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HOTATIONS

. y - 2 P . S ] A < ; Iy
The following symbols have been adopted for use in this

theszis :

v, = water content of trimmings

w, = initiel waler content &f sample
w_ = final weater content of senple
ws = weight bf solids of sample

W = initial weight of wet sample

S, = inltisd degree of saturation

Gg = final degree of saturation

G = specific gravity

g = oy deviator stress
J{t) = creep compliance
_8 = strain
é,= k = rafe of strain
v = shesr strain

¥ = rate of shear sthrein

a
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INTRODUCTION

In almost all soil mechanlcs phenomena, creep plays a pert, hidden

. or open. An embankment a slope or a cut can hold for weeks and even for

years and then fail. Creep occurs in any loading test; - it applies to the
settlement of shallow foundations as well as pile foundations,

Often in soll mechanics, predictions are made based on a hypothesis,

but any assumption needs experimental data to prove its validity. In their

study of stress-strain characteristics of compacted clay under varied rates
,' o i
of strain, Osterberg and Perloff(l) hypothesized that at constant stresses

lower than the maximum, clay would yield with time and perhape fail, because

the strength decreases with decreasing rate of strain.

The aim of this thesis is partly to verify this hypothesis end to -
study the soil behavior underdsustained loeds less than ultimate loads.

- Stresses ranging from 60 to 95 percent of the wltimate strength are applied to

_ the samples and then maintained constant.

Series of tests of two basic types were performed at various water

contents. 'The first series is of the unconfined compression type, the others

are of the consolidated undrained triaxial compression tjpe. Since-dafa are

insufficient for comparison between different seriss, a special study is made

.of Series C which had given excellent results.

A rheologic analysis of the experimental results of this series

- b}
is made to study the soil response during creep. Properties as linearity and

~viscosity are considered and a stress-strain-time relationship based on triaxid

ocreep tests is developed'and epplied to the case of a triaxial compression test

for a constant rate of strain

# Numbers in ( ) refer to references listed at the end of this paper.

£
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THEORBTICAL ANALYSIS
Review

In 1931, Terzeghi'®

emphasiied the importance of slow plastic
flow of clays in the design of foundation structures, Based on the reéults
of undrained compression tests, he noticed that clays had shown plastic

deformations at a shear stress below the shearing strength determined by

laboratory tests, and that they may deform foﬁ a long tine.

(
In a serles of tests on undisturbed semples, Casagrande and Wilson

have found that brittle clay and clay shales creeﬁ under a sustained load

less than the load required to produce the ultimate compressive strength.
They pointed out that sustained loads reduced the strength of saturated

clays and explained the occurence of the slides along the Panama Canal by

‘means of this theory. In a few tests, they found that the strain at failure

was not influencedfby the test *dufgtion whereas in some others an increase
in failure strain with increasing test .quration was observed. It was also
noticed that for saturated clays, the strength'decreases linearly with the

logarithm of time.

(4)

On the other hand, Goldstein gave the results of tests on
samples having the same properties, i.e. size of samples, consistency of

the clay, water content, stress history, etc. He statedvthat the samples

failed after a different time under different loads, but the étrgin at

feilure stayed the same. He defined the failure strain as that at which
the straip rate increased. He also found that it was independent of testing

°

procedure, state of consolidation and test-duration. On this basis, Goldstein

N
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could dctérmlne the time of failurs by‘éxtrapolating tho strain-vime curve

Inasmuch as the deformation ai fajluve has the same wmagnitude.

¥ 1

R | 2 M
BJerrum~Simons~Torb1aa( !

worked cn s normeily consolidated marine
clay in ite undisturbed stale, using controlled»étrain.type of lecoding. They

found a definite decrease in failure strain with increasing test deviation.

Crsep Phenomenen

The problem of creep is first a problem of shear stress(ﬁ). As

soon us the critical shear strees is exczeded, a slow change in5%hs structure

of soil takes place., The fesultant‘plastic doformation is therefore quite

" different from the elastic deformation.

Slow deformation 1s a function of time, and it can be seen (Fig. 1)'
that.strength:decreases to a value depending on the duration of loading, if

there is no strengthening during test.

