neans of a proving ring (sensitivíty = I.237 N/div.).

Prior to back-pressuring, the drainage systern was flushed again to

ensure that any entrapped air was eliminated. A back pressure of approx-

irnately 210 kPa was applied in seven increments of 30 kPa each. At each

increment, the external cell pressure and the internal back pressure in

the porewateï were each increased by the same amount. The proving ring

force was also increased to a value just enough to counteract the force

exerted on the piston by the increased ce11 pressure.

The sample was then allowed to sit under the back-pressure for a

period of tine, usually overnight. Tests for the I'8" poTewater plessule

were performed to check the sample saturation. The porewater pressure

paraneter trBrr was mostly greater than 97 percent (Table 7). The no¡ninal

strain rate used for undrained shearing was about 1 percent per hour. At

the beginning of testing, readings of axial deflection, proving ring,

porewater pressure and ce11 pressure were taken at 5-10 rninute intervals,

so that the 'elasticrpart of the stress-strain curve was well defined.

When the proving ring load was increasing very slowly, or reached a peak

value, a longer time interval was used between readings. Usually a te-
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laxation test (Grahan, L974) was carried out just after the peak shearing

resistance had been reached to examine the effect of strain rate variation

on the r¡ndrained shear strength. This procedure involves switching off the

compression machine and noting changes with tlme in axial deflection,

proving ring readingrporewatel pressure and cel1 pressure. stopping the com-

pression rnachine al1ows the sanple to continue straining at a decreasing

rate, due to the stored energy in the proving ring. Relaxation tests were

usually continued overnight. On the following morning, the compression

nachine was switched on again, and shearing continued. Carefut readings

were taken during the reloading section of the test, as the shearing re-

sistance built up to about its former value.

2.5 .2 Oedorneter Tests

Oedometer tests were perforrned to study the general one-dirnensional

load - ifirload - reload behaviour of the different type of samples nentioned

in section 2.4.2. Each oedoneter cutting ring (25 nm deep x 76 mm dia')

was lubricated r^iith silicone oil to aid triruning and reduce side friction

during testing. After triruning, the ring with the contained sample was

carefully placed ín an oedorneter cell, and the loading cap put on the sam-

ple. Except for the rfully-softenedr and rfreeze -thawr natural clay

samples, which required extra procedures (see sections 2.4.I.1 and 2'4'I'2)

prior to the actual testing, the sample was then ready for loading' Pilot

tests on the remoulded Winnipeg clay indicated that a load increment ratio'

LIR, of 0.15 yielded well defined stress-displacernent cuÏVes, while the

tfu11y-softenedr and rfreeze -thawr sarnples adopted a constant load incre-

ment of 20 N (Load Multiplication factor = 10.21)'Each load increment was

added at 24-hour intervals. The renainder of the test procedure followed

that of Ackroyd (1957).
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2.5.3 Constant Rate of Strain (CRS) Tests

The CRS oedometer tests in the present study were performed in a

new piece of equipment nodified frorn the one used previously by Au (1982).

The nain difference was its ability to allow back pressure application.

Figure 2.1 shows the new CRS oedometer cell.

The drainage channel was carefully de-aired, leaving a reservoir

of distilled water on the botton of the ce11, while the drainage was

closed. The sample was then carefully ptaced onto the centre of the cel1

base. After tightening down the clamping ring that holds the consolidation

rings, the top cap and the ball bearing were placed over the sanple. In

this new CRS cell, a cel1 top containing a loading piston was then placed

on top of the cell and v/as screwed down to the cell base. The loading

piston was carefully brought in contact with the lower ball bearing and

then another ball bearing was placed over the loading piston. The ceI1

was then s1owly filled with de-aired distilled water through the bottom

drainage lead. During this process the top valve was kept open until the

cell was fi1led. The botton drainage valve was closed and a back pressure

of 210 kPa was then applied through the top valve of the ce1l. After the

compression frame was adjusted and the strain rate was chosen, the machine

was switched on to start the test.

A TYCO type pressure transducer with a range of 0 to 980 kPa was

used for rneasuring porewater pressure at the bottom of the sample. The

vertical force was neasured with a TYCO (JP 1000) force transducer,

ranging fron 0 to 4500 N. The deformation was measured with LVDT, type

HP TDCDT-500. Readings were taken with the following accuracy:
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Force - 1.0 N

Pressure - 0.1 kPa

Displacenent - 0.001 mm

Data defined in engineering units were fed to conditioning units and re-

corded by a Consolidated Control Model 90 MCI Datalogger.

For the pÌesent study, a strain rate of 0.004 run/minute was used

for all the remoulded sanples (approx. t%/hr.). During the first hour of

the test, vertical force, poreÌ{ater plessure, ce11 pressure and axial

displacenent were taken at 5-ninute intervals. Readings were taken at

3O-rninute intervals thereafter. A step changing test, Bell (1977) was

performed on sample C518 to examine the applicability of tine effects on

renoulded clay. The effective axial pressure was calculated based on a

parabolic porewater pressure distribution,throughout the sarnple (Sallfors,

1975). On this basis, the effective plessule can be approxinated by:

tol = or, - BP - i (uo -nl¡

The tests were run to an average axial strain of about 20 percent. Test

results will be presented in Chapter 5.



-20-

CHAPTER 3

TRIAXIAL CONSOLIDATION TEST RESULTS

3.1 INTRODUCTION

The shear strength and stress-strain characteristics of renoulded

Winnipeg clay have been investigated using drained stress-controlled and

undrained shear triaxial tests. A total of ten triaxial samples (T501-

T510) were tested in the present study. Triaxial samples vJere trinned

frorn clay prepared in reconsolidation cylinders, as described in sections

2.3 and 2,4.

Triaxial sample trinrnings were used to determine the initial

moisture contents and Atterberg limits of the sanples. These results,

along with the sanple final moisture contents, md the linit test results,

are listed in Table 1.

The triaxial testing progran is described in section 3.2 Results

fron drained stress-controlled tests are presented in section 3.3. Un-

drained shear test results will be reported in Chapter 4.

The drained portion of the tests were designed to investigate

several aspects of consolidation behaviour of the clay, particularly in

the light of Critical State Soil Mechanics. These included one-dimensional

consolidation parameter (K and À), yielding and'elastic'moduli (K"n and

G"s). The general Critical State concept was reviewed by Noonan (198i).

3.2 TESTING PROGRAM

In order to study the one-dimensional consolidation characteristics

of remoulded Winnipeg clay, eight triaxial sanples (T501-T504, T507-T510)
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were consolidated along the Ko-line in pr, e-space. Samples T505 and

T506 were consolidated along the isotropic effective stress path to study

their isotropic consolidation behaviour. Figure 3.1 shows the stress

paths of various triaxial sanples, which were proposed by the Author at the

beginning of the test program. Description of stress paths chosen for the

present study can be divided into the following catagories:

1) Ts01 T502 T504

approximate Ko- consolidat ion

normally consolidated

2) T503 T5 10

approximate Ko- consolidation

loaded -wrloaded to give an over-consolidation ratio (OCR)

sheared undrained

3) Tsos

)

4)

approxinate isotropic consolidation

normally consolidated

T506

approxinate isotropic consolidat ion

loaded -rnloaded to give an over-consolidation ratio (OCR) ')

s) TsO7 T508 T509

loaded - unloaded following approximate Ko-path to give an over-

consolidation ratio (OCR) - 2

T507 reloaded follows Ko-stress path

T50B reloaded follows a stress path such that arctan (+h = -5o-Ap

T509 reloaded follor{s a stress path such that arct* (Ãþ) = 60o

Except for T501, aIl Ko-reconsolidatíon tests had 4 to 6 stress

points between the beginning of reconsolidation in the triaxial cell, and
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the previous maximun rcylindert stress levels, oåy[.* The first triaxial

sanple (T501) had no intermediate stress levels, and it was loaded inned-

iately in one increment to the rnaxirnum cylinder stress. The procedure was

changed in later tests because rnajor axial deformations (er =3.Seo) werç

observed during the íncrement. After reaching the cylinder pressure, a

constant load increment ratio (LIR) of 0.15 was used for all sanples

following the Ko-consolidation path (T501-T504 and T507-T510) in their

first tine load increments. In order to create an OCR of 2 in sarnples

T503, T506, T507, T508, T509 and T510, the samples were first loaded as

before, and then stress levels were reduced in I ot 2 load increments

keeping oi"/oi" = 0.62. Table 2 shows resultsof the triaxial consolidatíons

for restressing the samples to their approxímate tcylinderf stresses.

The reloading stress paths of sanples T507, T508 and T509 were

chosen to define yield stresses in various regions of the stress space.

Figure 3.2 shows the stress paths which were actualty followed during the

investigation. The stress increments along the stress paths for samples

T507, T508 and T509 were chosen to allow four stress points between the

off-loaded stress level and the yield envelope, determined by Graham,

Noonan and Lew (f983). Each stress was maintained for 24-hours. Detailed

discussion of the loading procedures was given by Noonan (1980).

The conplete stress-strain results for the stTess-controlled

drained tests are tabulated in Appendix 3 and shown in Figures 3.3 - 3.19.

The triaxial consolidation results at the end of the drained tests are

surnmarized in Table 3.

Because of the steeply inclined stress path taken by test T509

* rcylinder'stress level , oLvg, refers to the maximum effective vertical
stress the sample had experiencêd in the reconsolidation cylinder.



(Fig. 3.lb), failure occurred abruptly; and no undrained shear test was

possible. Otherwise, all triaxial samples were subjected to strain-con-

trolled utdrained shear tests after triaxial consolidation was complete.

3.3 DRAINED STRESS-CONTROLLED TESTS

Drained consolidation usually takes up the largest portion of the

total testing tirne in consolidated undrained triaxial tests. In the

present study, the duration of the drained part of the tests ranged from

8 to 20 days. A ratio of horizontal to vertical effective stress of 0.62

was found experimentally in T501 to produce lateral compressive strains

of less than 1.7 percent, and this stress ratio was used for the remainder

of the sanples. Drained compression results are presented in two different

sections in this chapter. Section 3.3.I presents all the 'first-time'
loading results. Section 3.3.2 presents results from samples that u/ere un-

loaded and then loaded along a variety of stress paths.

3.3.L Triaxial Reconsolidation and First-Time Loading

Once the samples were extruded from the reconsolidation cylinders,

the clay becarne slightly over-consolidated. In order to preserve the clay

structure developed in the one-dimensional reconsolidation cylinder, care-

ful laboratory reconsolidation is rnandatory (Grahan, 1974; Crooks and

Graham, 1976). Reconsolidation procedures hrere perforned in all Ko-consol-

idation tests (T501-T504; T507-T510). Previous investígations on natural

Winnipeg clay (Noonan, 1980; Lew, 19Bl; Au, 1982) reported triaxial re-

consolidation and drained compression results separately. In the present

tests, the results hrere not separated because the two parts of the test

are continuous. The stress-strain results of reconsolidating the re-

noulded samples to their approxinate final cylinder stresses are tabulated
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in Table 2, so that direct comparison can be nade with the behaviour of

natural sarnples. The conparative study on the reconsolidation results of

remoulded and natural Winnipeg clay are presented in Chapter 6.

All one-dinensional and isotropic consolidation results obtained

from drained triaxial conpression tests are plotted in V, log pr space,

(Figs . 3.3-3.7). Specific volumes V = (1 + e) were calculated from initial

moisture contents, plus volumetric changes during reconsolidation and

stress probing. Consolidation parameters À and rc for the slopes of normal

consolidation line NCL and swelling (or reloading) line are listed in

Table 5. fn order to distinguish the first time reloading r and À-values

from rc and À-values created through an trrload-reload cycle, first time

reloading rc is denoted by r<t and subsequent reload following swelling by

K2.

3.3.1.1 rr-values

All rcr-values are tabulated in Table 5. An average rcr-value of

0.149 was calculated from five Ko-consolidated samples (T502,T503,T507,

T508 and T509). The highest and lowest Ki-values obtained fron samples

T504 and T510 were not included in the averaging. No rr-value could be

obtained fron sample T501 because of loading schedule (section 3.2). The

high rcr-value of sanrple T504 (K, = 2.50) was possibly due to sarnple dis-

turbance introduced accidentally when filling the triaxial ce11 with a

layer of engine oiI with the bleeding valve closed. As a result, the

sample had experienced a high isotropic stress (approx. 70 psi) prior to

testing. This is supported by the high rcr-value obtained in sample T505

which was consolidated isotropically from the beginning of the test.
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Although sample T506 had also been isotropically consolidated, the 1ow

rcr-value (0.179) probably resulted from a sudden loss of pressure on one

occasion in the laboratory, because a tubing connector failed overnight.

As a result, the sample experienced a period of axial loading without

lateral support, and the rcr-value reflects this period of anisotropic

consolidation.

3.3.L.2 Àr-values

Once the vertical st,ress of the sanple exceeded its naximurn cylin-

der stress, the sarnple changed fron over-consolidated to normally consoli-

dated behaviour. This is associated with a change in stiffness of soil,

which can be identified usually with a change of slope in V, log pr-space.

This process is ca1led yielding. In the present study, post-yield

behaviour of the clay is substantially linear in log(stress)-space over a

large range of stresses after yield (e.g. Fig. 3.3b). Llnlike the behaviour

of natural Winnipeg c1ay, as shown for exarnple by Figure 7 of Graham,

Noona¡ and Lew (1983), no marked collapse of the particle structure was

observed after yielding. The behaviour went directly into exponential com-

pression, as shown for example by straight À-1ines in the Critical State

Model. Further discussion on this topic is given in Chapter 6.

The values of À, for sanples T501 to T510 (ranged fron 0.268 -

0.436) are tabulated in Table 5. An average Àr-value of 0.363 was calcu-

lated fron the samples which had been K.-consolidated. This value is rather

higher than À = 0.305 obtained fron first-tine yielding of natural Winnipeg

clay (Graham, Noonan and Lew, 1983), but lower than the post-cornpression

value = 0.469 [Cc = 1.08).
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3.3.I.3 Yietd Deterninations

Yield stresses have been interpreted from a variety of stress-

strain relationships (Figs. 3.8 -3.19). In the present study, a computer

progran TXCEP (Appendix 2) was developed to reduce and plot drained tri-

axial consolidation data. This program also included energy calculations

(Lew, 1981). It produces six different stTess-strain p1ots, which can be

used in deterrnining yield stresses, as follows: i) p', v; ii) q, e;

iii) oi, Eri iv) ol , egi v) p', e, and vi) W, LSSV. This section re-

ports only yield stresses obtained from the rfirst-time' Ioads. Second

yields of sanples T507-T509 are reported in section 3.3.2. The nain

purpose of establishing the first yields was to evaluate the validity of

different yield criteria, by comparing the yield stresses obtained fron

different graphs with the cylinder stress levels. YieId stresses were

identified by bilinear plotting techniques (Graham et a1, 1982). Stresses

and energies at yield from the graphs rnentioned above were converted to a

conmon stress variable pr (effective mean principal stress) for comparison

purposes (Table 4). Values of pi were then converted to vertical stress

o|. using the known K-value and compared with olrg (Table 5).

Tests T505 and T506 followed 'isotropic' stress paths (Fig. 3.1),

with a sma1l constant shea-r stress of about 5 kPa to ensure contact be-

tween the piston and the sample during the test, so that height changes

of the sanple could be nonitored. Results from sarnple T506 have not been

included because of the equipment problem rnentioned in section 3.3.1.1.

To determine yielding for T505, all of the yield criteria nentioned

earlier were examined in the usual way. In this case, however, the q vs e

plot (Fig. 3.11d) provides no infornation concerning yielding because q
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is essentially constant throughout the test. However, oi vs Êr (Fig.

3.13d), of vs e, (Fig. 3.15d), p' vs el (Fig. 3.L7d) and W vs LSSV (Fie.

3.19d) are useful. The yield stresses or energies are indicated on the

figures, and the equivalent nean effective stresses at yield Pr) are given

in Table 4. It should be noted that pr vs v (Fig. 3.9d) was not used.

This will be discussed later in Chapter 6.

Samples T501 to T504 and T507 - T510 had their first yields along

the approximate Ko-stress path given by ol"/o\" = 0.62 (Fig. 3.1). Due to

the different testing procedure of sample T501 (section 3.2), the sanple

was not included in evaluating the yield stresses from different criteria.

Figures 3I2a-3.13c show plots of ol vs Er of the remainder of the tests.

For T502 and T504 (Figs . 3.L2a and 3 .Lzb), strain hardening behaviour was

observed at axial strains of about 12 percent. This was also observed in

natural Winnipeg clay (Baracos et al, 1980; Noonan, 1980; Lew' 1981).

Sinilar stress-strain relationships were found in the p'vs e1 plots

(Figs. 3.L6a and 3.16b).

The bilinear plotting technique was also applied to graphs of p'

vs v, q vs e and W vs LSSV. These are shown in Figures 3.8a -3-9c,

Figures 3. tOa - 3.11c, and Figures 3. I8a - 3.19c, respectively. However,

the initial sections of samples T503 and T504 did not reveal typical

relasticfbehaviour in pr, v-space (Figs. 5.8c and 3.8b).Dr. J. Graham

has suggested that this might be an indication of high cleep rate as a

result of undissipated excess porewater pressures in the early stage of

the tests. Another explanation is that the samples had possibly been dis-

turbed (section 3.3.1.1). No yield stress was therefore obtained from

this plot for sanples T503 and T504. Non-linearity was also observed in



-28-

T505 (Fig. 3.9d), which followed an'isotropicrstress path. The initial

part of the q, e relationship for sample T504 (Fig. 3.10b) was not typical

and the reason for such behaviour was r:nclear. It is interesting to note

the rernarkably straight pre-yield and post-yie1d sections obtained from

the W vs LSSV plots for all the Ko-consolidated sanples. Llnlike the

natural samples tested by Lew (198I), no exponential behaviour was observed

in the W vs LSSV for the rernoulded samples (Fie. 3.18a-3.19c).

Figures 3.I4a - 3.15c show plots of o! vs e3 for all the Ko-consoli-

dated sanples. They do not indicate bilinear behaviour. They showed that

the samples compressed laterally as they were loaded to a certain pressure,

and then changed to lateral expansion (or dilation) behaviour at higher

pressures. Attempts were made to 'relate yield stïesses identified earlier

with the stress state at which the lateral strains started to reverse.The

reversal points were at stTesses rnuch higher than the rcylinderf stress

levels and it was considered inappropriate to treat them as yield points.

Dr. J. Grahan suggested that might be a reflection on the mechanical

bending of clay platelets. However, the bilinear plotting technique was

possible with sarnple T504 (Fig. 3.14b) and the yield stress seems to be

reasonable.

Except for the ol vs e3 plots, which have just been discussed, yield

stresses obtained fron all the other yield criteria are in close agreement

with each othet (Table 4). The average pi obtained from different plotting

techniques were converted to o|. using K = 0.62 artd compared with the

'cylinder'stresses oåyl in Table 5. They agree closely, with an average

difference of 4.3 percent. The averaging was based on the differences in

nagnitude only; no sign was included. Further discussion will be presented

in Chapter 6.
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3.3.2 Llnloading and Reloading

In the present study, five sanples (T503,T507,T508,T509 and T510)

were Ko-r.rrloaded fron approxinately or! = t0O kPa to o.! = gO kPa to create

an overconsolidation ratio (OCR) of 2. They were then subjected to trt-

drained shear tests, or to drained cornpression tests, at different stTess

paths (Fig. 3.lb) to deternine the yield envelope of the remoulded c1ay.

This section reports only the drained results of sanples T507, T508 and

T509. The wrdrained shear results (T503,T510) are presented in Chapter 4.

tinload and reload stress-strain results for sanples T507 - T509

were plotted in V, log p' space (Figs . 3.6a,3.6b and 3.7a). The reload

K, values are tabulated in Table 5. All r, values are lower than their

coïresponding rc, values. Sanples T503, T507 and T508 were unloaded in

two load increments to give an OCR of 2. Quite high creep displacements

were observed (Figs. 3.4a,3.6a and 3.6b). Sanples T509 and T510 were off-

loaded in one increnent to reduce this problen.

Both T507 and T508 were stressed beyond their yield states. The

Àr-values were close to corresponding Àr-values in both cases (Table 5).

Yield stresses for sarnples T507 - T509 were determined by the yield

criteria mentioned in section 3.5.1.3, and the equivalent p$ values are

tablulated in Table 4. A significant leve1 of agreement was obtained from

different plots (Tabfe 4). The average values of p, q established using

the various criteria were used for defining the yield envelope in p', q

space in Figure 3.20.