This decrease in strength is due principally to a gtructural

rearrangement of particles. During deformastion, particles move relative .

to each other. Some bonds ere Adestroyed since they depend upon their

relative arrangement and the distence Latveen particles. Some new bonds

are formed but it is belleved that a long unloaded period is required to

have a complete renswael. Therefore thls slow and continuous defcrmetioa

causes 8 gradual weakening of the soil.
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Tyres of Cresp

In peture differvent types of plastic deformaticn may occur

" dopending on the emount of load which ls applied on the soll, T lzhoratory

test, three types of cresy can be observed dependiug on the typs of oluy ond

the stress couditions., Whenr the applied losd is small, the zlay ereeps very
\

little and deformation stopz, For a greater load, the soil csn delorm a% 1
decreasing rate for an indefinite perioca of time, or it ~an daform av e

nearly constant strein rate until the rate incresgses rapidly to couse fwiluro.



TXPERIMENTAL THVESTIGATICN

Types of Test

In this iuvestigavion, two Types of test were perfcrmed :

| ) - Uncoﬁfined CreeD\Strength Tests: For these tests, the
speclimens were encaéed in two thin membranes separated by a thin coating
of silicone grease. The samples were set up in trisxial chambers and were
subjected to air at atmospheric pregssurz. They weré weighed both béfore
and after test to dstermine the initiel and finel water contents. When ths
test 1ésted less than 5 days, the water content change was usually less than

0.6%, but it was about 1% for a test of 10 days.

2 = Consolidated-Undrained Triaxial Creep Strength Tests: The

sample is first consolidated under an hydrostatic pressure and then, without
permitting further consclidation it is subjected to a sustaired load. For

: ' ‘ 2 . ] -
a lateral pressure of 1 kg }cm , only one membrane has heen used. However,

it was not sufficient to protect the sample from contamination by glycerin,

. R - 2
the surrounding ligquid. For a lateral pressure of 2 Xg l cm O 1ore,

two membraunes separated by grease were used.

Test Procedures

Por all tests, the procedmwre of loading was similar. The
specimen was subjected to incrementel axial loading, the elapsed tine
between increments being kept constant. The size of load increment was
one kilogram up to the final increment which depended upon the desired

stress level. A1) loads were applied, quickly but without impact, by
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means of dead weights on the loading cradle supported by the pistoa., The
load was then mainteined to study the soil behavior under néarly econgtant
gtress at constant volume. The schematic diagram of the apperatus used

is shown in Figure la.

Thé reguiar time interval between loads was 30 seconds. The
deformation readings were taken half a minute after load increments.
This is the reason why there is no sudden break,in tue ghrain-time curve.
The analysis of the application of each load increment showé.that a
sudden deformaﬁion oceurs follaowed by a creep deformation whiéh decrcases
rapidly with tine.. Sincg the deformation readings are taken whén the-
vstrain change decréases, the cﬁfve is smooth and a‘step strain-time curve

§

is avoided.

Preparation of Samples

. In order to run the above tésts, similarily of samples is a.:.
ﬁighly desirable feature. They muat bé_uniform and their sﬁress hietory
controlled. The only way to fulfill these requirements ié Lo work with
remolded samples,: Undisturbéd samples would be more usefﬁl in order te
compare the results with what happens in nahureb;but the impossibility of

gettiug uniform duplicated sumples is suffielent not to use undisturbed

- ones. Moreover the samples must be prepared at as high a degres of

‘saturation as practicable. This is required to eliminate the volume

changes during testing and therefore eliminate strength variaticn.
The apparatus ﬁéed for the pmeparation of the somples was & -

VacQAire extruder. It consists of an extrusion suger which orieats the

14
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barticlos swirallw., This. msthod Las the advantege of giving a uniforn
structure to the soil. The samples ulsc pass througn a vacuum chember which

pre?ents the formation of air voids and gives highly saturated samples.