3.3.3 Bulk and Shear Moduli

In order to describe cross-isotropy of clays by means of anisotro-

pic elasticity theory, five elastic paraneters are needed (Graham and
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Houlsby, 1983). Pseudo-elastic equivalent bulk and shear noduli, K"n and

G"n can be obtained fron the pre-yield tinear sections of P', v and q, e

curves (e.g. Figs. 3.8a and 3.10a). These values are tabulated in Table 6.

The stiffness of lightly overconsolidated clays is related to preconsoli-

dation pressure o|". For example, in these clays, the Tatio of Euo/s' can

be used to express stiffness under direct compressive stresses, and

rrr/o.!. is approxirnately constant when OCR is less than 2.5 - 3.6 (Graham,

1979; Larsson, 1980). Thus an isotropic, but non-homogeneous lightly over-

consolidated deposit can be expected to have constant values of *.n/or|.

and G.n/of.. However, Grahan and Houlsby (1983) showed that these para-

meters for natural Winnipeg clay are not constant, but depend on stress

path. The clay is therefore anisotropic. The values of K"n and G.n obtained

in the present study plotted against 0 = arctan (Aq/Ap') are compared with

the results of Grahan and Houlsby (1983) in Figures 3.2Ia,b. The results

agree rather closely. They will be discussed further in Chapter 6.
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CHAPTER 4

TJNDRAINED SHEAR TEST RESULTS

4.T INTRODUCTION

Sanples which had not failed during the drained stress-controlled

portion of the test vlere transferred to a 10 kN strain-controlled com-

pression frarne for undrained shearing to rupture. To ensure that the

sarnples were fully saturated prior to shearirg, â back-pressure of around

210 kPa was applied. Results of the undrained shear testing are summari-

zed in Table 7. Values of the porewater pressure paraneter B can

generally be considered satisfactory, although in one or two cases (e.g.

T506) is rather Iow. All samples were sheared at a strain rate of about

1 percent/hour. The undrained shear tests allowed exanination of stress-

strain and porewater pressure parameters of the clay. These include the

undrained shear strength, the normally consolidated Coulomb-Mohr rupture

envelope, the porewater pressure parameter A¡, the strain-rate parameter

00.1, and the elastic modulus Ero.

Failure stTesses from undrained tests on the overconsoliclated

samples (T503 and T510) were used, in conjunction with the results from

the drained stress-controlled tests (T507,T508 and T509) to identify the

yield envelope in the overconsolidated region (Fie. 4.1b).

The following sections will present the undrained results in rnore

detai 1 .
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4.2 STRESS-STRAIN RELATIONSHIPS

The stress-strain conditions for each sanple prior to undrained

shearing wer.e sunmarized in Table 3. Graphs of (or- ot) /2oi"' ol/otr and

Âu/oic versus et are shown in Figures 4.1 to 4.9. The effective stress

paths in (pt,q) stress space are shown in Figure 4.10 for each test and

the conplete shear test results are surnmarized in Table 7. For tests

T501, T505, T504, T507, T508 and T510, the stress-strain curves (Figs.

4.L,4.3,4.4,4.7,4.8 and 4.9) appear broken because of the relaxation tests

used to investigate the strain-rate effect. This will be reported in

Section 4.6.

Sone of the samples were consolidated isotropically and others

anisotropically to stresses above and below o-t" before they were put into

undrained shearing. For normally consolidated CAU samples with ol. = o,l.

(T501 ,T502,T504 and T507), maximum deviator stresses were found to occur

at 0.6 to 0.7 percent axial stress (Fig. 4.I,4.2,4,4 and 4.7). Strain

softening behaviour was observed after they had reached their peaks. How-

ever, the strain softeníng effect observed in these rernoulded samples was

not as marked as that in the natural clay samples tested by Lew (198f)

and Au (1982) . For overconsolidated CAU samples ol. t o.l, (T503 and T510),

maximum deviator Stresses occurred at higher strains, of between I - 1'5

peïcent (Figs. 4.5 and 4.9). In both normally and overconsolidated CAU

sarnples, the deviator stlesses rise quickly to peak values and then de-

crease with increasing axial strain exhibiting strain-softening behaviour.

This is more rnarked in the overconsolidated samples (Figs. 4'3 and 4'9)'

One possible factor of strain softening observed in both natural

and remoutded sanples was their conmon nineralogy. However, this is not

the only factor involved because the strain softening effect was not as
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significant in the remoulded sanples as the natural sanples tested by Lew

(1981). Bjerrum and Kenney (1967) suggested that rpeakingr resulted from

failure of the structure of the soil skeleton, and subsequent straining

1ed to nobilization of inter-particle sliding (frictional) resistance.

Comparison of the stress-strain characteristics of the renoulded and nat-

ural clays suggest that Winnipeg clay in its natural state possesses a

significant structural strength. This supports the suggestion by Grahan,

Noonan and Lew (1983) that the clay is cemented. The lower degree of

strain softening observed in the remoulded sanples can be explained by

their higher densities (Iower specific voLumes) . This can be inferred

fron the moisture contents presented in Table 1. They therefore possess

higher frictional resistance. This will be discussed in Chapter 6.

Figures 4.5 and 4.6 show the stress-strain behaviour of samples

which had been isotropically consolidated to stresses higher and lower

than their o+c-values. Sarnple T505 was normally consolidated and sanple

T506 was ovetconsolidated CIU samples. Undrained shearing of these samples

showed that the deviator stresses rise gradually to maximum values, at

which point they remain relatively constant for subsequent straining. The

maximum deviator stresses of the CIU sanples occurred at nuch higher

axial strains (4 - 6u"7 than that of sanples which had been anisotropically

consolidated. Sinilar behaviour was also observed in the natural clay

sanples (Lew, 1981), confirrning that consolidation history has consider-

able effect on stress-strain behaviour of clay sarnples (Crooks and Graham,

7976). The stress-strain behaviour of sanple T508 (Fig. 4.8) was very similar

to that of T505, because the consolidation stress path it had taken (0= -5o)

was very close to the risotropicr stress path (Fig. 4.lb).
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4.3 EFFECTIVE STRESS PATHS

The effect of consolidation history on undrained shearing behaviour

is shown clearly by the effective stless paths during shearing (Fig. 4.10).

Effective stress paths of samples which had been consolidated (isotropi-

cally or anisotropically) above their o$. (T501 ,T502,T504,T505,T507 and

T508) generally shifted leftwards in the early stages of the tests to

give lower pr values than the final pt in the drained part of the tests.

This loss of effective stress was due to undissipated excess porewater

pressures rernaining in the samples at the end of the drained testing.

Those sarnples were back-pressured inmediately after a standard 24-hour

load increment. T501, T505, T507 and T508 experienced an average left-

wards shift corresponding to a porewater pressure Au = 14 kPa. The stress

paths of sanples T502 and T504 had lower excess porewater pressures be-

cause they were allowed to consolidate for 48 hours prior to back-press-

uring.

Porewater pressures generated during the initial stage of shearing

the normally consolidated CAU sanples. T501, T502, T504 and T507 were

substantially linear with respect to changes in total mean principal

stress (Fig. 4.L4). As a result, the effective stress paths (Fig. 4.10)

were almost linear, almost vertical, but slightly inclined to the left

until just before the maximum shear stresses were reached. After this

point shear strains began to have a significant influence on the porewater

pressures. The stress paths rnoved sharply to the 1eft, indicating the

breakdown of soil structures developed through consolidation.

Although sanple T50B had been loaded -unloaded anisotropically,

the sarnple behaved nore like sample T505, which had been consolidated iso-
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tropically. This was because sample T508 followed a stress path of

increasing prwith gradually decreasing e, (Fig. 4.lb). The stress paths

of these two sarnples v/ere remarkably similar. They were more rounded as

they approached their rnaximurn shear stresses and then continued to de-

crease gradually toward the left. The initial sections were linear, but

not as steep as the anisotropic stress paths. Using the undrained shear

strengths of this test progran (Table 7), a normally consolidated Coulonb-

Mohr envelope for the remoulded Winnipeg clay is proposed (Fig. 4.li).The

proposed Coulomb-Mohr envelope is slightly curved with smaller ôr in the

increasing pr direction. Details are presented in Chapter 6.

The influence of overconsolidation was clearly demonstrated by the

effective stress paths of the two overconsolidated CAU samples (T503 and

T510).The initial sections of these stress paths were almost straight and

cross the Coulomb-Mohr rupture envelope. Because the porewater pressure

decreases slightly after about 75 percent of the shear strength has been

applied, the stress paths curve to the right before reaching the maximum

shear stress. After reaching this peak stress, the sarnples tend to dilate

on further straining. This is accornpanied by a decrease ín porewater

pressure, and the shear stress drops abruptly, drawing the effective stress

paths toward the left, forming rhooksr.

Sample T506 was also an overconsolidated sarnple, but was consoli-

dated isotropically. The effective stress path (Fig. 4.10) of this sample

is also remarkably straight, similar to those of T503 and T510. However,

the thookr formed in the opposite direction, indicating that the sanple

tended to compress, rather than dilate, after the naximum shear stress

was reached, (see also Fig. 4.I7). Discussions concerning the anisotropy

of the remoulded samples are presented in Chapter 6.
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4.4 POREWATER PRESSURE GENERATION

The relationships between Lu/oi. and e, for all the undrained shear

samples are given in Figures 4.I to 4.9. Porewater pressures generated at

the beginning of the undrained shearing rose quickly until the maxirnum

deviator stress was reached. For sarnples which had been anisotropically

turloaded (T503 ancl T510) to give an OCR = 2, the porewater pressure

started to decrease before the ¡naxinun deviator stresses v/ere reached,

(Figs. 4.3 and 4.9), showing peaks in the curves. Similar peaks were al-

so observed in natural sanples (Lew, 1981; Au, 1982), but they occurred

after the maxirnum deviator stresses were reached. For normally consoli-

dated CAU samples, and all the CIU samples, the porewater pressures after

e*.* .oiltinued to rise at a slower rate. It was observed that most anis-

otropically consolidated samples had fairly constant porewater pressure

at large strains (er = IIe") .

The porewater pressure parameter A = Au/A(or-os) (Skempton, 1954)

was obtained from each test and tabulated in Table 7. Figures 4.I2 and

4.15 show the relationship of A, plotted against I/úic and overconsolida-

tion ratio OCR respectively. The values of A, for overconsolidated sanples

which had been Ko-consolidated (T503 and T510) are 0.31 and 0.23. For

norrnally consolidated CAU samples, the values of A, ïange from 0.54 to

0.94. These values are generally lower than those obtained from natural

samples (Lew, 1981; Au, 1982). The difference may be due to the cernented

structure (Graham, Noonan, Lew, 1983) of the natuïal Winnipeg c1ay.

Porewater pressure behaviour is also examined in normalized values

of Au/ol. versus tp/o't (Fie. 4.L4 -4.I7) for both normally and overcon-

solidated samples. In studying natural Winnipeg clay, Baracos et al, (1980)
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revealed that a linear relationship exists between the change in porewater

pressure and the change in total nean principal stress in the initial

stage of testing. similar results were obtained by Lew (1981) ' In the

present study, most CAU sanples, which had been nornally consolidated,

gave initial linear (Fig. 4.I4) relationships in the Au/ol" versus 
^p/ol,

plots. The gradients of the linear section, m, are sunmatízed in Table

7. These values range from 1.3 to 2.7 wíth an average of 2.0, which were

found to be generally higher than equivalent values observed in natural

sanples. At larger strains, normally consolidated samples produce

strongly increasing porewater pressures. For samples which has been un-

loaded anisotropically (T503 and T510), the initial relationship in the

Au/o;c versus Lp/6i, plots was slightly curved and became distinctively

non-linear thereafter (Fig. 4.i5). The initial curved behaviour was also

observed in fundisturbedt sanples at low stresses (p¿/3) and 'fuIly-

softenedrr samples (Au, 1982).

For CIU sanples, which has been normally consolidated (T505), the

relationship of Au/ojc versus Lp/Õ ;, is curvilinear and the polewatel

pressures are considerably higher than the CAU tests. A sinílar trend is

also observed in T508 (Fig. 4.15), which had been reloaded following a

0 = -So stress path. Sample T506 had been isotropically tmloaded to give

an OCR = 2. The m value obtained for this sanple is 1.3, which is

closest to the line n = 1, where Âu = Ap, (Âpt =0). Figure 4'I7 shows the

plot of this test.
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4.5 'Euo'PARAMETER

In the present study, the non-linearity of the (or-Or) veÍsus et

curves fron r.mdrained shearing tests has been approxirnated by a secant

nodulus Euo fron the end of consolidation to 50 percent of the reseT've Te-

sistance (Grahan, Lg74). Values of Ero have been normalized by dividing

by undrained strength s, = (or-or)^u*/2 to give what is known as the re-

lative stiffness, Euo/srr. Table 7 summarizes aIL values of Ero *d Ero/s,r.

As in most studies of this t1pe, the results vary considerably with test

type, and show significant scatter (Fig. 4.18)'

In both isotropically and anisotropically consolidated samples,

Ero/ru values from normally consolidated sarnples a1.e generally higher

than the corresponding overconsolidated sanples. A similar phenornenon was

observed in natural Winnipeg cLay samples (Lew, 1981). However, the re-

noulded sanples generally had higher relative stiffness values than those

of natural samples. It is interesting to note that the testing of Nor-

wegian quick clay has the opposite experience (Bj errun and Kenney, 1967) ,

in which oveïconsolidated saqples were found to have higher relative

stiffness values.

4.6 ,po ,' PARAMETER

Bjerrum, Clausen and Duncan (1972) have drawn attention to the

large variations in undrained shear strength (or-or)¡¡¿;/2, wh'ích accon-

pany changes in straining rate during the testj-ng of carefully sanpled

natural clays. Crooks and Graham (1976) demonstrated that an axial

strain-rate effect is important for Belfast soft clays, and have recently
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generalized their studies to an examination of a wide range of natural soils

(Graharn, Crooks and 8e11, 1983). In the present study, the strain rate

effect on remoulded sanples was examined using the rrelaxationt test de-

scribed by Kenney (1966).

The strain rate effect can be represented by a paramet€r 00. r,
which describes the percentage change in shearing resistance produced by

a tenfold change in strain rate, referred to the shearing resistance at

a strain rate of 0.1 percent/hour.

In this testing progran, relaxation procedures were performed on

samples T501, T503, T505, T507, T508 and T510, as shown in Figures 4.1,

4.3, 4.5, 4.7, 4.8 and 4.9. The procedures were performed at different

axial strains to examine the dependency of strain rate effects on the

magnitude of strain. The go., values obtained fron these tests are tab-

ulated in Table 7, and range from 5 to 8 percent (Fig. 4.19). These values

are rather more consistent than values obtained from natural samples

(Lew, 1981; Au, 1982), but are of the sane general magnitude. These

values are rather lower than are comrnonly found for nany clays (Grahan,

Crooks and BelI, 1983). In general, th" 00., values decreased with in-

creasing axial strain (Fig. 4.20). This confirms earlier work by Lew

(1981) , md Graham, Crooks and Bell (1983) . The values of po., versus

plasticity index for these tests are plotted along with data from Figure

7a of Grahan, Crooks and Be1l (1983), and are shown in Figure 4.2I. This

confirms a¡at po.I is essentially independent of plasticitl index In.
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CHAPTER 5

OEDOMETER AND CRS TEST RESULTS

5.1 INTRODUCTION

This chapter reports the one-dimensional consolidation results ob-

tained from conventional and constant rate of strain (CRS) oedorneter

tests. The different test procedures were described in sections 2.4.2,

2.5.2 and 2.5.3. Each remoulded oedometer sample was obtained from clay

irnmediately adjacent to a triaxial sanple in the same reconsolidation

cylinder. Table 8 lists the oedoneter test numbers, together with the

corresponding triaxial test numbers for comparison purposes.

5.2 CONVENTIONAL OEDOMETER CONSOLIDATION

In the present study, three different types of sample were tested

in conventional oedometer cells. These samples were: i) remoulded

sanples, ii) 'fully-softenedf natural samples, and iii) 'freeze -thawl

natural sample. Their results are reported in sections 5,2.I,5.2.2 anð.

5.2.3, respectively.

5.2.1 Remoulded Sarnples

In addition to the triaxial tests, four conventional oedorneter

tests (C512-C515) were carried out to investigate their consolidation be-

haviour. The samples were 76 nm in diameter and 25 nm thick. A computer

progran OEDOMP (Appendix 2) was developed to reduce and plot the test

data. It produces three different plots, namely, i) V vs o$ ,

ii) V vs log o$ and iii) ev vs log o| Log o+ , V curves for the four
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oedometer tests are shown in Figures 5.1 -5.4. All the curves reveal a

change from low to high compressibility at a vertical stress close to the

'cylinderr pressure Oåy.e,. Casagrandef s enpirical method was used to de-

termine preconsolidation pressures o+c. These values of oi"n and o$"

along with the rc and À-values were tabulated in Table 9. The À-values

ranged fron 0.340 to 0.392 with an avelage of 0.367. The value is very

close to the average À-value obtained from triaxial tests (À =0.363). How-

eveï, À-values frorn oedometer results show much less scattering than that

of the triaxial results. The aveïage K-values obtained were generally

lower than those frorn the triaxial tests. Results frorn C512 and C514

(Figs. 5.1 and 5.3) appeared to have non-regular spacì-ng of data poínts.

This was due to the use of different load incrernent ratios (LIR). In the

present study, different load incrernent ratios were examined and they are

rnarked on the figures.

Post-yield behaviour for sarnples c5I2, c514 and C515 (Figs. 5.1,

5.J and 5.4) is linear but gradually goes to exponential behaviour at

large strains. To assist in trying to determine if the linear-to-expon-

ential shape of these culves ís due to cernentation, oT to some other

phenomenon, natural strains (Graham et al, 1982) were calculated for test

CS15. Results are shown in Figure 5.5, together with the stress strain

results in terrns of engineering strains. The tnatural strain curver

deviated from the rengineering strain curver, especially at large strains

and exhibited essentially linear post-yield behaviour. This suggests that

the clay is not cernented.

tf Éll{N,TOË}4

turl cY"$

{"¡w ÉfÅrìtEs
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5 .2.2 Fully-Soft ened and Freeze -Thaw SanPles

Au (1982) suggested that of.-values should be confirmed by

perforrning standard one-dirnensional oedoneter tests on t fully-softened'

and ffreeze -thawrsamples. In response to these suggestions, tworfully-

softenedr (C501 and C502) and two rfreeze -thawt (C503 and C504) oedometer

tests were perforned on Winnipeg natural clay in the present study. The

samples were trimmed from block sanples obtained from a depth of 8.7 m,

which was the sane depth as the 'fully-softened' and rfreeze -thaw' tri-

axial samples tested by Au (1982).

Figure 5.6 shows the V, 1og o$ curves of the rfully-softenedr sam-

ples C501 and C502, respectively. Results obtained from both tests were

remarkably sirnilar. The calculated average rc and À-values were 0.092 and

0.293. The preconsolidation pressures were estinated by neans of

Casagrande's empirical nethod to be 315 and 324 kPa, respectively. TabIe

9 surnmarizes all the consolidation parameters mentioned above. It is in-

t"r"rting to note that sharp o|. breaks were still observed, despite the

significant swelling allowed (ei = 3%) prior to testing. This phenonenon

is contrary to the argument (Leroueil et al, 1979) that swelling causes

sample disturbance and give rounded V, log o$ curves.

Figure 5.7 shows the V, 1og oj curves for the 'freeze -thawr samples

(C503 and C504). Unlike the behaviour of the rfu1ly-softenedr samples, no

marked ot -break were observed in the tfreeze -thawr samples. Both samples-vc

show a very slight change of slope at around 500 kPa vertical pressure.

D.H. Shields (personal communication) has suggested that the nugget struc-

ture resulting fromrfteeze -thawt cycles causes the clay to show no yield

behaviour. The slight changes of slope in both samples at around 500 kPa
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night Tepresent yielding of the intact clay structure between fissure

planes. The aveïage slope for the two test lines in Figure 5.7 gives tr =

0.14. This nunber lies between the r-and À-values obtained from 'r¡rdis-

turbed' clay samples (Lew, 1981). rFreeze -thawt cycling therefore causes

significant changes in the behaviour of originally intact clay.