The dry soil was first mixed with a certain amount of water to

get a water content of 31%., Then the clay passed 5 times in the machine to

get the best homogeneity possible. It was extruded ég a circular bar of

3,5 cm in diameter end cut into 10-cm lengths. The spscimens Were sealed

with 4 leyers of wax and kept in storage in the humid room to preveni any

loss of water. Since the influence of thixotiogy.is iﬁportant, a spsciali
discussion of its éffects is done at the end of the section: Results of

tests.\

Before £est1ng a sawple, the wax vag carefully peeled off, and
the length was reduced to 7.6 cm, Tho-trimmings were used as a. check up
of the initial water content.

Soil Tested

batoatirs

The soil qsed was a clay of the Potapsco Formation, Fotomac

Group,'Lower Cretacecus Period, It was obteined from approximstely 6 miles

north of Baltimore,,Maryland(b’,

’

The Atterberg limits are: ILiquid Limit = 42%

1%

i

fi

rlastic Timit

The specific gravity is 2.68.



- with a lateral pressurs of 1 kg lem

succéssively gave the following stresses: 1.51, 1.33, 1.40 and 1.34 kg 1c
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RUSULTS OF TESTS

Series A
The first series of tests {Pable 1) was of the unconfined com-
pression type. At first, the compressive strength was determined. TFor a

moisture content of about 31%, it was found to be 1.43 and 1.5 I:g/cm2 for

tests A-1 and A-2. Bur later, 4 consolidated undrained compression tests

2 and a water content of ébout 32%

2.

for samples B~2, B-13, B-l4 and B-15, It was decided to take 1,40 kg 1 en?

as the ultimate compression strength, which corresponded to a maximum load

-of 16 kilograms., The different dead loads to be applied weré then cal=-

culated from this last valuel.

Seven tests were run with different applied stresses to study
the soil behavior. The applied loads correspond to 95, 85, 80, 75, 70,
.65 and 60 percent of the maximum load and the resﬁlts are plotted in
Figures 2 and 3. .In Figure 2, the strainutime cuqus show that for the

first three minutes, which corresponds to a loading up to seven kilograms,

the strain varies very little. But from this tims until the end of loading,

the strain increases rapidly with time. The curves sghould coincide for

that portion, but they spréad -somewhat. This is probably due to small
changes in water content and thixotropic effects. ‘It can be seen fhat
for samples having lower water contents it takes longer to get the seme

strain then for specimens having higher water contents.
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In Figure 4, the stress-strain curves show a similar sequence.

The lower the water content, the steeper the modulus of deformation. -

This sequence can be bstter visualized in rearranging the results of tests

in the following manner :

, : [Time in Mim. | Giress in Kg/om |Date of
iTest, % Applied Load Wy | at 2% Strain | at 2% Strain Test
_ } from Figure 2| from Figure 3 :
43 95 3.8 | 3.5 min, 75 420
| A6 75 31.5 4.0 .79 423
| A-5 65 30.2 ba? .82 420
A4 g5 30.3 | 47 O 420
| 4-10 70 294, | 4T 1,00 524
A-8 60 29.2 5¢3 95 4=27T |
49 80 29.3 | 5.8 se2
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The only discrepancy is for samples A-10 and A~9. Bub these
were teésted five weeks later than the others, and they were probably

affected by stréngthening due to aging as will be explained.

When loading was completed for the specimeﬁs which hadinot

‘failed, the strain rate decreased rapidly and attained a constant value,

It seems to be independent of the percentage of applied stress.

| Only two samples failed, A-3 and A-4, which represented 95 and 85%
of applied load. The first fallure occured at the'end of loading whereas

the second one happened in less than one hour,

Series.B

[

Results:

The tests of this series were of the consolidated ﬁndrained

_ comipression type. The samples were first consolidated to an hydrostatic

pressure of 1 kg/cmz. The compressive strengths of two samples were 1.08
and 1.05 kg/cm2 (B-1, B-3), which correspond to a maximum load of twelve

kilograms,

The results of eight tests aré_given-in Table 2 and in Figures 4
and 5. Five out of eight samples failed between.fivg’and twenty~four

hours, two failed aftefrteh.days and one did not fail,

. Problem:
" These results do not agree with those of the first series, Since

the samples were consolidated before testing, they should have a lover

-water conﬁent and therefore a greater compressive strength, But it was

‘found that the strength was smaller in the second case. Moreover seven
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out of eight specimens failed whereas only two samples with 85 and 959
of maximum load had falled in the {irst weries. To explsin such in-

consistencies, a prograim of special types of tests was Gesigied.

Swelling Test:

Generally £h§'water conteut was higher at ths snd of tlhe teste
then et the beginning. Thus a sw2lling test was designed to deteiwine the
swelling properties of the cluy. A sample Qas careiull; weighed and ‘
measured aud ﬁlacad in the tfiaxial apparatus,' Water waé forcsd through
and around the sampls by means of a vasuum created et the Lop of the

specimen., The volume increase was only 2.2% and thus could not be the

cause of the discrepancy. : ' -

Glveerin Test:

In the series A of unconfined compression tests the asmples vere

)

fornd uniform enough and the weight of solids was 109.50 + 1.8 gracs, In

series B, the weight of sclids was vsually grester then 114 grams. The

only reason for this increase in weight js that a non volatile nateried

could have come into the samplé during the test. Glyceria, used in the

o

triaxial chamber, could heve played a part becavse of
propertics. It was then decidsd to run a tast to study the behevior of

a sarple when contamineted by glycerin.

A dry sample was soaked in glycerin overnight and then deied in
the oven . The specimen was weighed at different times and the resulis cen
. ‘ : )

@Mz MiNisSTERE DES
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Weight of.dry sample prior to test : 109,20 grams
Weight of soaked sample : 118.90 grams

Weight of dry- sample after one day in the oven  : 115.51 grams

LY

Woomooon e on tuo dayé uo [ 114.92

" 'N 1" n ] three ? i " n ‘ : lu'_“’]l 1] .

"To discover how glycerin could contaminate the.clay, three
consolidated undrained compréssion.tests were rua in different ways;
It has been suspected that the vacuum which helps the water g01ng through
the sample may favour the infiltration of glycerln and that the use of ;,
only one membrane may not be sufflcient to pxote¢t the sample., A summary

of results and procedures is the following :'

| # Test Wy Pr&gedures
B-13: 0 109.16 ~ No vacuum -1 membrene |
| B-14 - 108,49 | Vacuum -2 membraneé
B-15 vi 109.00 No vacwum -~ 2 membranes |

For these three samples, none was affected by glycerin, The
dangerous case is then when vacuum is used with only one membrane -
surrounding the specimen, as it was employed in the other tests of the

Sefies B.

It can easily be seen that the contamination by glycerin causes
an increase in the weight of solids and therefore changes the velues of

degrees of saturation, water contents, void ratios and volumes of solids

and voids.
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To get a certain degree of consistency ih results, corrections
rmust be made. Since the water content of trimmings is usually known, it
is assumed‘that it represents the coﬁditions of the entire sample. The
calcurations of the correctedfweight of solids are done using this

relationship §

Wy Wo ~ Ws
. wt W ewne - S ———
. Wy EJS
or "JO ‘
W =
. 38 -"
. 1 + oy |
where Wy = Weight of solids
W, = Weight of specimen Wet before test |

i

vy Water content of trimmings.

However, for samples B-1, B~3 and‘B~5, ﬁhe average'valﬁe’of
109.50 grams 1s taken since the water contents of trimmings had not been
determined. The difference between the non corrected and corrected W. is
équal to the weight pf glycerin in the sample, .Subsfracting this vaiue
from the weight of specimen wet after test, the actual weight is obtained,
The rest of caleculations is done as usual, The results are shown in

Teble 2,

If the agsumption of contamination is trué, the disc£epancy of
lower strength at a lower water content nay be easily explained by
exanining the properties of glycerin. Glycerin (7) possesses rémarkable
solveﬂt péwers and it is a ‘good disperéing agent, In solution with

water in a sample, it reduces the strength by changing the structure of
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goll, Mcreover the speciific gravity whibh is approximately 2.5 - 2.6 and
: . v _
the high boiling point (290°C) are the causes of an increase in weight

when the soil is dry.