5.3 CoNSTANT RATE 0F STRAIN ( CRS) TESTS

Six CRS tests were performed on remoulded Winnipeg clay. A new CRS

cel1, described by Ronanetz (1983) in his undergraduate thesis, was used

for the tests (Fig.2.4).The nain advantage of the new CRS cell, over the

previous one (Au, 1982), is its ability to allow back-pressuring proced-

ures to assist saturation. Sample preparation and test procedures were

outlined in sections 3.4.3 and 3.5.3.In the present study, three samples

were tested under a back-pressuïe of 200 kPa (C5164,C5168 and C519), and

three were without back-pressure (C517,C518 and C520). Results of these

tests were plotted in eo,,1og Of spaces and are presented in Figures 5.8 -

s.15.

Two rnethods of graphical construction, namely bilinear intersection

and Casag::anders method were used in establishing o.|r-values frorn the

Êv, log o$ curves. With these tests, the bilinear technique was for¡rd to

give O|"-values closest to the ol"U-values. Casagrande I s method gives

o].-values higher than the olr¿-va1ues, and has therefore not been used in

the present study.

A strain rate of 0.004 nrn/ninute (or approx. le"/h't,) was used for

alt CRS tests. The effect of strain rate on o|, was investigated in sample

C518 (Fie. 5.11) by step changing technique (Sa11fors, 1975; Bel1, 1977).
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The two strain rates used were 0.004 run/minute to 0.005 nrn/ninute in this

test. Assuming that the slopes of the reload and nornal consolidation

portions of the curves are uraffected by the change in strain rate, two

cornpression curves were obtained by extrapolation. The relationship be-

tween o$. and strain rate is shown in Figure 5.14 and the value of lo.,

was calculated to be 17.2 percent. This value is plotted along with other

rìo.r-values obtained from various soil types and tests in Figure 5.15. It

is interesting to note that the lo., -values of Winnipeg natural clay

(Graham, Crooks and 8e11, 1983) are generally lower than the no.r-vaIue

obtained in the renoulded sample. However, both of then, like most of the

various soils, lie within a narrow range of 10 to 20 percent (Grahan,

Crooks and 8e11, 1983).

The o_r__-values obtained vary fron 60-96 kPa (Table 10). Although
VC

these values did not agïee closely with each other, they are certainly in

the ríght order of nagnitude. The compression index, C.(tr =Cc/2.303) from

the six CRS tests ranged from 0.811 to 0.955 with an average of 0.889. This

C"-value is close to the average value obtained from conventional oedome-

ter tests (C. =0.845) on remoulded sanples (Table 9).
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 INTRODUCTION

The present study of rernoulded Winnípeg clay involves three

different types of test, narnely, triaxial, oedometer and Constant Rate of

Strain (CRS) tests. In general, the test results have been reported in

detail in Chapters 3 to 5. They are further examined by topic in the re-

mainder of this chapter, in order to have a nore detailed understanding

of the clay behaviour. Where possible, the results are compared with

sinilar results for natural Winnipeg clay reported by Graham, Noonan and

Lew (1983).

2 DRAINED COMPRESSION BEHAVIOUR

2.I One-Dinensional NCL and Critical State Line (CSL)

Graham, Noonan and Lew (1983) were the first to use the concepts

of Critical State Soil Mechanics to analyze consolidation data obtained

from the testing of natural Winnipeg c1ay" One interesting aspect dis-

cussed in their paper was that the Critical State Line (CSL), the one-

dinensional NCL and the isotropic NCL were paral1e1 to each other in V,

log p'-space. Critical State consolidation parameters, such ¿g Kr À and f

were evaluated from both drained and r¡ndrained triaxial compression tests.

The parallelism of the one-dimensional NCL and the CSL of natural Winnipeg

clay has an important implication because the Critical State Line (CSL)

and the NCL can be described by lines with the same slope: V = f - l, .Q,np'

in V, .[npr-space (or in V, log pf -space since .[npr = 2.303 log p').

6

6
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Another inportant aspect of the paper is that Critical State Soil Mech-

anics concepts are applicable not only in renoulded clays, but also in

natural clays. This relationship has been reported for only a very

linited number of natural clays.

One objective of the present work on renoulded Winnipeg clay was

to provide results for a conparative study in the light of Critical State

Soil Mechanics. As mentioned in section 3.1, the drained portion of the

triaxial tests were designed to investigate different aspects of consoli-

dation behaviour. This section of the thesis presents the estinated one-

dinensional NCL and the Critical State Line (CSL) in V, 1og pr-space.

Section 6.2.2 will discuss the yield states and present the preliminary

shape of the yield envelope for the c1ay.

The one-dimensional NCL and CSL for the remoulded Winnipeg clay are

constructed in Figure 6.1, based on results from four triaxial tests (T501,

T502,T504 and T507) . Sanples T5Ol, T502 and T504 were consolidated along

the approxirnate one-dirnensional (Ko =0.62) stress-path beyond their precon-

solidation pressures, otc. These samples had different final consolidation

pressures in their normally consolidated states prior to triaxial undrained

shearing. The specific volume corresponding to the final consolidation

state of each sanple was ealeulated fron its final moisture content, which

was obtained inmediately after the undrained shearing test.* The three

points obtained from these sanples resulted in a quite well-defined straight

line with À = 0.313 in V, 1og pr-space. This straight line was defined as

the one-dirnensional NCL for the remoulded Winnipeg clay. The À-va1ue

*
Av = 0 in undrained shearing tests.
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obtained here (), =0.313) is slightly different from the average À = 0.363

reported in section 3.3.I.2. The latter value was averaged from the À-

value rneasured from rforward calculationst.* Based on this second method,

the calculated final points of the tests resulted in a large scatter in

the V, log pf-space and thus the second method was not adopted in defining

the one-dimensional NCL.

It was originally thought that the final consolidation state of

sanple T507 should also line up with the other three points, because it

was loaded -unloaded -reloaded beyond its preconsolidation pressure along

the Ko-stress path. However, the final specific volume calculated, based

on its final moisture content, was rather higher than that of the one-

dimensional NCL formed earlier, as shown in Figure 6.1.The only difference

in test procedure applied in sample T507 was the unload -reload step.

Detailed reasons why the specific volumes for this should not agree with

those from the other tests are unclear. One possible explanation night be

that the exponential behaviour at large engineering strains pushes the

final part of the log p', V curve outward to the right, and thus results

in high specific volurnes for a given mean principal stress, pr (e.g., see

Fig. 5.5). However, this is probably not an adequate explanation because

sample T502 was loaded one-dinensionally to approximately the same stress

level and did not show the same behaviour.

The pr-values corresponding to the q*r*-values for samples T501,

T502, T504 and T507 obtained during undrained shearing tests are plotted

as open triangles in Figure 6.1. Since the shearing tests were carried

* Sp".ific vol-umes at different stages were calculated on the basis of
initial moisture content obtained from trimmings, plus the volume changes
measurements throughout the test.
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out under r¡¡rdrained conditions, each pr-va1ue corresponding to its q*.*-

value can be ptotted at the sa¡ne specific volune. A straight line was

drawn parallel to the NCL (À =0.313) was also found to fit well with test

data shown as open triangles in Figure 6.1. This line was defined as the

Critical State Line (CSL). It should be noted that due to the difficulty

discussed earlier, the Critical State value for sanple T507 was taken from

the assuned NCL position, which was plotted as an open circle in Figure

ó.1.

The concept of undrained strength at large strains (USALS) has been

known for some time (LaRochelle et al, 1974). Au (1982) observed a marked

post-peak drop of shear strength in his testing of natural Winnipeg clay

in the low effective stresses region of pt, q-space (e.g. see Fig. 4.20

of Au, f982). He observed that the pr-values corresponding to USALS

approach the CSL proposed by Graharn, Noonan and Lew (1983). Figure 5.3

of Aufs thesis showed that differences in effective nean principal stresses

(Ap') were only a few kilopascals bethreen the USALS and q*.* criteria for

these sarnples coning fron the rwetr* side of the CSL. Since the drops in

shear strenglh are relatively snal1 after qmax in the present renoulded

samples (Figs. 4"1 -4.9), the USALS criterion has not been examined further.

As other researchers have found (e.g. Au, 1982; Graham, Noonan and

Lew, f983), it is nore difficult to determine the CSL based on the data

fro¡n the tdryt* side because of large scatter in the test results. There-

fore, the CSL proposed in the present study is based only on data from the

rwetr side. In order to confirn the position of the CSL, nore tests are

required.
* Th" terms rwetr and rdryr of tÌ¡e CSL refer respectively to states to
the right of, or above tt¡e CSL; a¡rd to the left of, or below tÏ¡e CSL'
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Figure 6.1 shows also the CSL, isotropic and one-dimensional NCL of

natural Winnipeg clay proposed by Graharn, Noonan and Lew (f983). It was

observed that Winnipeg clay has very sinilar À-values in both its natural

and remoulded states, but the rernoulded NCL and CSL are on the left side

of the natural ones. That is , at a given stress level, a natural santple

has higher specific volume than a renoulded sanple. It is of interest to

note that the distance separating the one-dimensional NCL and CSL for both

types of clay are about the sa¡ne. The ratio between pr-values for remoulded

and natural one-dinensional consolidation samples at constant V is around

1.4 (or about 0.044 less in V for a given effective nean principal stress

pt). One possible explanation for this difference is a cernented Particle

structure in natural Winnipeg clay, as suggested by Graham, Noonan and Lew

(1985). Figure 7 of that paper presented four different Ko-consolidated

results in log (axial stress or) versus specific volume, V space. It was

pointed out that the slope right after yield, C" was not constant, but was

steeper than C, innediately after o{". It becane less steep at large

stresses and approached the slope C, at lower specific volurnes. The reason

for such a behaviour was interpreted as an indication of the breakdown of

a cemented particle structure. Conparing the general shape of remoulded

Ko-consolidated log (stress), specific volume-curves with those obtained

frorn natural sa4ples described earlier, it was observed that the renoulded

curves (e.g. Fig. 3.5b) revealed rather straight post-yield sections

throughout the no::nally consolidated range. Since the one-di¡nensional NCL

was based on yield stresses, it is therefore logical that the renoulded

one-dimensional NCL lies below the corresponding line for natural sanples.

Canpanella and Mitchell (1968) showed that conpression indices Cg
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of illite do not change with tenperature. However, at higher tenperatures,

the clay reached equilibrium at lower void ratios (specific volunes) for a

given vertical pressure (see Fig.6.2). It is clear that the remoulded

clay tested in the present st,udy r.ras consolidated under a higher tenpera-

ture in the laboratory*than that of the natural clay consolidated in post-

glaciat Lake Agassiz. Ttre effect of tenperature differences upon consoli-

dation night be, therefore, another possible explanation for the difference

in the one-dinensional NCL positions. However, it ¡nust also be pointed out

that the remoulded Winnipeg clay contains smectite as the predominant clay

rnineral, along with il1ite and other non-clay rninerals (Baracos, 1977).

Also it should be noted that the effect of temperature upon consolidation

depends on stress level (Plun and Esrig, 1969). Generally, the effect be-

co¡nes more pronounced at higher pressures(Fig. 6.3).

6.2.2 Yield States

A najor probleur in deternining the yield envelope of a clay lies in

establishing criteria by which the yield stresses can be identified. Lew

(1981) exanined and evaluated the usefulness of different yield criteria.

In general, yield stresses were taken as the intersection of straight line

approxinations of the initial stiff section of stress-strain behaviour,

and to the sr¡bsequent nore flexible response to applied stresses. In the

present study, most of the criteria described by Lew were used for evalua-

ting yield stresses (section 3.3.1.3). Bilinear curve-fitting procedures

were done with careful judgenent (Grahan et al, 1981).

Results shown in Figures 3.8 -3.19 show how these various criteria

*
The laboratory hras temperature controlled at arour¡d 20oC.
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can be used, but nore inportantly, they dernonstrated that clearly defined

yield points did exist even in this remoulded reconstituted clay. Samples

T503, T507, T508, T509 and T5l0 were designed to investigate the shape of

the yield envelope in pt, q-space (section 3.2). The range of yield stresses

defined by various yield criteria can be seen in Table 4 and the average

)'ield stresses from the various criteria were used to identify the yield

envelope. The average values were plotted dimensionally in kPa in Figure

3.20. Despite the linited data, it is possible to fit the yield envelope

of Winnipeg natural clay (Grahan, Noonan and Lew, 1983) quite well on the

reuroulded ¡esults from the present study. It is interesting to note that

the remoulded yield envelope does not conforn to the felliptical shapel

proposed by the Cam-clay node1.

Graham, Noonan and Lew (1983) showed that natural yield envelopes

at four different depths were homothetic and can be normalized to a single

locus (or perhaps to a linited range of loci, depending on strain rates)

(Graham, et a1, L936b) by dividing the yield stress by one-dimensional

preconsolidated pressures (Graham, I974; Bell, 1977; Lew, 198i). However,

other representative stress parameters, such as the isotropic yieid stress

or the nean effective pressure pt at Critical Stat,e, are possible alterna-

tives for the normalizing stress. Figure 5 of Grahan, Noonan and Lew

(1933) shows results for natural Winnipeg clay nor¡nalized using o.lc.

The five yield stTesses used to define the yield envelope from re-

noulded sanples were nor¡nalized by their respective preconsolidation pre-

ssures (o.1" = 160 kPa) and the results were plotted in p'/of,", Q/of.-space

and p,/otrc, V-space together with the natural clay results (Fig. 6.4).

The data points in p'/o{", Q/oi"-space are closely related to the
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no¡rnalized yietd envelope in the natural clay proposed by Graharn, Noonan

a¡rd Lew (1983). Because of the difficulty in harmonizing the noisture

contents obtained from the rfon¡¡ardr and rbackwardr calculations (as dis-

cussed in section 6.1), there is stil1 sorne uncertainty in determining

the specific volunes at yields for samples T507 and T508. With the

limited information around the rsmal1 g region' (Fig. 6.4), (or close to

the isotropic region), an elastic wal1, which appeared hooked in p'/olc,

V-space as the one shown by Graham, Noonan and Lew (f983) could not be

identified. It is interesting to note that sanple T509, which followed a

steeply inclined stress path and failed abruptly, has its rupture very

close to the Critical State Line.

6.3 UNDRAINED SHEARING BEHAVIOUR

6.3.1 tlndrained Shear Strength

Samples which had not failed during the drained, stress-controlled

portions of the testing program were sheared to rupture in undrained con-

ditions. The undrained shear results were presented in Chapter 4. The

results show that there is a difference in shearing behaviour between iso-

tropically and anisotropically consolidated samples because of different

consolidation histories. For exanple, the strains (et) required to attain

(or-or) 
^u*/2 

in the CIU sanples were rather higher than those of the CAU

samples (Table 7). A sinil.ar phenomenon was also observed by Lew (1981)

in natural clay.

The relationship between (or-og)^or/Z and o;"* for consolidated un-

drained tests in renoulded Winnipeg clay is given in Figure 6.5. It can be

ol
*

vc = ol in normally consolidated samples.
lc
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approximated very well by a straight line passing through the origin with

slope su/o+c = 0.27. There is some tendency for the CIU values to lie

below the average for CAU tests.

Figure 6.6 shows a plot of normalized undrained shear strength ver-

sus plasticity index, which has been prepared by conbining data of this

study hrith that obtained by Trak et al (1980), Larsson (1930) and Lew

(1981). Based on data obtained from reported failures of embankments,

foundations and large-scale loading tests, Larsson (1980) showed that

there is a trend of slight increase in normalized undrained shear strength

with increasing plasticity. It was also pointed out that the trend was

Iess certain in organic clays. He suggested that s,./oü" = 0.22 corres-

ponds to an average for all the clays, but overestimates the s' in very

low-plasticity clays and underestimates s.,, in high-plasticity clays.

Winnipeg natural clay was for¡nd to have a srr/o$" = 0.22 (Lew, 1981)

This value agrees with the average value suggested by Larsson, but is

slightly lower than that of the rernoulded clay in the present study.

6.3.2 Normally Consolidated Failure Envel oPe

A normally consol.idated failure envelope for the remoulded Winnipeg

clay was constructed on the basis of the test results. Failure points were

determined using the (o1-os)marr/2 criterion in the undrained shear tests.

These points were ¡narked by arrows in Figure 4.10. It is noted that sanple

T509 failed abruptly during the drained test and the failure point was al-

so indicated in the same diagram. The envelope was found to be slightly

curved with snaller Qt in the increasing pt direction.

Trainor (f982) compared the cr and Qt paraneters of Winnipeg natural

clay, which were postulated by different researchers (Mishtak , Lg64;
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Crawford, 1964; Freernan and Sutherland, L974, and Pietrzak, f979), and

indicated soure discrepancies in their results, although generally their

proposed failure envelopes were in quite good agreenent (see Fig. 5.5

Trainor, 1981). Fro¡n earlier tests, and the results of his own testing,

he concluded that the failure envelope of Winnipeg natural clay is

curved.

The authorfs test results agree with Trainor in the fact that the

failure envelope of Winnipeg clay is curved. However, it should be

pointed out that Trainorrs envelope does not distinguish overcondolidated

undrained strengths fron those of normally consolidated sanples. In other

words, his envelope is a combined one, rather than a normally consolídated

failure envelope. This explains why Trainorrs envelope is rather higher

than the authors at low stresses (Fig. 4.11).

Winnipeg clay contains 75 to 85 percent clay size ¡ninerals. The

clay ninerals are mainly snectites* and illites in approximately equal

anounts, with lesser arnounts of kaolinites present (Wicks, 1965; Baracos,

Lg77). The doninant exchange cation has been found to be calcium (Wicks,

196s) .

Mesri and Olson (f970) tested artificially sedimented calcium mont-

morillonite prepared fron a Wyoning Bentonite deposit and concluded that

both the nornally consolidated and overconsolidated envelopes of this

naterial are curved. The normally consolidated Qr-values (tangent) vary

from about 27o at low stresses to 14o at rnr¡ch higher stresses. l,fuch of

the curvature occurs at low stress regions (pt < 70 kPa) and the envelope

*
Cieneric name' including montmorillonites and bentonites.
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becones substantially linear at high stresses (p'>160 kPa). Similar des-

criptions can also be used for the failure envelope obtained from rernoulded

Winnipeg clay. However, the forner is slightly higher at p'<75 kPa and

rather lower at higher pr-values (Fig. 4.lf).

It is rather interesting to note that the 0'pararneters proposed

by different researchers (Lew, 1981; Trainor, L982; Graham, Noonan and Lew,

1983) are rather similar at p'>200 kPa for Winnipeg clay (0' =18o). Olson

(1962) suggested that calcium illite has a constant þ' = 24". Since Winni-

peg clay has about equal anount of calcium iIlite and montmorillonite, the

Sr-value seems to be reasonable, lying between 24 and 14 degrees.

It is inpossible to test the hypothesis that the normally consoli-

dated envelope in natural clay at low stresses is curved (Trainor, 1982),

because the clay is lightly overconsolidated in the field. The renoulded

sanples tested in the present study enable the detailed construction of a

norrnally consolidated failure envelope in this stress region. Results

suggest that the nornally consolidated failure envelope at low stresses is

also slightly curved, but less than the envel-ope suggested by Trainor.

6.3.3 Porewater Pressure Generation

Skempton's (1954) parameter rAf is one of the ¡nost widely known and

used porewater pressure paraneters. Henkel (1956) showed that the A-value

at failure conditions (Af), is highly dependent on the overconsolidation

ratio (OCR) in general. Crooks (1973) and Lew (f981) confirmed this for

Belfast estuarine clays and Winnipeg natural clay, respectively.

Figure 4.13 showed the variation of A¡ with overconsolidation ratio

for remoulded Winnipeg elay. Also included in the figure are results ob-

tained by Henkel (1956), Crooks and Graham (f976) and Au (1982) for
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remoulded weald clay, Belfast natural clay and winnipeg natural clay, re-

spectively. The variation of A¡ with OCR fron the present study follows

the expected pattern, that is, the value of A¡ decreases with increasing

degree of overconsolidation and is consistently lower than results of

natural Winnipeg clay. However, the A¡-values for the remoulded Winnipeg

clay are very close to the results of re¡noulded Weald clay obtained by

Henket (1956). This suggests that the porewater pressure generation during

undrained shearing is closel.y related to the ¡nicro- and ¡nacrostructure of

soils and is perhaps less related to their nineralogy'

In previous studies by Baracos et aI. (1980), A¡-values were plot-

ted against (t/oL) because of sorne uncertainty associated with the

measured oedometer o|.-values. A ptot of A, values (1/olc) was presented

in Figure 4.I2 for the renoulded Winnipeg clay. The results support the

trend proposed by Baracos et al. (f980), despite the differences between

the two claYs.