Series C
This sérieé of tests is of the consolidated undrained compression

tYPe with a lateral pressure of 2 kg/cmz. The maximum load was determined

- by means of 4 tests, C-4, C~5, C-6 and C-8 which gave an average compressivs

strength of 1.90 kg/cmz. Ninety, eighty, seventy and sixty % of the

maximum load were applied on four samples, but none failed as it is shown

" in Figure 6 and Table 3. Dead loads were added until failure, in order

to verify ihe ultimate strength of each sample, The stress-strain curves“
in Figure 7 give a similar compressive strength of 2,56 + 0.05 kg/cmz. But
this value is much higﬁer than that determined by the eariier four tests.
This is prObably due to a lqwer water content and to thixotropic effects

during tests,

It can bé hypothesized that when the soil is under sustained
loads, creep or slow plastic deformation may facilitate a new orientation
of particles and bring the soil in a more stable condition. It would

explain the strength increase during the oreep teéts.

Although we have only a limited number of tests for-a single
consistency, the strain-time curves in Figure 6 show that during creep, the
gtrain rate is nearly independent of the percentage of applied stress.

Moreover, under sustained loads, creep is proportional to the logarithm

of time.
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series D
To determine what the sirsngth is at a luwer water content, cne

consolidated undrained compression test was made wilth an hydrostatic

. N ) /)
~ pressure of 4 kg/cmza ‘The compressive strength was 3.21 kg/cw” for a

final water content of 27.8%. The results ere‘gi?en in Teble 3,

Thixotropy
Thixotropy is the phenomenon of strength gain with time of

: 8 N
remolded soil. Mitchell( )offers‘an explanation hased on the assumptlon

- that the internal energy and stress conditions in a thixotropic soil

immediately after remolding are not equilibrium conditions.

To verify if thixotropy could affect the results, two unconfined
compression tests (A-11, A~12) were made two months later than the first
two (A-1l, A~2). An increase of 28% in sirenght was found.. b difference
of 1% in water content may change considerably the strength. as itrcan
be seen in Figuré 8. The streSSmwaﬁer content carve shows that a decreease
of 1% in molsture content corresponds approximately to a gain sirength of

20%, Thersfore thixotropy had a smaller influence on s%rength in the

tests then the water contént.
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. | : .
' RHEOLOGIC ANALYSIS OF EXPERIMENTAL:RESULTS

Lincarity

Since'the'first tuo series of tests geve inconclusive results,
it was'decided to concentrate the analysis on the third series of tests
which was much more consistent. To étudy the soil response during créep,

the results were plotted in various ways.

First, the_strain—time curves in Figure 6 are replotted, the

"initial strain being taken as the last load increment is applied. In

other worde, the time © = 0 correspoads to the strain at the time of

dpplication of the last load increment, neglecting the past histbry'of

specimens. Such a plot is shown in Figure 9. The units now used are p;sli,
C (6), (9),

for easier comparaison with previous published works, Kondner

‘Normalizing the results, the creep compliance J (t) is plotted
versus log. time in Figure 10. The creep cbmpliance.is defined as follows:
J (t) = creep compliance tunction of time = E(t)

where : g
€ (t) = strain at time t .

u 4

o stress during creep

For)linear materials, a unique relation exists between J (t) end
t whatever the applied stress. As it can be seen in Figure 10, the soil

is nonlinear since the four.curves are well. apart.

# This analysls is based on the presently unpublished work by Kondner
on creep response of & clay soil.
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in-Time Relstionship

The main probiem in soiiymechanica is to {ind a stra$s-strainm
time relhtionship which can be applied to any scil under a varisty of ‘
conditions. In order to anvleipete the soil reswvonse, an equation 1s
dsvaloped based on thevresults of creep tests ahd then applied end
Compafed with results of triaxial tests.