6.4 ANISOTROPY

Most post-glacial clays are deposited in conditions which produce

varved, laminated, or banded structures (Quigley, 1930) " Fven if they

appear rnassively bedded, electron mieroscopy reveals flocculent, pedal

¡nicro-structures with preferred particle orientations (Baracos , 1977) ' It

is not surprising, therefore, that the undrained strengths of such deposits

vary with the orientation of the failure surface (Mitchell, L972; Freeman

and Sutherland, L974; Grahan, f979). That is, the undrained strengths of

these clays are anisotropic. Because of periodic deposition of finer and

coarser particle sizes, their perrneabilities are also anisotropic'
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Grahan and Housby (f983) have proposed nathenatical techniques

for describing pre-yield nechanical properties of clays using anisotropic

elasticity theory, and for deter¡nining appropriate ¡naterial parameters

fron triaxial tests. Equivalent noduli Keq and G"n for a particular stress

path in anisotropic clay can be described nathenatically by the following

eguations:

K.n gf,_
dv

dp Det

--.L- 

=
3G*dp -Jdq

do I dp Det I DetJ=-=--de 3 x*dq -.¡dp 3 K* -J(dpldq)

Det
gc- -{dqi dp)

G"q t
J

where, K and G " = Modified bulk and shear moduli.

J = Cross nodulus.

Det = Determinant of material natrix = ¡sK*G* -J2)

NOTE

These equations demonstrate that the equivalent uroduli depend on the

stress path in pre space and only the special case of isotropy (J = 0) is

exceptional. Figures 3.ZLa and 3.2\b, respectively, showed the K.n/of"

and G.n/o$"-values versus the direction 0 of the stress path in p,q-space

for Winnipeg natural clay (Grahan and Houlsby, f983). It was clear that

the s¡oduli Ke' and G"n were not constant with dq/dp, and this was taken

as an indication that the clay was anisotropic. Equivalent K"n/of" and

G"n/of" values obtained fron the present study were plotted against stress

path direction 0, together with results obtained from the natural clay

(Figs . 3.21a and 3.21b) " The renpulded results also show variations of

the noduli for different 0. Despite the lirnited data, it is evident that

*

:..J[,]
[:][:
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the clay is anisotropic. I'lore data along different stress Paths are

needed in order to draw definite conclusions. Graham and Houl.sby (1983)

pointed out that the noduli obtained from Winnipeg natural samples were

rather lower than that night be expected from other soils (Worth et al,

f979). It is rather interesting to note that the K"n/of"-values for both

renoulded and natural samples are rather close, but the G.n/o|.-values for

the remoulded sanples are consistently higher than those of the natural

samples.

Grahan and Houlsby (1983) suggested two nore ways to exanine

anisotropic elastic properties of clay. One of them was to look at the

relationship between the volumetric strain (v) and the axial strain (er)

of overconsolidated sanples in isotropic consolidation tests. T50ó was

the only sanple of this type in the Present study. However, due to the

difficulties described in section 3.3.1.1, this nethod was not used.

Ar¡other way suggested by Grahan and Houlsby (1983) Ì{as to study the

undrained stress paths of overconsolidated samples. T503 and T510 were

sheared under undrained conditions at stresses lower than o|". The early

parts of the effective stless paths for these sanples (Fig"4.f0) are

slightly inclined leftward. This again renders evidence that the clay

night have an anisotropic elastic structure. However, the later parts of

the stress paths are rather straight vertically. Reasons for such be-

haviour are still unclear.
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6.5 CEMENTATION

Grahan, Noonan and Lew (f983) observed that Winnipeg natural sanples

becarne highly conpressible after o'c was reached. After further straining,

the V, log ol-curve became less steep, and approached the slope C, at

specific volurnes lower than those associated with the one-dinensional NCL

in Figure 7 of their paper. Thus, once yielding had occurred the particle

structure conpressed and post-yield states lay inside the yield surface

in pt q, V-space. They suggested therefore, that Winnipeg natural clay is

cemented.

Figure 3.3b shows a typical V, log pr-curve for rernoulded Winnipeg

clay obtained fron a Ko triaxial consolidation test. The rernoulded curve

shows a sharp of.-break and the post-yield section is straight with a con-

stant compression index. This contrasts clearly with the earlier tests on

r.rrdisturbed sarples. It offers confirmatory evidence that Winnipeg clay

in its natural state is cemented and that the cemented structure is de-

stroyed through renoulding"

There are two nore pieces of evidence fron the present study, which

support the view that Winnipeg etay in its natural state is ce¡nented.

Firstly, as r¡entioned in section 4.3, the values of A¡ obtained from the

remoulded samples were generatly quite significantly lower than those of

the natural sarples (Fig. 4.15). Secondly, when comparing the undrained

stress-strain characteristics of the overconsolidated natural with the

remoulded sanples (see for exanple, Fig. 4.20 of Au (1982) and Fig. 4.3

of this thesis), the natural salryle exhibits relatively larger decrease'

of post peak shearing resistance (USALS). This again can be argued as

being due to the effect of cenentation upon the structural strength of

natural Winnipeg clay.
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6.6 STRAIN RATE EFFECT

Llntil recently, it has generally been considered that ti¡ne effects

influence the stress-strain behaviour of clays in only a relatively ninor

}Jay. Grahan, Crooks and Bell (1983), however, showed that important

engineeringProPerties,suchassrrando|"ofawidevarietyoflightly

overconsolidated naturals' a¡e significantly tine-dependent' Strain rate

pararneters go., and rlo., evaluated from relaxation and step-changing pro-

cedures,respectively,suggestedthatsoandof,.decreasebyl0to20

percent with a tenfold decrease in strain rate'

Results for strain rate paraneters 9o.r "nd 
lo., for remoulded

Winnipeg clay have been presented in sections 4.6 and 5'3, respectively'

The go.r parameter ranges from 5'4 to 8'2 percent' which is slightly

lower than the average resurts obtained frorn natural sanples (Fig. 4.19)'

However,theoo.,Parametersobtainedinthepresentstudyarerather

more consistent, and demonstrate that strain rate effects aTe inportant

even in this highly plastic remoulded clay. The step-changing procedure

carried out in the CRS ¡s5¡ (C5l8,Fig'5'11) showed that the preconsolidation

pressure, oü. is also significantly time-dependent in renoulded Winnipeg

clay. 1he rle.r parameter calculated fron this test is rather higher than

that of the natural winnipeg samples. However, the value lies within the

range showed in Grahan, crooks and Bell (1983). More inportantly, the

significance of strain rate effect on renoulded clay is again demonstrated'

6.7 ONE.DIMENS IONAL CONSOLIDATION OF SLURRY

During the course of making reconsolidated remoulded clay in the

laboratory (Appendix 1) efforts were nade to observe the one-di¡nensional
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consolidation behaviour of slurry. The slurry was very soft and fluid-

like, and possessed almost no shear strength. Terzaghifs consolidation

theory has been known for its applicability to soils, if the following

assunptions are net:

1) the soil is saturated and honogeneous;

2) the principle of effective stress is valid;

3) Darcyrs law is valid;

4) the porewater and soil grains are incompressible;

5) all displacenents of the soil and flow of the porewater are

one-dimensional ;

6) the coefficient of permeability, k, and conpressibility, rv,

re¡nain constant.

Conventional consolidation tests are carried out in soils which possess

a certain amount of shear strength, often in the range 10 kPa to 150 kPa.

However, consolidation behaviour of very wet slurries, such as the one

used in the present study (w = 164eo) have seldorn been reported, (see, for

example Been and Sills (1981)).

Figures 6.7a and 6.7b are plots of log-time versus displacement for

two load increments during reconsolidating the second sanple of renoulded

clay in a one-dirnensional reconsolidation cylinder. It is interesting to

note that they do show typical inverse s-shape curves similar to soils,

despite the high noisture content of the slurry. The coefficients of con-

solidation¡ cyr for the two load incre¡nents were calculated by Casagranders

Log Tine Method to be 5.0 x 10-8n2/s and 4.0 x 10-8mz/s, tesPectively.

These nunbers are rather close to the range of cy-values (0.5 -5.0 x 10-8

^'/ s) obtained in oedo¡neter tests of Winnipeg natural ctay (Au, 1982) .
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The decrease of cy-values with respect to the increase of yertical

pressure also confor¡n to the general norrnally consolidated behaviour of

clay (e.g. see Fig. 3.19 of Au, 1982).

Theoretical Log-tine consolidation curves consist of three parts:

an initial curve, which approximates closely to a prabolic relationship,

followed by a linear relationship, and finally by a change of slope at

which secondary consolidation (or creeping) starts. Figure 6.7b shows

a clear change of slope signifying the end of primary consolidation. How-

ever, the clay htas still very 'youngr and had a high creep rate of about

Cce = 3.5 percent. Problers associated with the high creep rates will be

discussed separately in section 6.8.

6.8 EQUILIBRIUM PROBLEMS AI'JD EFFECTS OF HIGH CREEP RATE

Consolidation of slurry in the cylinders is a very slow process. For

example, Figure 6.7b shows that the total consolidation time for the second

incrernent of sample T502 is around 350 hours, or alnost 15 days. Three

reasons can account for this:

a) The clay is fine-grained and with a high elay fraetion

(CF = 7s - 8s%) .

b) The clay is homogeneous and lacks macrostructure.

c) The drainage path is long, with only top and botton drainage.

For productivity reasons, samples were not fully consolidated at

rDany stages of loading. Therefore, during ¡¡ìost of the loading period,

the clay was at states above the l-D NCL obtained from the long periods'

of consolidation to equilibriu:n. Even when consolidation was complete,

it was essential to initiate testing as quickly as possible, so that the
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testing series could be completed in a reasonable tíne. The net effect

is that large creep strain rates were often observed. There are three

aspects of the test results where this is seen.

a) Triaxial Reconsolidation

Triaxial consolidation results for the restressing of sanples to

their rcylinder' stress hrere presented in Table 2. The vertical strains,

lateral strains, and volume strains obtained were rnuch higher than the

values obtained from restressing natural sarnples to their approxirnate ,in-

situr stress (e.g. see Table 3 of Lew, 1981. It is clear that the

fcylinderr stress levcls for the natural samples do not agree with the

overburden pressures. That is, the natural sarnples are overconsolidated.

Strains for the renoulded samples are higher tha¡r in the natural samples

before yielding. It could be argued that the high strainings indicate

significant sample disturbance. However, high quality trinming techniques

(Lew, 1981) and the clear yields which have been observed, show that this

is not a problem. Therefore, the high straining of the sarnples during re-

consolidation reflect the high creep rates in these "young" samples

b) Undrained Shear Tests

After triaxial consolidation was completed, samples were sub-

jected to back pressuring procedures and then sheared rurder r¡rdrained

conditions. Undissipated excess porewater pressures r{rere observed in

most of the samples (t 0,05 xoíc). Because of this problem, some of the

samples were allowed to sit under back pressure for two days. This problen

is also reflected as a leftwards shift in the effective stress paths in

Figure 4.10.
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c) 0ffloadin inV 1o r-s ce

Stress release usually associates with increase in specific

volume. However, Figures 3.4a and 3.7b show continued conpression in the

early stages of offloading. The equiLibrium problen and the high creep

rate are once again revealed.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

7.L CONCLUSIONS

f) Based on the Ko-consolidation test results, the critical state

consolidated paraneters f and À were found to be 3.96 and 0.313, re-

spectively, for re¡noulded Winnipeg clay. These values are sinilar to

that of natural Winnipeg clay (f =3.99, À =0.305, Graham, Noonan and

Lew, 1983).

2) The one-dinensional Nor¡nal Consolidation Line (NCL) and the Critical

State Line (CSL) of remoulded Winnipeg clay are parallel when plotted

in V, log pf-space (Fie. 6.1).

3) The parallelism of the one-dimensional NCL and the CSL in V, log p'-

space can be described by pñcl/påsr. = 1.4 which repïesents the dis-

tance separating the two lines. The pÑa"/pår" ratio of natural lVinni-

peg clay was found to be similar to that of the remoulded clay.

4) Clear yields were shown in overeonsolidated samples of remoulded

Winnipeg clay (e.g., Figs. 3.8 -3.19). The preliminary shape of the

yietd envelope (Figs. 3.20 and 6.4a) was found to be similar to that

of Winnipeg natural clay

5) In the present study, nost of the criteria used to examine yield

stresses in natural Winnipeg clay were found to be applicable in

renoulded Winnipeg claY also



-6ó-

6) Based on the (or-or)^ */2 fail-ure criterion, the normally consolidated

fatl-ure envelope at lov¡ stresses (pt <200 kPa) was found to be slíghtly

curved with smaller $r Ín the increasing p' direction. The Qr-values

of both remoulded and natural l,linnípeg ci-ay were found to be similar

at p' >200 kPa (FÍg. 4.1L).

7) The values of srr/or]" were found to be raÈher consÍstent ln remoulded

t{innípeg clay (Fig. 6.5). The average value was found to be 0.27,

which is slightly higher than that of the natural clay (srr/oi. = 0,22;

Lew, 1981).

8) The porewater pressure paranet,er, Af, of lJinnipeg remoulded clay was

found to be generally lower than the natural clay resuLts (Fig. 4.13),

but closer to remoulded Weald clay results (Henkel, 1956).

9) The following evidence frorn the present study (section 6.5) tend to

confirm that Winnipeg clay in its natural state is cemented:

a) the relatively low A¡ values observed in the remoulded clay;

b) the relaÈÍvely snall drops of q-values from qmür/z to USALS found

in the remoulded clay;

c) the relatively sharp-of.-breaks of remoulded samples.

10) The shear strengÈhs, s,, and the preconsolidation pressures, g,!. of

remoulded l.Iinnipeg cJ.ay were found to be strain rate dependenÈ. the

po.r and rìo.t parameters hrere estixnated to be 5.4 - 8.2 percent and

16.9 percent, Tespectively.

11) Both Constant Rate of Strain (CRS) and Oedoneter tests showed agreement

between the rcyLindert stresses and the measured oüc-values. The aver-

age C.-values measured from the Èwo tests were found to be sirnilar.
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7.2 SUGGESTIONS FOR FURTHER RESEARCTI

1) More attention should be directed towards the consolidation tine in

the one-dirnensional reconsolidation cylinders ' A standard period of

aging should be allowed at the end of prinary consolidation'

Z) Due to the slow consolidation process, ¡nore reconsolidation cylinders

are required for productivity reasons'

3) Smectite (nontnorillonite) and ilIite are the rnajor clay minerals in

Winnipeg clay (Baracos, Lg77). In order to have a Inore fi¡ndamental

r¡rderstanding of the clay, studies on artificially consolidated srnec-

tite and illite are required.

4) Conclusive definition of the shape and orientation of yield envelopes

in re¡noulded Winnipeg clay requires more tests, especially at the

small and large 0 regions.

5) Further attention should be paid to anisotropy and elasticity of re-

rnoulded Winnipeg clay before yield'

6) Further attention should be paid to the testing procedures of the

Constant Rate of Strain (CRS) tests'

7) In order to ninimi ze aîy disturbance that rnight be introduced to the

sanple, triaxial and oedometer sarnples should be trimmed directly frorn

the cylinder when the clay is extruded'
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PLASTIC LIMIT
(e")

27.5 29.8 28.0 29.2 27.6

PLASTICITY
INDEX

('")
55.5 54 .0 5s. I SI.756. 1

FINAL
T4OISTURE

CONTENT
(e")

50. 8 4s.9 53. 8 53.0 49 .9 SL.z 48.6 49 . 5 55. I 52 .9

LIQIJID LIMIT
(e")

83.6 85.3 82.r 8s.0 79.3

TEST NUMBER TSOI T5O2 T5O3 T5O4 T5O5 T506 T5O7 T5O8 T5O9 T51O

TEST TYPE CKOU CKOU CKOU CKOU CIU CAUCADCIU CKOU CAU

INITIAL
I,,tOISTURE

CONTENT
(e")

66.8 64. 8 62.0 63.2 s9 .0 64. 5 68.7 60 . s 64. 5 59. 3

not obtained for this test

TABLE 1 - BASIC SOIL PROPERTIES

I\¡
N)
I



TEST NUMBER T5O1 T5O2 T5O3 T5O4 T5O5 T506 T5O7 T5O8 T5O9 T51O

oir¿ (kPa) 
83. s 86 .7 86 .6 86. 4 r00 . 2 86 .7 86.4 86.6 86 .7 86.4

olcyt/oi..'r¿ 0.65 0 .62 0.62 0.62 0.98 0.98 0 .62 0 .62 0. 61 0.62

er.ng(%) 3.52 4.72 5.02 6.96 1.90 3.22 5.93 3.72 4.76 3.74

e acyg (%) I.47 1.03 1.75 4.4s 7.36 12.07 2.10 L.82 0.9s 1.49

vcyg 6.4s 6.76 8.52 15.86 16.61 4.43 10.12 7.36 6.66 6.71

TABLE 2 - TRIAXTAL CONSOLIDATION RESULTS FOR RESTRESSING

TO APPROXIMATE ICYLINDERI STRESS

I\¡
(^
I



TEST NTIMBER T5O1 T5O2 T5O3 T5O4 Ts0s T506 Ts07 Ts08 T509 T510

oirs(kPa)
83. 5 86.7 86.6 86 .4 100.2 86 .7 86.4 86.6 86.7 86.4

o|r, (kPa)
*

88.1 90.4 81.7 98.8 81.7 96.2 88.4 83.3

I (KP )
*

ovc2 a r77 .0 147 .0 126.6

oio(kPa) zrz.s 319.4 s3.z r7s.0 z4s.s 89.6 319.6 233.1 153.3 82.8

tå./o i" 0 .62 0 .62 0 .62 0 .61 0.98 0.98 0.62 0.92 0.45 0.63

er"(9o) L2.6 22.r r2.8 13.3 4.7 5.6 20.s 10.1 16.3 8.9

er. ( 9o)
1.4 0.4 r.2 6.9 r4.2 6.7 4.6 9.1 -0.8 1. 8

err. ( eo) 1s.5 22.7 15.1 27.r 33.1 19.0 29 .6 28.3 14 .7 r2.4

* based on equivalent o;.-values on Table 4

- not applicable
TABLE 3 - TRIAXIAL CONSOLIDATION RESULTS AT THE END

OF STRESS-CONTROLLED TESTÏNG
I

-*¡
5
I



TEST NLnÍBER T502 T503 T504 T505 T507 T507* T508 T508* T509 T509* T510

pr vs v 66 66 r2s 69 tr7 67 83 s7

q vse 64 62 59 r37 7T 67 81t 61

or vs et 66 67 s7 96 58 130 73 110f 61 85 64

ú vs e 61 I02 I25
3 3

Pt vs er 67 7T 59 95 58 134 74 r37 64 86 64

W vs LSSV 66 70 67 97 64 r33 72 L32 7L 85 65

AVERAGE pf (kPa) 6s.B 67.s 61.0 97.s 61.0 131.8 7I.8 I27.8 66.0 84.8 62.2

EQUIVALENTo$.(kPa) 88.1 90.4 81.7 98.8 81.7 I77.0 96.2 L47.O 88.4 L26.6 83.3

Ê1
C)
+)I
(tl
Ê{
(Ú

Ê.

€
(¡)
+,
+¡
o

F{

o.

NOTE All yield stresses presented in this table have been put in terns of pt along the
stress path for the test.

* second yield
t not included in the average

TABLE 4 - YIELD STRESSES FROM DIFFERENT YIELD CRITERIA

I\t
Cn
I



TEST NUMBER T5O1 T5O2 T5O3 T5O4 T5O5 T506 T5O7 T5O8 T5O9 T510

TEST TYPE cKou cKou cKou cKou cru cru cKou cAU cAU CKoU

oårt (kPa) 83.5 86.7 86.6 86.4 100.2 86.7 86.4 86.6 86.7 86.4

o Ivct (kPa) 88.1 90.4 81.7 98. I 81 .7 96 .2 88 .4 83. 3

K I 0.134 0.169 0.2s0 0.307 0.179 0.177 0.131 0.134 0.084

Àt 0.268 0.355 0.3I2 0.436 0.sls O.286 0.436 0.420 0.346 0.328

oi", (kPa) r77 .O L47 .0 126.6

K2 0.L24 0.113 0.077

)\2 0.415 0.480

TABLE 5 . SUMMARY OF TRIAXIAL CONSOLIDATION RESULTS

I\¡
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TEST NtfiBER T502 T503 T507 T507* T508 T508" T509 T509* T510

K fkPa) 644eq 629 1900 829 1875 778 2438 988

o!vc
t (kPa) 88. 1 90.4 81 . 7 I77 .0 96 .2 L47 .0 88.4 L26 .6 83.3

K /or 7.3 7 .7 I0,7 8.6 I2.8 8.8 19. 3 11.9vc

G (kPa) 608 10s3 52L 6833 1087 379 2667 687

G /ol'vc 6.9 11 .6 6.4 38.6 11. 3 4.3 2L.2 8.2

t based on equivalent o|"-values on Table 4

* K and G values obtained from reload curveeq eq

TABLE 6 - SUMMARY OF EQUIVALENT BULK AND SHEAR MODULI, KCg AND GEq

I

!\¡
I
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1501 T502 Ts03 Ts04 T5O5 T506 1507 T508 TSlo
TEST NII'I8ER

6oU CX"U cK"u cLU CIUÍEST TYPE
CAUclu ct("u cAU

(rPa) 212.3 319.4 t66.2 173.0 249.s 178.3 319.6 2s3.1 tó4.roü"

212.3 319.¡t t3.2 l7S.O 249.5 E9.7 3t9.ó 23s.l 82.8
(kPa)oi"

sic/o I
lc 0.62 0,62 0.62 0.61 0.9E 0.98 0.62 0.92 o.ó3

oCR - oüclolc 1.0 1.0 1.0r. 1.0. l.oi 2.01.0 1.0 2,0

(fPa) SE.s 87.0 38.0 SO.B 64.7 44.9 Eg.g ós.4 3g.s4^.*/2' (or-or)/2r",

0.275 0.273 0.229 0.295 0"259 0.2s2 0.2ór 0.2E0 0.235q""r/ 2olvc

(¡) 0.67 0.64 l.16 0.73 s.7t 4.97 O.ó4 4.14 ¡.5ser at qÐx/z

(kPa) 134.0 2t7.2 62.r loE.3 ts2.9 t4.g 211.2 t38.6 6E.5p' at q-¡r/2

z.4sr 2.zs 3.t2s 2.74; 2.s3, 2.g3; 2.oLr 2.68r(o i /oi )r.rt 2. 8ó

e¡ at (qilo¡)Eår (¡) 10. l4t 6.42 o.77 rr. trt 10.30 9.0sf 9.0r+ lr. o4t o. Bo

E
50

(MPa) 3r.0 44.9 ls.E 30.3 44.6 ts.z 30.9 93.ó ¡S.B

Ero /s" s29 5tó 4r6 59ó 295 37L 5t4 4rló89

^f
0.54 0.63 0.31 0.90 .1.0ó 0.42 0,67 0.94 0.23

100 100B 100 99 100 94 9ó(¡) e4.e

t.38 2.OO 2.70 2.00 t.30 1.85 2.08 2.50n - Au/p x

oat'0.¡ 6.1 5.4 7.L 7.2 8.2x x x(t) 6.7

tp 5.63 10.40I I x(t) 3.2e ¡f.6ó 6.58 2.79

(t/h¡) 0.E0 1.27 0.79 o.73 0.97 0.98 0.E8 0.77 0.75€¡

Eroloü" o" Ero 19l146 97 144l4l 190 L75 179 t47/o

ÊÉ initially lsotropically loaded to ol . kPa, off loaded to LPa (O€R - 2.0, f . 0.).
reloaded isotropically beyond of" iñto noraally cørsolidated behaviour (OCR. 1.0)

e initially Xo-loaded to ol r164 tpa, offtoaded to 82 Lpa (OCR ' 2.0, N.0.62),
¡eloaded beyond of" into norrally consolid¡ted behaviour (OCR r 1.0).

e or at cnd of tcst
t oilo\ v¡lue obtained fmn cnd of test ,
t et gt (ollo¡)nÀ¡( value fro¡ cnd of test.

- ¡ssr¡æd to be satisfactorìf .
r not obtained

IABIE 7 - SUl.li{ARY OF lrl¡DR.ÀINED SHEAR IE,ST RESULTS



CYLINDER NTJMBER I 2 5 4 5 6 7 I 9 l0

TRIAXIAL TEST NUMBER T5O1 T5O2 T5O3 T5O4 T5O5 T506 T5O7 T5O8 T5O9 T51O

OEDOMETER TEST NIffBER c512 C515 C514 C5l5

CRS TEST NUMBER
C5164
C5 168

c5t7 c518 C519 C520

TABLE 8 - CORRESPONDING TRIAXIAL, OEDOMETER AND CRS SAMPLES

TO THEIR RECOMMENDATION CYLINDER NUMBER

#

FS

R

not applicable
not obtained
I fully-softenedr sample

remoulded sample

TEST NUMBER c501 c502 c5 12 c5 13 c514 c515

SAMPLE TYPE FS FS R R R R

oåyt (kPa) # # 86 "7 86.6 86.4 100.2

orï" (kPa) 31s 324 83"5 87.5 88. 0 94. s

K 0.088 0.095 0.089 0.097 0.084 0.064

À 0.295 0.292 0.372 0.340 0.394 o.362

I\¡
(o
I

TABLE 9 - STJMMARY OF OEDOMETER TESTS



TEST NU4BER c516A C5168 C5L7 c5 18 c5 19 c520

oå"¿ (kPa) 86.7 86,7 86.4 86.6 86.7 86.4

BP (kPa) 200 200 0 0 200 0

er(*"/h'r) 0.94 0 .94 0.94 0.94
*

0.94 0 .94

or (kPa) 96 84 60 90 84 89vc

cc 0.924 0.864 0.896 0.885 0.9s5 0.811

À 0.401 0. 375 0.389 0 . 384 0.4 15 0 .352

lo. r 16.9

- not obtained
* step changing procedure applied (other stráin rate used = O.Ol2%/hr.)

TABLE 10 - SUMMARY OF CONSTAI,¡T RATE OF STRAIN (cRS) TESTS
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o Ts07

a T508

t Ts09

:lt sanptes previously loaded to
twice the current vertical
stress on the Ko line

I
I Proposed by

Graham, Noonan and Lew (1983).l
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APPENDIX 1

PREPARATION OF REMOULDED CLAY FOR

GEOTECHNICAL TESTING
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1.0 INTRODUCTION

This note describes the process of preparing remoulded clay perti-

nent to tests, such as triaxial compression and oedoneter tests in the

Geotechnical Laboratories, University of Manitoba.

Basically, there are thro steps in the process, namely,

- Renoulding

- Reconsolidating

'Renoulding' here refers to the breakdown of intact clay structure

through grinding air-dried natural clay into grotrnd soil. A slumy is

forned by mixing the ground soil with distilled water to a consistency of

twice the liquid linit of that clay. The slurry is then allowed torre-

consolidater wrder an applied load to form remoulded cIay, which can be

trimmed in the laboratory.

The equipment used throughout the process was mostly designed by

Dr. J. Graham, to complenent the ongoing research progran directed by

himself. Technical staff, Mr. J. Clark, Mr.S. Meyerhoff, and Mr. N.

Piamsalee are acknowledged for their contribution in making and modifying

the equipment needed. The basic equipment includes: i) a mechanical nixing

unit (Fig. A), ii) a reconsolidation r¡nit (Fig. B), and iii) an extruding

r¡nit (Fig. C).

The note takes the forn of a set of abbreviated instructions for

the preparation of the sanple and the operation of the equipment.

O REMOULDING

Prepare soil which has been de-aired previously. Pulverize soil by

grinding them in a grinder, such as the one in the Geotechnical Lab-

1

2

2
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oratories, üniversity of Manitoba. Finely ground soil should pass a

No. 4 sieve.

Calculate the anount of pulverized soil solid and distilled water

required to forn a slurry of twice its liquid limit consistency.

NOTE: 1) The naximum amount of slurry the mixer can hold without

spilling during the mixing process is 4,160 c.c.

2) Based on the typical Winnipeg clay profile shown by Au

(1982). The nixer can hold 2,075 g. of pulverized soil

solid and 3,400 c"c. of distilled water.

In order to avoid the fornation of lurnps, it is desirable to mix

the soil solid with distilled water by hand stirring prior to the

mechanical nixing process. Care should be taken to ensure full

transference of soil solids into the rnixing container.

Set up the mechanical rnixing trnit (Fig. A).

1) Place the top cover (which has a beater bar systen attached)

onto the mixing container.

2) Tighten the 6 screws holding the top in place.

3) Secure the whole mixing container onto the steel base plate.

4) Fasten the steel shaft of the beater bar system to the vertical

rotatirg shaft of the dri1l press which is used to drive the

mixer.

5) Apply a vacuum to the mixer through the top connection. Switch

on the mixer motor.

In order to obtain consistent sanples, a mixing and idling time ì

schedule is recommended:

1) Switch the mixer on for one hour with the vacuum pump on.

Switch the mixer and the purnp off to idle for threnty-four hours.

2.5
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2.6

2) Switch the nixer on for half an hour without the vacuuln punp,

and then let it idle for three hours.

3) Repeat step 2) four times.

Once the slurry is prepared, it is poured into a perspex cylinder

allowing the slurry to consolidate. Before removing the mixing

container from the mechanical nixing unit, it is recommended to mix

the slurry for ten minutes, so that turiformly mixed slurry can be

obtained.

3.0 THE POURING OF MIXED SLURRY INTO CONSOLIDATION CYLINDER

3.1

Prior to pouring the mixed slurry into the reconsolidation cylinders

it is inportant to have nade the following advance preparations:

Lightly grease the interior of the perspex consolidation cylinder

by silicone grease. This reduces piston friction during the conso-

lidation and also provides less resistance during the extrusion of

the remoulded sample.

Prepare two 4?tdiameter (101.6 run) filter paper discs, which are

used to prevent the porous stones from getting clogged by fine clay

particles during drainage, and to facilitate the removal of the

cLay after the reconsolidation process.

Close the bottom drainage lead and 1ay a filter paper disc on top

of the bottom porous stone.

Weigh the empty cylinder (without top cover) together with the

botton porous stone and filter paper. Measure the diameter of the

cylinder. Record them in sheet i).

Pour slurry into the cylinder through a fi.rnnel tntil it is about

5 - 8 cm fron the top of the cylinder.

3.2

3.3

3.4

3.5
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NOTE: It is inportant to support the cylinder throughout the

pouring process.

Re-weigh the cylinder with slurry and enter the weight in sheet i).

This procedure is done to calculate the total amount of slurry in

the cylinder.

Measure five noisture contents from the slurry remaining inside the

m]-xer.

4.0 RECONSOLIDATION

4.r

Figure B shows a photograph of the, reconsolidation unit.

Transfer the cylinder to the consolidation frame. care should be

taken not to disturb other consolidating samples in the frame.

Place a filter paper on top of the slurry. Prior to loading, weight

the hanger, ball bearing, piston with top filter stone and dial

gauge platform, and record them in sheet i).

App1y a thin layer of silicon oil to the piston shaft and a thin

coat of silicone grease to the sides of the piston.

Connect top drainage lead to the piston. Make sure the top cap of

the cylinder has the drainage tubing coming out through the hore of

the cap. Also, connect the bottom drainage lead to the base of the

cylinde r.

Lower the piston slowly untit the botton of the piston is brought

into contact with the slurry.

NOTE: Because of the fluid-1ike nature of the slurry, it is very :

difficult to determine the rexact' initial position when con-

tact has been made.

4.2

4.3

4.4

4.5
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Attach a dial gauge platforrn on the piston shaft and set the verti-

cal dial gauge in place. Its placenent should facilitate the reading

during loading. Zero the dial gauge and record the initial reading.

Since the mixed slurry inside the consolidation cylinder is very

soft, it is recommended to put 50 N on the hanger and allow the

slurry to stabilize for twenty-four hours, and then start the first

load increment.

Determine the desired vertical stress level and calculate the load

requirement.

NOTE: 1) In order to obtain satisfactory triaxial or oedometer

sanples which can be trimmed into the triaxial cells or

oedometer rings, estimation of the initial water contents

corresponding to the lowest shear strength must be done

(Henkel, f956) .

2) For the remoulded Winnipeg clay, a vertical stress of no

more than 40 kPa is recommended for the first increnent,

and a minimum final vertical stress of 80 kPa is recommended

in order to obtain a satisfactory clay to work with.

Place the desired weight on the hanger and record times and dial

gauge readings according to the following elapsed tine schedule:

30 sec.,1 min.,2 rnin.,4 min.,8 min.,15 min,., 30 rnin.,1 hr.,2 hr.,

4 hr.,8 hr.,16 hr.,24 ht., and then observe and record readings

every twenty-four hours u¡rtil equilibriurn is observed.

NOTE: 1) It is not unconrnon to re-zero a 50 run dial gauge four to-

five tines in the first load increment before equilibriurn

is obtained. Care rnust be taken to avoid the dial gauge

from going out of travel.



-l4s -

4. 10

2) In order to deternine the end of prirnary consolidation, it

is recommended to plot the consolidation tine relationship

daily.

Once equilibriun for a load increnent is obtained, deternine the

stress level required for the next increnent. Repeat step 4.8 to

4.9 until the desired vertical stress level is obtained.

NOTE: The process of reconsolidation is very time consuming (Henkel,

1956). For exarnple, the time for the formation of remoulded

Winnipeg clay with top and bottom drainage requires approxi-

mately 30 days to obtain equilibriun r¡rder a vertical stress

of 80 kPa.

5.0 EXTRUSION OF THE REMOULDED RECONSOLIDATED CLAY

5.1

Figure C shows a photograph of the extrusion unit.

Once equilibrium is obtained for the desired stress level, weights,

hanger, ball bearing and dial gauge platform are removed after the

final readings are recorded.

Disconnect drainages and remove top cylinder cover.

Weigh the cylinder and piston with the renoulded reconsolidated

clay and record the weight in sheet ii).

Drain away any water which has escaped past the sealing ring on the

piston.

Unscrew the three bottom screws on the reconsolidation cylinder.

Remove the bottom part of the cylinder and the bottom filter stone.-

Invert the cylinder and place the extruder in place under the piston.

Tighten the screw of the base adapter on top of the jack shaft. Care

must be taken to line up the adapter vertically.

5.2

5.3

s.4

5.5

5.6

5.7
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Connect the extruder to the base adapter. Place the top adapter on

top of the inverted cylinder.

Raise the jack shaft, together with the whole cylinder, up until the

top adapter is about 1 cm away from the top guiding p1ate.

Raise the cylinder by hand so that the top adapter is brought in

contact with the top guiding plate.

Raise the jack so that the extruder is brought in contact with the

piston. The whole system should be tightly fitted by now.

Use the jack to slowly push soil up from the cylinder. Both the clay

and the cylinder should be supported during this process.

The clay is then ready to be trinned into the triaxial cell using

techniques described by (Lew, 198I).

Five rnoisture content of the clay is obtained.fron trirunings and can

be recorded in sheet ii).

Fina11y, all the equipnent should be cleaned and set aside for the

next sample.
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Sheet i)

ONE-DIMENS IONAL CYLINDER CONSOLIDATION

Sample Nunber:

Date:

Dimensions

Weight Terms:

Slurry Weight:

Slurry Moisture Content :

Cylinder diameter

Cylinder area

Hanger

Steel ball
Piston + top filter stone

Dial gauge platform

wt.

wt.
wt.

Wo= kg

oT= N

of cyl. + bottom filter stone

of cyl. + bottom filter stone + slurrl
of slurry

cn
2cm

gm

gm

gn

gm

gm

gm

gm

TARE NO.

WT. WET SOIL + TARE

WT. DRY SOIL + TARE

WT. WATER

WT. TARE

WT. DRY SOIL

WATER CONTENT 9"
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Sheet ii)

Sample Number

Date:

Total Weight of Remoulded Soil:

wt. of cyl. + bottom filter stone + piston
+ top filter stone

wt. of cyl. + bottom filter stone + piston
+ top filter stone + remoulded soil

wt. of remoulded soil

Remoulded Soil Moisture Content:

gm

grn

gm

TARE NO.

WT. WET SOIL + TARE

WT. DRY SOIL + TARE

WT. WAI'ER

WT. TARE

WT. DRY SOIL

WATER CONTENT %
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APPENDIX 2

COMPUTER PROGRAM I'ÍANUA],
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2.L INTRODUCTION

The prinary rnotlvaEion for Èhe development of TXCEP (TrlaxlaL

Consolldatlon wfth Energy Calculatlon and Plots), USHEARP (Undrained

Shear wlEh Plots) and OEDOMP (Oedoneter test erlth PloEs) was dtssatls-

factlon wlth then current tedlous data reduction and plotÈlng proeedures

used for Ínterpreting trlaxlal and oedometer tests ln t,he geotechnlcal

laboraÈory. These programs facllitaLe the handllng of Ëhe large amount

of daEa generat,ed fron the research progran lnltlated and supervised by

Dr. J. Graham. The Author Èhanks Dr. Grahan for his encouragement and

suggestions f-n developlng these computer prograns.

TXCEP and USHEARP are used for dralned triaxial consolldatlon tests

and undralned triaxlal shear tests respectívely whlle OEDOI,fP is applt-

cable to conventional oedometer testlngs. All programs were wriEten ln

FORTRAN H rrith free fornat input. Input data should be separaEed by

either commas or blanks. To dlsttngulsh real numbers from integers, real

numbers should contain a decinal point. All the plotting is done by the

CALCOMP (California Computer) Plotter located in Èhe 6th floor of

Engineering Bullding, Unlversity of lLanlEoba. The computer graphfcs

software ls executed by calling a serles of FORTRAN subroutines which are

shown in the program llstlngs.

The general operaEional procedures are glven ln the next secElon,

and then fnstructions for each computer progran wl11 be presented

subsequently.

2.2 OPERATIONAL PROCEDURE

The prograts are all writt.en in FORTRAN 11 and can be operated on Ëhe

system currently in operation at the 5th floor Cornputer Terminal,

Engineering Building, Unlversl-ty of ldanitoba. The Job Control Cards are

as follows:
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(1)
/ / jo¡nane JOB f XXXTYYY, ,L=2 rT=Lþ rC=fl rCO=l | , TUSERNAME I

/*DBoo vPlor(2) '

/ / EXEC FoRTxcc,usERLrB=f sys2.vpLOTLrBt,srZE=256K

//r,

I/* USE SYS3.VPLoTLIB FoR MULTIPLE PLoTS

//*ronr.sYSrN DD *

PROGRAM

/x

/lx

/lco.sYsrN DD *

INPUT DATA

/ / co.FIøLFøøL DD DSN=&& FTøLFøøL,UNIT=SYSDA,DISP=(NEW,PASS),

/ / tr6g¡=(cYL, (2 ,z>)

/ /c0.vt^IoRK DD DSN=&&vtIoRK,uNrT=sysDA,Dlgp=(NEw,IASS),

/ / sPACE=(cYL, (2,2) )

// E)GC VPLOT
(2)

//
NOTE:

6 Jobname should noÈ be more than I characÈers.

(2) It is not, uncorûmon to have input errors especially for tests having
a large nunber of data points. In the early stages of checking the
lnput data ('debuggingr ) process, thls card can be deleted
Ëemporarily and the ploÈtfng procedures will not be executed. This
wlll glve a llstlng of the program, Èhe lnput data and the
calculated output. This procedure ls recommended ln order t.o save
conputer time.
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TXCEP (Trfaxtal Consolldation wlth Energy Cal-culatlons and Plots)

2.4.t Introduction

TXCEP is a computer program qrrltten 1n FORTRAN II for the reductlon

of data obtalned from dralned triaxial consolidatlon tesE. TXCEP

includes ENERGY, a computer program wrltLen previously (Lew, 1981), to

enable energy calculaË,ions. Elght different ploÈs are geûerated fron the

resulEs:

f) Deviator Stress, q vs EffecEive Mean prlnclpal Stress, pt

2) Speclflc Vol-ume, V vs Log Effectlve Mean Prlnclpal Stress, Log pt

3) EffecË1ve Mean Prinelpal sËress vs volunetrlc sÈrainr v

4) Shear Strain, e vs Shear Stress, q

5) Axial Strain, e rvs Effect,ive Axlal Stressr ol

6> LaÈerial Strain, e3 vs Effective Lateral Stress, of

7) Axial- Strain, el vs Ef fective I'lean Prlnclpal SËress, pt

8) Energy, ül vs Length of SÈress Vecror, LSSV

These plots facilltate studies of CriLical State and yfeld deEernlnations

of the EesEed soll.

2.A,.2 Input Order

Card Input Element Type Format

1 TSAMP

NHOLE

TOPTHM

BOPTHI'l

Sarnple No.

Ilole No.

DepËh of Sanple (Top)

Depth of Sanple (BotÈom)

Integer

Integer

Real

Real
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Card Input Elenent Type

Initial Moisture Conrent (%)

Speciflc Gravity

Inittal Sample Height

IniLial Sanple Volume

Starting DaEe of Test

Ending Date of Test

Total No. of Data Points

Effective Axlal Stress (kPa)

Effectlve Laterial Stress (kPa)

Change 1n Sanple lleight (cn)

Change in Sample Volume ("r3)

FormaE

Real

Real

Real

Real

Integer

Integer

Int,eger

Real

Real

Real

Real

2 IMC

3

GS

4

5 M

INTHT

INTVOL

JDATES

JDATEE

SIGMA3

DELTAH

DELTAV

6* SIGMA1

(*One input element for each of M data polnts)

2.4.3 OuEput

There are two klnds of outpuË generated, namely, the LINE Printer

output and Ehe plots from Ehe CALCOMP Plotter.

2.^.3.L From the LINE Prlnter

Following the program lfsting, the printer prints the background

infornatlon in the followlng order:

1) Sanple No.

2) Ilole No.
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3) Depth of SamPle (ToP)

4) DepÈh of Sarnple (Bottom)

5) Initial Moisture ContgËt

6) Specific Gravity of Soll

7) InitlaL Void Ratio

8) IniÈlal l{etght of Sanple

9) Inltlal Volume of Sanple

10) Effecttve Princlpal Stress ltatio

11) Final MolsEure Content

L2) Starting and Endlng Data of test

The calculated results are printed in a form of the well organlzed

Èab1e which conslsts of the followlng:

f) EffecElve Axial Stress

2) Effectf-ve Lateral Stress

3) Axial Straln

4) Lat,eral StraÍn

5) Effective llean Prlnclpal Stress

6) EffecÈive DevfaÈor SEress

7) Vold Rarfo

B) Speclfic Volume

Then another Ëable by the title of rSummary of Essent,ial Results Stored

in Fller will be l1sted. This table, contalnfng the bastc lnfornaÈion of

the trlaxlal consoltdation test, is fornaLted to a1low easy storage into

a MANTES (Manttoba Text Editlng Systen) file. The table does nor contain

any new inforuat.lon and is solely for archlvlng purposes. For further
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informatlon concerning the copylng Èechnique, the readers are referred to

MANTES USER MANUAL (Ferch, Neufeld, Zarnke, 1978). The daËa should be

Èransferred on to Dr. Grahant s archlve ftle, uslng the program prepared

by Kwok (f983).

The computer w111 then print out two tables of enerry calculaElons

as described by Lew (1981).

2.^.3.2 From the CALCOMP PloÈter

The eight plots menLioned earller are received at, the InpuË/Output

(I/O) Window located on Ëhe 6th floor of Engineering Building, University

of }fanitoba.
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**rt* * t * *** * *i Êt ** * * * ** * tt* *
**
* TXCEP ***
* * ** ** ** *** * ** * ** * * tr* ** ****

THIS PROGRAI.l REOUCES DATA FROI{ TRIAXIAL CONSOLISATION

TEST. REOUCÊD OATA INCLUOES :

EIFTCTIVE AXIAL STRESS

EFTECTIVT LATERAL STRESS

AXIAL STRAIN
LATERAL STRA I N

VOLUI.IETRIC STRAIN
EFFECTIVE P

EtFtcTrvE Q

VOID RATIO
SPECIFIC VOLUI{E

t0) SHE.AR STRAIN
THE PROGRAIl ALSO INCLUt)TS ENERGY CALCULATION I{HICH WAS

VAS BASICALLY THE SA'1T PROGRAI{ AS 'ENERGY"
BESIDES THE FUNCTIONS I,IENTIONEO AEOVE' THIS PROGRA'{

ALSO PROOUCTS IHE FOLLOI.'ING PLOTS ¡

LoG P VS. V

P vs. Q
SHEAR STRAIt{ VS. Q

VOL. STRAIN VS. P

LATERAL STRAII VS. LATERAL STRESS

AX I AL STA I N VS. TATERAL STRESS
L55V VS . l{
AXIAL STRAIN VS. P

RÉADING IN ESSENTIÂL IIIFOR'{ÀTION

trR I TE (6, 60)
\{RtrE (6,6r)
REAO*, JSAI{P, NHOLE,TDPTHÄ, BDPTHII

IF (NHOLE.LT.O) GO TO T2

I.¡R tTI (6,630) JSAIIP, I{HOLE , TDPTHI{, BDPTH''I

c0 T0 l{3

!2 r{RrrE (6,631) JSAñP

{3 RtAo* , ulc, Gs

tvR¡Gs*ll{c/ì00
\.rRrrr (6.1o0) tÄc
trRrrE (6, ìol)GS
\.lR rTE (6, ì 02) I vR

REAO* , INTHT, INTVOL

lJR T TE (6, ì 20) I NTHT
r.,RrrE (6, ì21) INTVoL
REAO* , JOÀTES, JOATTE

REA0*,l{
l-l

2 r r (r ,GT.r{) G0 f0 3
nelo*,s rônlr (t), i I G,r¡3 (l ),oELTAH (l ), DELTAV (l )
STRÀNì ( | ) -DtLTAH (t) /INTHT'I 100

voLSTR ( I ) -DELTAV (l ) / I NTv0L* 100

srRAN3 (l) - (voL5TR (l) -STRANì (l) ) /2
sHEsrR (t) - (STRANì (t ) -STRANl (t) ) *2/3
P (r)-(SlGñAì (l)+SlGl{43 (l')t'21 /3
Q (l) -Sl G,rÂì (l) -slGt{43 (l)
rjn (t ) -r vR-vousTR (t ) /loo* (l+t vR)

SPVoL (t) -l+vR (1)

l-l+l
GOTO2

3 RATI0-SlGñ43 (l{)/SlGl{Al (r{)

r,rRrTE (6,l03) RATI0
ç¡ç-1ge*y¡ (n) /GS
r{R I TE (6 , l0¡{) Ftrc

r)
2)
3)
!)
5)
6)
7)
8)
9)

r)
2)
3)
r)
5l
6)
7)
8)

(6, I65) JDÀTES,JOATEE
(6,6q)
(6,65)
(6,69)
(6, 70)

}IR ITE
VRITT
IIR ITE
URITE
IJR ITE
l-l

4 rF (r .GT.
trR rTt (6,

6P(t),Q(l
l-l+l
GOTO!

! L-JSÀl{P/lo0
NS-J 5AllP - L* I 00

CALL LGLIN (P,
cÂtL PLoT (0.0
CALL PLOT(5.5
CALL PLOT (5.5

Ir) G0 T0 5
i'eol r,sicful (l) ,slGr'1A3 (l) , srRANì (l) ,voLsrR (l) 

'srRAN3 
(l) 

'
),vR (r),sPvoL (l),sHESrR (l)

o I åENS r ON S I Gr{A ì (90), S I G'{43 (90),STRAN I (90), srRAN3 (9o)'V0LSTR (90)

¿, P (90), Q (90), vR (90), sPvOL (90), DELTAH (90)' DtLrAv (90)' I BUF (4000)

Dr,{ÈNStON JPT(90) ,tSl'rAl (90),ESlr'tÂ3 (90) 
'ASrRNl 

(90) 
'RsrRN3(90) 

.

roEvsïl(90),ocrsrn (90),voLsrN (90),AslrlAl (90)'aslr{43 (90)'
r0EsrNì (90) ,oEsrNl (90) ,Lssv(90) ,0ELtNE (90) 

'r0rENE 
(90) 

'
rNsrRNl (90),NsrRN3 (9o),0ELENN(90),rorENN (90), lNcsNl (90)'
r r Ncsr{3 (to) , I r{voL (90) ,NvOLst'¡ (90) , LsNvE (90) 

' 
LSNVN (90) 

' 
SHESTR (90)

RtAL LSsV. NSTRN l, NSTRN3, NVoLsN, I NCSN I, I NCSN3' I l{VoL' LSNVE' LSNVN

RtÂL lSTRNl,lSTRN3
REAL illc,GS, lVR,RATl0,tttc, INTHT, INTVoL

c
c
c
c
c
c

PLOT LOG P VS V

CALL PLOTS (l BUt'¡{000)
cALL PLOT (0.O"-5.0,-3)
cALL PrOT(0.0"1.5,-3)
cALL scALG (P,5.5,tt, l)
cALL SCALE (SPVOL,t,o,l{, l)
cÀLL LGAXS (O.O,O.O,' LOG P (KPA) 

"-12'5.5'0.0'¿P(r{+l),P(il+2))
cALL AX I S (O.O,O.O,' SPEC I F I C V0LUr{E 

" 
l5'4.0'90.0

¿sPvoL (,t+ì ) , sPvol (n|2) )

c
c
c
c
c
c

l,-r,2,-l)sPvoL,1,1
,¡,.0,3)
,t.0,2)
,0.0, 2)

c
c
c
c
c

I

ts
(n
æ

I

PLOT P VS Q



ì (ì-(voLsTN(l l+l)+voLSTN(l l))/2O0)
rNcsN3(r t)-(rNVoL(l l)-lNcsNl (l l))/2

cALL PLOT (0.0,¡{.5,-l)
P(r'1+ì)-0.
P (ñ+2) =60
Q(Ä+l)-0.
Q (¿1+2) -60

PLoT(12.0,0.0

CALL
CAL L

CAL t
CALL
CAL L
CALL
CAL L

AX ts
AX I5
L INT
PLOT
P LOT
PLOT

3)
2)
2)
t-tt

,P (KPA) ' ,-1 ,5.5,o.o,
,Q (KPÀ) ' ,7 ,3 .5,90 .o,
-t, t) OSIÄAl*tSlftÂì (l

OS lñÂ3=tS ll'lÂ3 (l
O5TRNl-ASTRNI (l
oSrRNS-RSIRN3 (l
ISTRNì-NSTRNì (l
I STRN3=NSTRN3 (l
D0 ll l=l
Lssv(t)-sQRr((
LsNvt (l ) -SQRT (

LstlvN(l)-sQRT(
CONT I NUT

ENERGY CALCULAT I ONS

0
.0
0
.0
(o
(o
(P
(o

6
ß

P (n+
(11+

(,,t+2)
(r{+2)

P

a

12 CONT I NUE

D0 13

NSTRNI (K+I)
NSTRNS (K+ì)
NVoL SN (K+ ì )

tl coNTrNUt

K=l,L
= I NCSN I (K) +NSTRN I (K)

= I NC SN I (K) +ñSTRN 3 (K)

= | NvoL (K) +¡tvoLSN (K)
0,0 .0
0,0.0
Q,r,1,I
o ,3.5
E2l

5,0 .0

a

E5 r tlÀì ( | ) -OS I llÂl) **2+2* (ES I l',tÂ3 (l )

(ASTRNt (r ) -OSTRN l) **2+2* (RSTRN3 (l
(r¡sTRNr (r ) - r STRN ì) t*2+2* (NsTRN3 (l

-0S I nA3) *t2)
) -osrRl3¡ **2¡
)-tstnx3l**2¡

wR¡r¡ (6,981)
r{R rTt (6, 7 r )
rJR lrE (6,72)
l-l

6 rt(t.6r.r{) G

r,rR I TE (6,982)
l- l+l
GOTO6

7 PRrNT 98ì

N-lt
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRI NT
PRINT
DO

0T07
l,srG¡Ar (t) ,slcr'143 (l) ,srRANl (l) ,srRAN3(l) 'sPvoL(l)

c
c
c
c
c
c

ll-N- ì

00
c
c
c

20 J= ì ,11

AS I r,lA l (J) - (ES r r,1Aì (J+ì) +ts lna I (J) ) /2
As r,,rA3 (J) - (ES rÄ43 (J+l) +ES ¡ñ43 (J) ) ,/2
DESTNI (J) -ASTRNì (J+ì) -ASTRN'¡ (J)

DESTNS (J)'RSTRN3 (J+I) -RsTRN3 (J)

DELENE iJt - (AS r ÄA r (J) *DESTN ì (J) +2tAS I r{43 (J) *OESTN3 (J) ) / 100

DELTNN(J)-(ASlr,rAl (J)*(NSTRNI (J+l) -NSTRNl (J)) +

I 2*ASlAA3(J)'t(NsTRN3(J+l)-NsfRN3(J)))/100
20 CONTINUE

T0TENE(¡)-0.0
TofENN(l)=0.o
D0 l0 K-'l 

' 
I't

ToTENE (T+ ¡ ¡.¡6LINE (K) +TOTENE (K)

TOTENN (K+I).OELENN (K) +TOTENN (K)

l0 coNTINUE

PRINT CALCULÂTEO RESULTS

D0 40 KK-I,N
PR I NT 90, JPT (KK), ES l''tA I (KK), ES I r'tÀ3 (KK), DEVST}I (KK)' OCTST|4 (KK)'

I ¡STNX T (iTJ , RSTRN3 (KK) , VOLSTN (KK) , LSSV (KK) , LSNVE (KK) 
'TOTENE 

(KK)

¡r (KK.EQ.N) G0 T0 40
PRINT 9ì, DELENE(KK)

40 CONTINUE
PRINT 60
PRINT 6I
PRrNT 63
PRINT 73
PRINT 80, JSAIIP,NHOLE,TOPTHh'BDPTHÄ
PRINT 85, JDATES,JOATTT
PRINT 8ì
PRINT 82
PRINT 83
PRINT 8!
D0 [l JJ=l,N

60
6l
63
66
80, JSAI.IP,NHOLE,TDPTHI.I, BOþTH,I

85, JDATES,JDATEE
8r
8z
83
8À
l0 l-ì,N

c
c
c
c
c
c

c
c
c
c
c
c

RTADING IN STRESS-STRAIII VALUES

ESI l'lÂl (l ) =S I GÄAl (l)
ES rñA3 (r ) -st Gr{Â3 (l )
ASTRNI (l)-sTRÂ¡{l (l)
V0LSTN(l)*v0LSTR(l)
JPT(l)-l
DEVSTT{ (r ) =ES I r{At (l ) -ES l t'tA3 (l )

OcTsT¡r (t ) - (Es I I'tA ì (l ) +2*Es lr'lA3 (, ) / 3

RSTRNI (¡ ) - (vg¡srr'¡ (l ) -ASTRNì (l ) ) /2
IO CONT I NUE

L-N-l
NSTRNI (r).-ASTRNì (l) / (l-AsrRNl (ì) /200)
NvoLsN (r ) -VoLSTN (l),/ (l -voLsTN (l) /200)
NSTRNS (l) - fNvoLsr{ (l) -NSTRN I (l) ) /2
00 '12 ll-ì'L
lNCSNl (l l)- (ASTRNì (l l+l) -ASTRNI (l l) ) /

ì (ì-(ASTRNI (l l+ì)+ASTRNì (l l))/200)
r NvoL (l r) -(voLsTN (l l+ì) -voLsTN (l l) ) /

¡

F
(J]
ro
I



PRrNT 90. JPT(JJ),ESlr,lAt (JJ),ESll1Â3(JJ),0EVS-|ñ(JJ)
ìNSTRNì (JJ) ,NSTRN3 (JJ) ,NVOLSN (JJ) ,tSSV(JJ) ,LsNVN (JJ)
lF (JJ.EQ.N) G0 T0 ¡rì
PRrHT 9t, 0tLtNN(JJ)

4I CONTINUT
PRrNT 98ì

0cTsTrl (J.r) ,
TOTENN (J.J)

c

c
c
c
c
c
c

cALL SCALE (STRANì,6.0,t'l, l)
cALL SCALE (SrGi'rAì,!.0,r{, t)
CALL PLOT (0.0,r{.5, -3)
cArL AXrS (0.0,0.0, 'AxrAL STRATN (t) ,,-r6,6.0,0.0,

6STRANt (r1+t) ,STRANì (r'1+2) )
CALL AXrS (0.0,0.0,'srGr'rAl (KPA) 

" 
ì2,l.0,g0.0,stGlrAl (r.1+ì) ,

¿s r Gr'rA I (l,r+2) )
CALL L I NE (STRANt,StGt'lA1,'1, t,-1, l2)SHIAR STRAIN V5 sHEÂR STRISS PLOT

cALL PL0T (0.0, -5.0, -3)
cALL SCÂLE (SHr.sTR,6.o,ñ, t)
Q(r't+l)-o.o
Q (rfi-2) -60.0
cALL AXtS(0.0,O.0,'SHEAR STRATN (t) 

"-t6,6.0.O.0,6SHESTR (Ä+r) , SHESTR (n+2) )
cALL AXr S (0.0,0.0,'sHEÁR STRESS , Q (KpA) ',22,4.0,90,0,

¿Q (n+ I ) , Q (r,l+2) )
cALL LrNr (SHESTR,Q,ñ, t,-t,0)

CALL PLOT (O

CALL PLOT (6
CALL PLOT (6

,3)
,2)
,2)

CALL
CALL
CALL

0,À.0
0, 4.0
0 ,0.0

c
c
c
c
c
c

cÀLL PL0T (r2.o,0.0,-3)

PLOT LSSV VS IJ

cALL SCALE (1SSV,6.0,Ä, ì)
cALL SCALE (T0TENE,4.0,n, l)
cALL PL0T (0.0,-4.5,-3)
cÂLL AXrS(0,0,0.0,'L5SV (KpA) ''-r0,6.0,0.0,

¿LSSV (ñ+r) , LSSV (tr¡2) )
cALL AXrS(0.0,0.o,'rJ (rlln**3¡ 

"t2,4.0,90.0,¿ÌoTENt (Ä+l) ,ToTENE (r.r+2) )
cALL LrNE (LSSV,ToTENE,r{, |,-t, I ì)
CÂLL PL0T(0.0'li.0,3)
cALL PtoT(6.0,4.o,2)
cALL PL0T(6.0,0.0,2)

PLOÏ AXIAL STRAIN VS P

cALL PL0T (0.0,4.5,-3)
cALr Àxrs (0.0,0.0,'AxtAL STRAtN (t) ,,-t6,6.o,0.0,

¿sTRÂN l (r{+l),sTRANr (r{+2) )
CALL AXIS (0.0,o.0,'P (KPA) ',7,1r.0,90.0,P(t{+l) ,

¿P (r.r+2) )
CALL LrNE (STRANt,P,t'r, ì,-r,3)

ProT (0.
PLoT (6 .
PL0T (6.

cALL PL0T (l 2.0,0.0,999)
STOP

120 F0Rr{AT(38H tNtTtÀL HETGHT 0F SAr{pLE
t2ì F0RrlAT(38H tNrTrAL V0LUt{E 0F SAt'tpLE
103 F0Rr.lAT(38H EFFECTTVE PRrNCtpÁL STRESS RATTO
to0 FoRfrÂT(38H rNrTrAL t{0rsTURE CoNTENT
l0ì F0RI{AT(38H SPECTFTC GRAVtTy Ot SOtL
IO2 FORåAT(38H INITIÂL VOID RATIO
r0t FoR|AT (38H t r NAL 

'{0 
I STURE CoHTENT

6//,t
60 FoRr,rAT (tÅÌ,////,23H uNlvERstTy 0F È{ANtroBA)
6l FoRr{AT (26H S0rL nECHANtCS LAEORATORY//)

CALL PLOT
CÂLt PLOT
CALt PLOT

l)
2)
rl

(0.0,4.0
(6.0,4.0
(6.0,0.0

c
c
c
c
c
c

PLOT VOLU'IE STRAIN VS P

cALL SCALT (VoLSTR,6.0,r,r, t)
P (Ä+l ) -0.0
P (Ä+2) -6,0 .0
cALL PL0T (0.0,t .5,-3¡
cALL Àxrs (0.0,0.0,'voLUr{E STRAll{ (t) ',-t7,6.0,0.0,

¿voLsTR (r1+ì) ,v0LsTR (|r+2) )
cALL AX r S (0.0,0.0,, p (KpA)', 7,À.O, gO.O, p (r{+l), p (t1+2) )
cALL LrNE (VoISTR,P,tt, t,-1.5)
caLL PLoT(0.0,û.0,3)
cArL PL0T(6.0,4.0,2)
cALL PL0r (6.0,0.0,2)
cALL PL0T (¡2.0,0.0,-3)

PLOT LATERAL STRAIN VS LÂTERAL STRESS

c
c
c
c
c
c

3)
2)
2)

0,4.o
0, 4.0
o,0.0

cALL PL0T (0.0, -\.5,-3)
cALL SCALE (sTRAN3,6.O,tr, l)
cALL sCAtE (S¡GrlA3,!.0,r,t, t)
cALL AXtS (0.0,0.0,,LATERAL STRATN

¿STRAN3 (n+t) ,STRÂN3 (r,r+2) )
cALL AXr S (0.0,0.0,'LATERAL STRESS

Es r Gr'ta3 (t'r+l),s I Gt{A3 (ñ+2) )
cALL L I Nt (STRANI,S tcr{A3,r{, l,- t-, l0)
CALL PLOT(0.0,Ii.0,3)
cALL PL0T(6.0,4.0,2)
cALL PL0T (6.0,0.0,2)

5.2,3H CA)
6.2,3H cc)
4.2)

,t
,F
,F

(t) ,,-18,6.0,0.0,

(KPA) ',20,4.0,90.0,

, F5. I ,8H PERCENT)

, F4.2)

'F6.3)
. r5. I ,8H PERCEIIT

sTRÂ r Nl,

r65 toR¡rAT(28H TX. CoNSoLtDATtON START, ilo,5H
ISHEND, r ì0 )

6li F0RllAT(29H TRIAxIAL C0NS0LIDATI0N TEST )
65 FoRt'lAT(29H :::::::::::::::::::::::: zt:,///)
69 Foqn|.r(///,\8H pr EFFECT trtECT STRAtNI VOLU,{E

¿!5H TFFECT Q VorD v SHEAR )
70 FoRrlAT(l{8H StctlAt SlGtlA3 STRATN

I
F
o\o
I

PLOT AX I AL STRA I N VS AX I AL STRESS



L\sH P RAT|0 STRÂ|N//)
71 FORAA-TU//,44H SUII,IARY OF ESSENTIAL RESULTS STORTO IN IILT,)
72 FoRñAT(////////,\6H Pf Stcr{Ât StGrlÂ3 STRArÑt STRAtN3

E ,lHV / /\
630 tORtlAT(ì5H SAI1PLE N0. - T,lù,5X,llH H0LE N0. - ,t\,5x,

I gH 0EpTH - ,t6.2, I tH ntTRtS T0 .F6.2,8H ñETR€S )
6lì toR|AT(r5H sAÄpLr N0. - T,rq,5x,' (Ril{ouLoE0 sÂr{pLr)')
980 FoRnAr ( r 4, 2x, F 6.2, 3x, F 6. 2, 3x, t 6. 3, 3x, f 6. 3, 3x,F 6. 3, 3x, F6. 2, 3X,

¿,F 6.2, 3x,t 6. 3,3x, r6. 3, lX, F6.3)
982 FoR''rAr ( r 4, 2r, r6. 2, 3x,t 6.2, 3x, F 6. 3,3x, F6. 3, lx, r6. 3)
g8t FoRÄAT (ìHl)
63 FoRnAT(20H €NERGy cALcuLATr0Ns,/)
66 rouet13lu **** ENcrNEtRtNc STRAll¡ ****//)
73 FOR'{AT(3lH **** NATURAL STRAtN ****//)
80 FoR|{AT(l5H SAIIPLE N0.. T,l4,5x,llH HOLE No. -,14,5x,

r gH DEpTH - ,î6.2, I lH 
'ttTRES 

T0 ,F6.2,8H ÄETRES //)
8¡ FOR,{AT(47H PT EITEcT ETfEcT DEv EFFEcT AXIAL,

I5OH RAD I AL VOL LSSV LSNV DELTÂ TOTAL)
82 toRr,rAT(¡i8H stcnAì srGÄÂ3 srREss ocT srRAtN,

ì5ìH STRAIN STRAIN EÑERGY TNERGY )
83 FOR¡{AT (T5H KPA KPA KPA sTREss t,

r54H t t KPA t KN-II/V0LKN-fi/VOL)
8{ FoR,'rAr (36H KP^/)
g0 roRrlAT ( r 1., 2x, F6. r, 3x, 16. t, 2x,F 6. r, 3x, F6. I, tx, F6. 3, 2x, 16. 3,

13x,F6.3,2x,F6. l,2X,Ft. ì, ì ìX,r7.3)
9r roR¡rAr(8rx,F7.3)
85 FoR¡{AT(22H TEST RESULTS START, I t0,5H

ì3HEND, I t0 ///)
E¡IO

//G0.sYSrN DD *

I

ts
o\
P

I
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APPENDIX 28 - USI{EARP
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USHEARP (Undralned Shear r¿ith P1oÈs )

2.B.1 Introduction

USHEARP is actually an extension of the program TRIAXIAL (Lew, 1981)

whlch was developed to handle rarr data obtalned in undralned t.rlaxlal

shear tesË. This progran plots the reduced dara by means of computer

graphics techniques. USHEARP produces three ploÈs:

f) Axial sËraln, et vs Normallzed Half DevlaÈor Stress, (or-o3) /ZotL

2) Axial strain, el vs Effective Prlnclpal Stress Ratlo, or'/or'

3) Axial strain, el vs Normalized Change ln Porewat,er Pressure, Au/ort

2.8.2 Preparatlon of Input

The program was wriËten 1n FORTRAN H. "Free FormaÈ" tnput is used.

Input should be presenËed in the order shown below as InÈeger or Real.

Real nurnbers require decimal polnts. Data should be separaËed elther by

commas or at least, a blank space.

The order of lnput Ls as follows:

Card Input Element Type Format,

1* JSAMP Sanple No.

NHOLE Hole No.

TDPTHM Depth of Sample (Top)

BDPTHM Deprh of Sanple (Borrom)

(* For remoulded sanples: NHOLE=-I, TDPTHM=0, BDPIHM=O)

Int eger

Integer

Real

Real

Real

Real

Real

Real-

2 SHGHTM

SVOLM

SAREAM

RDILOM

Sample lleighr after Consolldation

Sample Volume after Consolldatlon

Sample Area after Consoldlatlon

Initlal Dial Readtng
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3 AA Scale factor for dtal gauges not Real
read fn units of 0.01 nn

Note: (1) AA = 1.0 for dial gauges read in unLts of 0.01 mm

(2) AA 1s posftive for dlal gauges givlng decreaslng readlngs
for sample compression

(3) AA is negat,ive for dlal gauges glvfng lncreasing readings
for sanple compressLon

4 CLOADI,Í

PFCTRM

APISTM

c0NÆn{

PCONPM

PWPOM

JDATES

JDATEE

JTIME

RDIAL

PRING

PI.¡P

CELLPR

JPT

Note: (1) If

(2) rf

Const,ant Load (Dead Load)

Proving Rlng Factor

PlsÈon Area

Consolidated Axlal SEress

Pre-consolidated Stress

Initial Porewater Pressure

Starting DaEe of Shear Test

Ending Dat,e of Shear Test

Rea I

Real

Real

Real

Real

Real

Integer

InËeger

5

6 M CounÈing Index (Total No. of points Integer
in test, series)

Note: Test pofnts for RelaxaÈion TesÈ should not. be included.

7

8 Time when readlng ls taken Integer

Dial Reading Real

Provlng Rfng Readlng Real

Porewater Pressure durlng Shear Real-

Cell Pressure Real

Polnt where reading is taken Integer

(PWP) l-s negatLve - Relaxatlon Test

(Pü¡P) ls posltive - Consolídated Undrained Trlaxlal-
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9. (Progran Card Deck)

(DaLa Cards )

(-100000)

(0 )

(0 )

(-1000 )

indicates end of data pack

prints caLculated results

searches for new data

stops program

information and reduced results. Another output ls

CALCOMP PloETer.

some essential lnput

the ploEs fron the

2.8.3.1 From the LINE Printer

Following the program listing, the printer will flrst prlnt out the

followlngs:

1. EssenLial Input Information

i)

3.8.3 Out,puÈ from the Computer

There w111 be two outputs fron this program.

the LINE Printer which contains the progran listing,

For Natural Cl-ay Sarnple:

Sarnple No.

Ilole No.

Depth of Sarnple (Top)

Depth of Sanple (Bottorn)

One Ls obtalned fron

JSA}TP

NIIOLE

TDPTI]M

BDPTHT'T
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li) For Remoulded ReconsolidaLed Sample:

"Sanple No. - REMOULDED RECONSOLIDATED SAMPLE" w111 be

printed out,

Sanple Height after Consolfdatlon SHGHTI,I

Sample Volume after Consolldation SVOLM

Sanple Area after Consolldatlon SAREA}{

2. PRINTOUT OF RESULTS

i) The CalculaÈed Results are prínted in the forn of a well

organlzaed table whlch consists of the followlng:

Dead Load

Provfng Ring FacEor

Piston Area

IniriaL Dlal Reading

SEartlng Date of Shear Test

Ending Date of Shear Test

Consolidation Axial Stress

Pre-consolldation Pressure

Normallzing Stress

Point where readlng 1s taken

TLme when readlng is taken

Dial Readlng

Proving Ring Readlng

GLOADM

PFCTR}I

APISTM

RDILOM

JDATES

JDATEE

GONNOVÍ

PCONPM

h{RMSI'1

JPT

TIME

RDIAL

PRING
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Porervat,er Pressure during Shear

Percent (%) Strain

Effective Axial Stress (Eff. Stgma 1.)

Effectlve CelL Pressure (Eff. Stgna 3.)

tlalf Deviator SÈress

Deviator St,ress

Effective Nornal OcËahedral Stress

Effectlve Princlpal Stress Ratio

Porewater Pressure Parameter

PI,IPRI'l

PCSTR

EFSTRM

ECELPM

IIDVSTR

DVSTRM

OClSTM

RATIO

A

ii) A table whlch consÍsËs of Nornallzed stresses is also

prinËed, 1.e.,

Normallzed llalf Deviator Stress IIDVSTN

Normalized DeviaLor SLress DEVSNI,Í

Norrnalized EffecEive Normal Octahedral Stress OCTSNM

Norrnallzed Change ln Porewat.er Pressure DCTONM

2.8.3.2 From the CALCOMP Plotter

The t,hree plots mentloned earller can be obtained from the

lnput/oupuÈ (I/O) window located on Èhe 6th floor of Engineerlng

Building, UnfverslËy of ìdanlÈoba.
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IUSHEARPI PROGRAM LISTING



*

ft-

o

0

*-------------
* -ì 0 0 0

PRINTS CALCULATEO RESULTS

SEARCHES TOR NÊTJ DATA

STOPS PROGRA'i

*

*
*
*
*
*
*
*

**** n******* ***** ****tit** *fr* ****
* USHTARP ***

THIS PROGRAI{ IS A ¡lODIFICATION OF THE PROGRÂI1'TRIAXIAL'
I.'HICH IS ABLÊ TO REDUCE OATA FROI,I UNORAINEO SHEAR TEST.

'USHIARP'HAS TWO AODITIONAL FEATURES :

(ì) HANDLÊ BOTH NATURAL AND REI.IOULOEO SA'TPLES

(2) PRODUCE 3 PLOTS:
(A) NO'{. HALT DEV.STRESS VS. AXIAL STRAIN
(B) EFF. STRESS RATIO VS. AXIAL STRAIN
(C) PWP CHANGE VS. AXIAL STRAIN

TERIIS ÀND OEF I N IT I ONS

tr***** *** * 
't* 

f tt***rt*t!*

NOTE : (ì)

* *** ù* ** * *****ttrilr* ** rr*

A ! POREIIATER PRESSURE PARAITETER

AA - SCATE FACTOR FOR DIAL GAUGES NOT REA0 lN UNITS 0F O.oltt
APISTñ - PISTON AREA

AREAtl - CURRENT SA|{PLE AREA AT ANY STAGE 0t THE TEST

B

BOPTHII

C E LLPR
c L0A0r{
c0NAxll

- COUNTING INDEX ( C0NTROL CARD )
- DEPTH 0F SAñPLE (80TT0t1)

- CELL PRTSSURE
- CoNSTANT L0AD (0840 L0A0)
- CONSOLlDATl0N AxlÂL STRESS

- NOR'{ALIZED DEvIAT0R STRTSS

- lltlTlAL DEVIAT0R STRESS ( NoRr{ALlZEO )
- CHAI{GE lN POREIúATER PRESSURE

- NORltALlZE0 CHAI'IGE ¡N POREITATER PRESSURT
- 0tvl ATOR STRESS

- EFFECTIVE CELL PRESSURE ( EFF. SlG,rA 3 )
- EFTECTIVE AXIAL STRESS (EFF. SlG,rA I )
- EtFECTIVE STRESS RATI0
- ( I-APlSTt{/AREAtt )

. NORITALIZEO HALT OIVIÂTOR STRTSS
- HALF DEVIAT0R STRESS

COUNTING INDEX

. ENDING DATE OF SHEAR TEST
- STARTING DATE 0t SHEAR TEST
- P0ll.lT tlHtRE REAOING lS TAKEN
- P0 I NT llHtRE READ I NG I S TAKEN
- SAnPLE N0.
- Tll{E

IN THIS VERSION OF THE PROGRAI{

(t) sÂr.rPLE Dlt'tEN5l0NS ARE REA0 ll{ CENTII{ETRES

(2) SAITPLE DEPTHS ARE READ IN 
'IETRES

(3) PRESSURES ARE READ ;N KPA

(l+) CONSTANT (DEA0) L0AD ls REA0 lN NEtfioNs

(5) PROVING RING FACTOR IS READ IN N/OIV

(6) DIAL GAUGE READING IS REAO IN UNITS OF O.OI I{I'I

CONTROL CAROS ARE AS FOLLOHS:

* **** ********* t****t** t
*rt
't PRoGRAI{ *
*r!
**********************t

** **r(**tr**rt ** tr*lrtt* i ****
f*
* DÄTA *
*rt

0 EvsNtr
DEVSNO

0LTAUT't

OLTUNI{
OVSTRñ

E CE L PI.t

ET STRIT

E F SRTO

Í

HDVSTN

HDVSTR

J OATE E

JDATES
JPT
JPTX
J SA'.tP

JT I I{E

N0TE: (2)

' *¡t*È*****'ti************
¡t

CoNTRoL CARoS * -ì 0 0 0 0 0 ***

,t COUNTING INDEX ( TOTAL NO. OF POINTS III TEST SERIES )

HOLT NO.

- NORI{ALIZED EFFECTIvE NOR|IAL OCTAHEORAL STRESS

- EFFECTIvE NoR,{AL 0CTAHEDRAL STRÊSS

PRE-CONSOLI DATI ON STRESS
PERCENT (T) STRAIN
PERCENT (t) STRAIN
PROVING RING FACTOR

PROVING RING READIN6
PORTI./ATIR PRESSURE DURING

NHOL E

0clsNtt
0cTsTr'r

PC0NPr{ -
PCSTR
PCSTRN

P F CTRII -
PRING
PWP

I

P
o,(o
I

INOICATES IND OF DATÀ PAC
SHEAR



c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

PVPO',1

PWPRIl

RATIO
RDIAL
R0 lLol{ "

- lNlTlAL P0Rt\.iATtR PRTSSURE

= POREvÁftR PRTSSURE 0URING SHEAR

EFTECT¡VE PRINCIPÂL STRESS RATIO

OIÀL REAOING

INIIIÂL D¡AL RTAOING

- SÂl'tPLE AREA AFTER C0NS0L I 0AT I 0N

- SÀllPLE HE I GHT ÀtTER CONSOL I DAT I 0N

- AXIAL STRÂIN
- TOTAL Ax tAL STRESS ( S lGr'tA I )

. 5AI{PLE VOLUI.IE AFTER CONSOLI9ATION

. DEPTH OI sAI{PLE (TOP)

- AXIAL STRESS INCREASE OUE TO CHANGE IN CELL PRTSSURT

- AX I AL L0AD

- NOR|iALlZlNG STRESS

- AXIAL STRESS DUE TO PROVING RING ANf) OEAD LOADS

q RtADrr,JTl¡1t'R0lAL'PRlNG,Pt{P'CELLPR,JPT
t F (Jr r r,rE) 6, 5,5

5 Pt'tPRl'l=PWP

tF (PllPRfi)8,7,7
7 l- l+l

STRESS - STRAIN CALCULATION

NOTE:

(I) IF ( PI.'P ) IS NEGATIVT --- RELAXATION TEST

(3) lt ( Pl{P ) ls PoslTlvE --- CONSOLIDATE0 UNDRAINE0 TRIAXIÀL TES

STRÀ I N ( I ) - (R0 I LOI{-R0 I AL) / ( I ooo' TSHGHTÁ) nAA

PCSTR-STRAtN (l) 'tì00
PcSTRN(l)- PCSTR

JPTx(l)'JPT
ÂREAñ-SAREAÄ/ (1.-STRAIN (l) )

F-I-APISTII/AREAÌ1
X-F*CELLPR
XL0AD-PR I NG*PF CTRIl+CL0A0l't

Y-XL0A0/ARE An* I O

sTRE sr¡t_x+Y
E F STRñ-STRE SÄ-PYPRt{
E C E LPI{-CE.LLPR-PUPRÄ
DvsTRt't ( | ) - (STRESIl-cELLPR)

HDvSTR-ovSTRr{(l) /2
ocrsrtr ( | ) - (EtsrRltÞz*ECELPn) /3
RAT I 0-EFSTRI{/ECELPtt

NORI{ALIZATION OT STRESSES

XNRt{Sl't'C0NAXl't
0tvsNñ ( | ) -DVSTRI{ ( | ) /xNR'{Sl{
H0vSTN ( | ) -H0vSTR/xNRllst{
OcTsNt{ ( | )'OcTSTt{ ( | ) /xNRltsti
D LT A U¡1-PllPRlt- Pl{P0l{
DLTUN'{ ( I ).DLTAUI{/XNRñSå
EFSRTO(l)'RATl0
lF ( l.EQ.l ) Go ro 106

Go T0 107

l06 0Ev5NO'0EvSNl{ (l)
GO T0 lo8

t07 i(r)-Dlruxñ(l) / (DEvsNr{(l) -oEvsNo)

PRINT CALCULATED RTSUTTS

ì 08 r.¡R I TE (6, 980) JPT, JT I t'lE, RD I AL, PR I NG' Pt{PRl't' PcsTR'
- - 

r iisrni, ÈórLPå, HovsrR, óvsrR¡l ( | ), ocrsr'1 ( | ), RAr I 0' A ( | )

GOTO!
I nRrrE(6,81)JPT,JTlrlt'RDlaL'PRlr¡G

GOTO!
6 RIAD* ,B

tF (B) r3,13,ì

saRE Âr,1

SHGHTIl
STRA I N

STR E S'.1

sv0LÈ1

c
c
c
c
c
c
c
c
c
c
c
c

TDPTH'.t

X

XLOAD

xNRnSt{

Y

START REAOING IN ESSENTIÂL INTOR'{ATIOI'I

DilIENSrON JPTX (90) ,srRAlN (9O) ,PCSTRN (90)-'oEVSNrl{9o) 'A(90) '
róðiiiìiiõô1,'oLiùúi'óol,HDvs.iN (eo)'EFsRro (eo), I BUF (b000)'

€,DVSTRt't (90) , OCTSTtl (90)

I REAOI,JSA}tP,NHOLE'TOPTH¡I.8DPTHI{
tf (JSAÄP)2,3,3

2 CALL EXIT
3 rlRtrE (6,60)

LLL-JSAt{P/ I 00
NS-J SAI{P-L LL* I 00
ì.rRrrE (6,61)
READ* .SHGHTI1,SVOLI{'SAREAI{'RDI LOIl

REÂO*,AA
READ* , CLOAOI{, PFCTRIT' AP I STI{

RÊAD*, CONAX'l' PCONPI{' PIIPO'I

rt (NHoLE.EQ'-l) G0 r0 2l
nR t Ti (6, 63oiJsAl{P, NHoLE, TDPTHI{, EDPTHT{' sHGHT'{' svoLl{'

¿sAREAlt, cLoAD'i, PF CTRlt. AP I sTn 
' 
R0 I Lo¡t

GOTO9
2l r{RrTE (6,631) JSAÄP'SHGHTTi'svoLr'l,

I SAREAÄ, CLOAolt, Pt cTRtt, AP I STrl 
' 

RD I L0l{

9 1.0
REA0* ,ll
rt (n) I, I, ìo

IO READi,JOATES,JOAIEE
I.IRITE (6, ì65) JDATES'JOATEE
t{RtrE (6,64)
t{RtTE (6,65)
r{R r rE (6, 69)
l.,R r rE (6,70)
r¡R t rE (6,7 ì o)
rJR I rE (6, 720)

c
c
c
c
c
c

c
c
c
c
c
c

c
c
c
c
c
c

I

H
--¡
O

¡

INPUT DATA FROI'1 SHEAR TEST



c
c
c
c
c
c
c
c
c
c
c
c

r3 fiRrTE (6,99)
lr (NHoLE.tQ.-ì) Go ro 22
wR I Tt (6, r 6l) JSAÄP, NH0L E, TÐPTH11, B0PTHt'l, C0NAXI'l, PC0NPt't,

I XNRHSTl

60 T0 26
22 VR I TE (6, I 64) JSA¡rP, C0NAXll, PC0NPl,l, XNRllsrl
26 WR I Tt (6,265) JoATES, J0ATEE

t./R I rE (6, 860)
00 50 l-l'l't
r,RlTr (6,82) JPTX (r) ,PCSTRN (t),HovSrN (l) ,EtSRro (l) ,oCTSNt'l(t) ,

ì DLTUNI,I ( I)
50 coNT I NUt

**'t**Jr ** * * * *t ***t*****.* * ** * * * tt** * *** * * *
* PHASE 2 : PLoT THt RE0UCED 0ATA *

* *** ***** *** t(** *rt*

NOI1. HALT DEV. STRESS V5. AXIAL STRAII{

cALL PL0TS(tBUt,4ooo)
cALL PL0T (0.0, -5.0, -3)
cALL PL0T(0.0,7.0,-3)
cALL SCALE (PCsTR[, r2.0,tl, l)
H0VSTN (ltrl) -0.0
HDVSTN (¡tt2) -0. I
CALL FACTOR (0.5)
cALL AXrS(O.O,O.O, r6HAXlÂL STRAIN (8),-16,12.0.0.0,

€PCSTRN (r'r+r ), PCSTRN (rÉ2) )
cÀLL AXrS (O.O,O.O,22HNO|. HALF DEV. STRESS ,22,6.0,90.0,

¿H0vsTN (11+r) ,HovsTN (,+12) )
cALL L¡t{E (PCSTRI,I,H0VSTN,ll, l,-1, l)
cALL PL0T(0.0,6.0,3)
cALL PL0T(12.0,6,0,2)
cALL PL0T(r2.0,0.0,2)

EFF. STRESS RATIO VS. AXIAL ITRAIN

cALL PLoT (0.0, -5.0,-3)
EFSnro {n*t¡ '¡ 'o
EFSRTo {*rz¡ '¡ 'o
cÀLL AXrS(o.o,O.O,r6HAXrÁL STRATN (8),-ì6,12.0,0.0,

¿PCSTRN (r'r+r) ,PCSTRN (ri+2) )
cALL AX r S (0.0,0.0, 2?HEFFECTI VE STRESS RATI 0, 22, l+.0,90.0,

6.rFsRTo (n+r ), EFSRTo (rt|2) )
cALL L rNE (PCSTRN,E[5RT0,Èr, l,-ì, l)
CALL PLOT(0.0,1..o,3)
cALt PLoT (t 2.0, lt.0,2)
cALL PL0T(ì2.0,0.0,2)

PI{P CHANGT VS. AX I AL STRA I N

cALL PL0r (0.0,-5.0, -3)
DLTUT¡r'l (l'1+ì)-0.0
0LTuNt{ (fl+2) -0 . 2

cÀLL AXrS (0.0,0.0, l6HAXtÂL STRATN (l) ,-t6,12,O,0.0
¿PCSTRN (Ä+ ì ) , PCSTRN (r1+2) )

cALL AX l 5 (0.0,0.0, ì5HN0l{. Pr{P CHANGE, 15,À.0, 90.0,
¿DLTUNÄ (ñ+t ), 0LTUNrl (r'r+2) )
cALL LtNE (PCSTRN,0LTUNr,r,Ä, I,-l, ì)
cALL PL0r(o.0,4.0,3)
cALL PLoT(12.0,4.0,2)
cALL PLoT(12.0,0.0,2)
cALL PL0T (ì2.0,0.0,999)

t{R trE (6 , 99)
c0T0g

60 roRr{AT (tHÌ,////,23H UNTVERSTTy 0F rlANrT0BA)
6r FoRr,lAT (26H S0rL r{ECHANTCS LAE0RAT0RY//)
6! FoRr,rAT(37H coNsolrDATED UNDRAtNE0 TRtAxtAL TEsT )
65 FOR,IAT(37H ::::::::::::::;::::::r:::::::3:::::'. ///)

ì63 FORr,tAT(ì5H SA,{PLE ¡10. - T,l4,5x,llH HOLE N0. -,l[,5x,
I gH 0EpTH - ,t6.2, l rH |{ETRES T0 ,t6.2.8H |{ETRES //
| 37H coNsol I DAT I 0N Ax I AL STRESS - ,t7 .2,
t5Ã RPA /
I 37H PRECoI¡SoL I DATI 0N PRESSURE - ,r7 .2,
t5H KPA /
| 37H NOR¡iAL|Z|NG STRESS - ,F7.2,
t5H KPA /)

l6¡i FoRÄAT(l5H sArlPLE Ì¡0. - T,14,5x,' (REl{0uLOED SAA?LE)' //
ì 37H coNSoLloATloN AXIAL STRESS -,Í7.2'
't'H KPA /
r 37H PRECoNSoLTDATT0I PR€sSURÊ ,F7.2,
t5H KP^ /
I 37H tl0Rl{AL l z I NG STRESS - ,F7.2,
t5H KPA /)

165 FOR''IAT(28H SHEAR TEST RESULTS START, IIO,5H
ì3HEñ0, r r0 //l

265 FORÂAT(/ ,39H r¡oRllALrZEo SHEAR TEST RESULTS START,
ì r 10,8H END, r r0 //)

69 FORI{AT(46H PT TIñE DISPL PRING PORE PER

I62H EFFECT EFFECT HALT DEV ETTECT RATIO OF

70 FoRr.rAT (46H D r AL D r AL PRESS CENT

t57H StGr{Aì SrGr{A3 DEV STRESS oCT EFF SlGr{Al)
980 FoRÄAT (r t, 2X, r 4, 3X, r7. r, 4X, F5. r, 2X, r6. r,2X,t5.2,Ut,

ì 15. r ,4x, F5. r,4x, F5. 1,4x, F5. r,4x, F5.1,5x,r6.3,[x, F7.2)
8 I F0RrlÀT ( I t+, 2x, I 4, 3X, F 7 . 1, t+x,t 5. l, 3x, I 5HRELAXATI 0N TEST)
82 FoRnAr (r 4, 3x, F5. 2, 5x, F6.3,4x, F6.3, 3x, F6. 3,[x, F6. 3)

631 FoR'rÂr (r5H SArlPLt N0. - T, r lr,5x, ' (REr10uLDE0 SA'IPLE)' //
I 37H SA¡iPLE HE I GHT ÀFTER CoNSoL I DAT I 0N - ,t7.3,
I I 2H CENT I 

'{ETRES 
/

| 37H sArlPLE v0luttt AFTER CONSOL|OAT|0il - ,F7.r,
.I I8H CUBIC CENTIITETR€S /
ì 38H SAT1PLE AREA AFTER C0NS0Lr0ATr0N - ,F6.3,
ì ì9H SQUARE CENTrñETRES //
l37H coNsrANT LoAD - ,Í1.2,5H N ./
I 37H PROVING RING FACTOR - ,t7.\,
ì 9H N ./DtV /
I 37H PISTON AREA - 'F7.\'r ìgH SQUART CENTilTETRÊS //
ì l7H lNlTlAL DIAL REÂDING -,t7.2,
ìì0H DrvrsroNs /,/)

630 F0R¡1ÀT(l5H SAI1PLE N0. = T,l!,5x,ììH HOLE N0. -,l¡r,5X,

c
c
c
c
c
c

A)

I

--¡
ts
I



9H DEPrH = ,F6.2, I tH 
''rÉTRES 

TO ,F6.2,9H ñETRtS
7H SAl4Ptt Ht¡GHT AFTER C0N5OLtOAItON = ,t1.3,

I2H CENTII.lETRES /
37H SÀtlPLt V0LUllE AFTER CONSOLtOATtON -

l8H cuBrc ctNTtr'ltTRÊs /
,F1.3,

l8H sÂr,tpLE ARtA AFTTR CONS0Lt0ATtoN
ì9H SQUART CENTtT1ETRES /,/

37H CoÑsTÀNT L0A0
37H PROVING RING TACTOR

9H N ./Dtv /
37H PISTON AREA

ì9H SQUARE CENTIIETRES //
37H INITIAL DIAL READING

,F 6.3,

- ,r7.2,5H N ,/- .r7 .\,
- ,F7.\

_ ,F7.2ìì0H 0tvtstoNs ,//)
7r0 roRrlAT (46H

l,sltr KPÂ KPA
72o FoR¡rÂr (!5H

I 4gH
860 roRñAT (53H PT PER

r 53'.l CENT
r 53¡ PCSTRN
I 5l¡l
I 52H

99 F1RAAT (tqt,////)
END

,//G0.sYstN D0 *

RDG

STRE S5
KPA

STRE SS

RDG

KPA
PCSTRN

Etr s I FnA3)

/')KPA

NR'{LZO
HALF
DEV

STRESS
KPA

KPÀ
TFFECT
RATIO
stGñAt
s r GfrA3

NR'.ILZD
0cr
STRESS
KPA

NRI'ILZD /
CHANGE /
rN PWP /
KPA /

/')

I

P.-¡
N)
I
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-L7 4-

OEDOI'1P (Oedoneter test wiÈh Plots)

2.C.L Introduction

OEDOMP is a computer program wrltEen Ln FORTRAN H for the reductlon

of data obÈained from one-dinensional consolldat,lon test. There are

three plots generated:

1) Speciflc Volume, V vs Log Effective Vertlcal Stress, Log dr

2) Axlal Strainr e, vs Log Effective Vertical SËress, Log o'

3) Speclflc Vol-ume, V vs Effective Vertlcal Stress, dl

2.C.2 Input Orders

Card Input Elernent Type Fornat

I

,
NSAMP

M

GS

TRSWE

TRS

T

RSI.JS

R

FACTOR

CB

DlA},I

THICK

DIALS

DIALE

Sanple No.

Total No. of Points

Speciflc Gravity of Sotl

Tare * Ring * So11 * I,Iater

Tare*R:lng*So11

Tare

Rlng t Soil * llater (Start)

Ring

Load MultlplicaËion Factor

!Íeight of Cap * Ball

Dlameter of Sample

Average Thickness of Sanple

Startlng Dlal Reading

Ending Dial Reading

(End) (N)

(N)

(N)

(N)

(N)

(N)

(cn)

(cn)

Integer

Integer

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

3

4

5
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6

Note:

AA

JDATE

PANLO

DIAL

Scale Factor for Dial Gauges
noË read in unlts of 0.01 'rî

Ending DaËe of Test

Pan Load

Real

Int,ege r

Real

Real-

( 1)

(2)

AA = 1.0 for dial gauges read ln unlts of 0.01 nm

AA ls poslÈ1ve for dial gauges gtvfng decreasing
readfngs for sarnple compresslon

7

B (N)

The last reading correspondlng to
the pan load

2.C.3 Output

There are two kinds of output generated, namely, the LrNE PrínËer

outpuÈ and the plots from the CALCOMP PlotEer.

2.C.3.1 Frorn the LINE Printer

From the progr¿rm 11sting, the prlnter wf11 print out background

inforuatlon about Ehe Eest 1n the followtng order:

1) Sanple No.

2) StarElng Date of TesË

3) Initial Molsture ConÈenr

4) Flnal Molsture Content

5) Specific Gravfry of Soil

The results are printed in a well organized Ëable whfch consisEs of the

folLowing:

r)

2)

3)

4)

s)

Load

Dial Readlng

Axlal Stress

Speclfic Volume

Axlal Strain



2.C.3.2 From the CALCOMP Plotter

The three pl-ots mentioned earlier can be

Output (I/O) wf.ndow located on the 6th floor

UniverslEy of Manltoba.

obtalned from

of Engineering

-776-

the Input/

Buildfng,
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c

c
c
c
c
c
c

c
c
c
c
c
c

c
c
c
c
c
c

¿

c

c

c

c

c
c

c

c

c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c

)t i*)t ** ***i * *f** * tt **tttt* ¡t*/t*tni
**
* 0E00t1P . *
f*

*'tt* ¡tt *t*t * **t(t *** ***t****t(**

THIS PROGRAI{ .OÊDOilP¡ REDUCÊS OATA

OTDOI1ETER TEST ANO ALSO PRODUCES 3

I) AXIAL CONSOLIOATION PRESSURE

2) LOG AXIAL CONS. PRESSURE VS.

3) LOG AXIAL CONS. PRESSURT VS.

FRO'.I I OIñENSIONAL
PLOTS:

vs. sPIcltlc v0LUñE

SPECIFIC VOLUI{E

AXIÀL sTRÀIN

l=l
l rf (r.GT.r,1) G0T0 2

RtAD*,PÂNLO (t),0tAL (t)
T0Lo=pÀNL0 ( l ) *F ACTOR+ (CBl I 00019 .8 | )

STRESS ( | ) -T010//xSA* l0

CALCULATE SPECIFIC VOLUITE

9¡¡ ¡¡. (0 I AL ( t ) -0 I ALE) / ì00o*AA
HS5=S5/ (SPGRv*XSA)

DELVR.DEFLN/HSS
vF-WAC0NE *SPGRv/ I 00
vR(|)-VF+DELVR
sPV(l)-l+vR(l)

CÂLCULATE VIRTICAL STRAIN

sTRA I N (t) - (0 I ALS-D I AL (l) ) /ìooo*AA* (ì/THl cKS) *100

Dü{ENstON PANLO (90),DlAL (90)'STRESS (90),sPv(90)'srRAlN (90)'

¿ | BUF (¡+ooo) , VR (90) , S I Gt{Av (90) 
' 

SPVOL (90)

RtQUTRE0 INF0R¡iATl0N

l= l+ì
GOTO I

PRINT CALCULATED RESULTS

RE Af)*
RE AD¡t

RE AO*
READ*
RT AD*
REAO*
RE AD*
R E AD't

, NSAr'rP

,Pr,P2,P3
,r{, sPGRV

,TRSI.IE,TRS,T, RS}JS' R

, rAcToR, cB, 0 I Al{,THl CK5

,DIALS,OIALE
,ÀA
, JDÂTE

2 r,rR r rE (6 ,60)
wR tTr (6,61)
uR r TE (6,63) NSAI{P

wR lTÊ (6 . 6¡+)

r{R r rE (6, 65) JoÂTt
\{R r rE (6,66) tiAcoNS
t{R I TE (6, 67) l{ACoNE

t.lR I rE (6 ,68) sPGRv
vRtrr. (6, ì02)
l-l

3 lt (l.GT.t{) G0T0 lt

lJRrrE (6, loì) | ,PANLo (l)
l* l+l
G0r0 3

4 cALL PLOTS(lBUF,{ooo)
cALL PLOT (0.o,-5.0,-3)
cALL PLOT (0.0, ¡.25,-3)
rr(P1.EQ.o) G0T0 5

Dr AL (r ),STRESS (l),sPV (l)'srRAltl (t)

c
c
c

c
c
c

CALCULATE SAI1PLT'{OISTURE CONIENfS

WE-TRSHE -TRS
RS-TRS -T
SS=RS-R
VS=R Sl,lS -RS
uAcoNs=vs/ss* ì 00
l{AC0NE=llE//SS* I 00

SAIlPLE CROSS-SECTIONÂL AREA

Pl={.*ATAN (1.0)
x5A=O I At{*0 I Al,ltrP | /¡{

c
c
c
c
c
c

PLOT AXIAL CONSOLIDATION PRISSURE VS.SPECITIC VOLUI{E

N-O
D0 l0 l=ì,ll
r F (STRESS (t) .LT.10.0) c0r0 I ì

N=N+t
slcñAV(N)=sTRtsS(l)
sPvoL (N) =5Pv ( t )

c
c
c
c
c

I
H\¡
æ
ICALCULATT VERTICAL PRESSURE

ì I CONTINUE



ì0 coNfrNUt
SrGñAV(N+l)-0.0
s I Gr,lAV (ñ+2) = r 50 .0

cALL SCALE (SPVo1,6.9,N, r)
CALL AXr S (0.0,0.0,'sptct F I c voLu,1t,,- 15,6.9,0,

¿sPVoL (N+ ì ) , SPVoL (N+2) )
cALL AXtS (0.0,0.0, 'AXtÂL CoNS0LtDATt0N pRESSURt.

68.0, 90.O,S r Gt{AV (N+t),S I GÄÂV (N+2) )
CALL AXrS(0.0,8.0,,,,3,6.g,0,

¿sPVoL (N+r) ,SPvoL (N+2) )
cÂLL ÀXrS(6.9,o.0,,,,-3,8.0,90.0,

¿s r G,{AV (N+ì),S I G,{AV (r{+2) )
CALL L tNE (SPVoL,StcttAv,N, ì,-t, t)

(KPA) ' l4

5 r F (P2. EQ.o) G0 T0 6

PLOT LOG AXIAL CONSOLIOATION PRESSURE VS. SPECIFIC VOLUI1E

CALL ÁxrS (0.0,0.0,'^xtAr STRAtN (zl, ,-t6,5.7,o,
6sTRÂrN (N+t),STRÀrN (N+2) )

CALL LGAXS (O.O,O.O, ¡AXIAL COÑSOLIOAfION PRTSSURE
¿8.0,90.0,srcñÂv (N+t),s r GñAV (N+2) )

CALL AXrS (0.0,8.0,' ' ,3,5.1 ,o,
ESTRAT N (N+ì),STRAt N (N+2) )
cALL LGAXS (5.7,o.o, ' ',-3,8.0,90.0,

6srGr.rAV (N+¡),Sr G|IAV (N+2) )
CALL LGLrN (STRArN,StG|AV,N, l,-1,5, t)
cALL PL0T (12.0,0.0,999)

(X PA) 3\

c' l5)

c
c

1
60

rrR r TE (6, gg)
FoRrlAT(rHl,////,23H UNTVERSTTY 0r hANrT0SÀ)
FORI.iAT(26H SOIL hECHANICS LAEORATORY//)
FoRllAT(¡r7H 0Nt 0lllENSI0NAL ColiS0LlDATl0N TEST - SAI'IPLE
FoRrlAT (52H
FORI1ÁT (3IH OATT SIARTED LOÂOING :
toRttAT(3tH tNtTtAL r{0rsTuRE c0NTtNT
t0RnÀT(3lH FrNAL ¡r0rsTuRE C0NTEtTT

68 toRriAT(3rH spEcrFrc cRAvrTy 0r sorL -,ç5.2///l
l0l FoRrlAT (r 4, 2x, r6. r, 3x,F 7 . t,3x,t 6.r, lx, r7. l, 3x, 15. t)
t02 roR,rAT(2H ,3X,'LoAD (N) ''4X, '0lAL"3X, 'STRESS (KpA) 

"62x,,v',4x,'srRAtN (t)' //)gg FoRr'rAT(lHì)
STOP

END

//G0.sYSlN 0D t

6
6
6
6
6
6

c
c

7)
6.
6.

2, 't')
2,',2'.)

cALL PL0T(12.0,0.0
CALL SCALG (S I GñAV,

, -3)
8.0,N, l)

c
c
c
c
c
c

c
c
c
c
c
c

cALL AX r 5 (0.0,0.0,'spEct f I c v0LUr{E 

" 
- t5,6.9,0,

E5PVoL (N+r) , SPVoL (N+?) )
cALL LGAXS(0.0,0.0,,ÂXtÀL C0NS0LtDÂTt0N pRESSURE (KpA) 

"834, 8.0,90.0,s I cnAv (N+l),s tcrlAv (N+2) )
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¿s r Gr{AV (N+l) , s I cr{Av (N+2) )
CALL LGLrN (SPVoL,StGtlAV,n, t.-t,2, l)

6 | F (P3. EQ.o) cO TO 7

PLOT tOG AXIAL CONSOLIDATION PRESSURE VS. AXIAL STRAIN

N-0
D0 20 l-l,lt
IF(STRAIN(I)
Ir(STRESS(t)
N-N+ ì
s I GllAv (N) -$fft 6 $$ ( ¡ )
sTRÂll¡ (N)-STRArN(r)

I coNT r NUE

20 CONTINUT
STRAIN(N+ì,-0.O
STRA I N (N+2) *5 .0
cALL PL0T (t2.0,ò.0, -3)
cÂLL SCALG (S I GÄAV,8.0,N, r)

LT.O
LT. I

.0) G0 T0 I
0.0) G0 T0 I

¡Ê
._l
(o
I
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APPENDIX 3

TABULATED LABORATORY TEST RESULTS
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TRIAXIAL CONSOLIDATION TESTS
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