’

To do sc, data from Figure § is plotted as follows‘in'Figuré 1%
log t/r in ordinate and log t In abcisea for the Pour nearly constant
level étresaeé. What resvlts is four parellel lines, The aquation for.
any of these lines can then Le uritten _ - 5

"iog e = log C + B log t | o o i_
where | |

log C = intercept at iime equal to one unit, which ia this cagse
1ls one wiraie,

B = slopz of the lines.,

Rearranging the terms, we get:

t

K log t/,-__ ~ log C B log t

log t/€C = B lbg t

t/e .= t°
£

o tP
., {1~E)
Loes E....-.-u

n
(V]

(13



Since

w2 -
Equation (1) becomes :
e =atd | (2)

The value of the slope B is :
: A log (%)

A log T

B = = 0,989

1-B=0,011

Then  d
To evaluate A, let t = 1 minute in equation (2) :

(), ., =4 | o

= ¢ = f (o) in Figure 11,

oo+

(G')t':l =A==t (0')

It must be noted that the factor A depends on the applie& stress,

Plotting A/o'versus A (Fig.12) gives the following equation :

Ao =a+bA
where
, | | A
a = intercept on the - axis
6
b = slope of the line
o= (oy ~ o3) = deviator stress :
- 04. . . : . .
! = ' 4
or A s a,[l - bo) | . (4)

The values in Figure 12 are taken from Figure 11 and are.

summarized in Table 4.

Substituting equetion (4) into equation (2) gives :

€ : A td = g [ o td" R ' - (5)
L} ~ bo ' S ' .

which can be called the creep equatidn since it was defermined from creep
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tests. Equation (5) may be applied to the case of a triaxial test for e

‘constant rate of strain to give the following development:

Since the strain rate 1s constani, one may write:
Strain rate = constant = { =k

Therefore, §= = k

(6)

L T NPT

and_ 4 =

Substituting equation (6) into aquation (5) gives:

.

€= o _|{&f
. = X,
] [l"b ]lkl

. I .

_i_ = _él—'d=&B'
@

B_a [ o
[ a _
k 1l-bo

Taking the L root of both sides gives:
B "

. /B | o

£ a j. o - : . .

t*l"a] _ .(7)'
k ;l - bo |

r : : .
Let ] =R, | . (8)

" 1 .. 4 | | ' | 9)
: 5 = 8 . v

Substituting equatioﬁs (8) and (9) into equation (7) gives :

- [4) s | ,.
&-*—R[l_bj - _ (10)

!
”



and using ¢ = ¢p = 0q gives :

3 -
L=R 0} = 93 g o R CAORy

which is the'stress—strain—time equation for a triaxial compression test

at constant strain rate as determined from the results of triaxial creep

_ tests..

To verify the applicahility of equatlon (11) the btress—strain
response for the triaxial tests of Series C was calculated from equation (11)

and compared with the sctual experimental response.

The values are the stresses developed during the loading period
for the test C-10, Thus, the strains compﬁted'can be compared directly

wifh the strains measured in test C-10. Since ninety percent of maximum

stress had been applied for test C-10, it represents a nearly complete

triaxial test.

To use equation {11) the strain rate must be constant. Since
the loading procedure was incremental, an overalil average strain rate

‘mist be assumed,

Absuming'the strain rate k = 0,01 in, per in. per minute gives

an average valus for R:

2 1.011
[alYB _{1.13 x 2073
:'4 0.001

(0.01)0.011

R =
av

Fal®
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NSCES B
where . & = 1.13 x 10 7 = jnlerzepl on the L. axis in Figure 12,
\ _ .
1 .
oo T s W 1,011
B 0.989

d=1-38%0,011

Using stress values indicated snd the averegs loading time,
strain values were computed by means of aquation {11). The rezults are
summarized in Teble 5 =znd the experimentel and theoritical stress-sirain

curves are shown in Flgure 13,

As it can bs ssen in Gigure 13, bobk the theoreticel and
experimentsl curves coincide for strains greater than five rc"céﬁt. For.
smeller strain, the discrepancy is due to the assumption of constan®
strain rate, By the load incrementsl mebhod, the straln rate at small
strain is not consﬁant bt as the soil is more susceptible to def Tormation
with increasing loed, it delcrums more constaptly after a certain emeunt
of time, It a controlied constaut strain rate had beea used during the

triaxial compression test, the iwo curves would have probably been closaw

t¢ each other,

Howaver, the stress-strain-time relationship is velid oaly for
trisxial tests similar to those of Series C. The equation chenges 1f

the lateral pressure, soil, or the water content is different.
. !
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Viscosity

. The maximum value of shear stress in the specimen for a par-

ticular value of déviator stress (°1 - 03) is

T = .....-.—.--.--—-

max 2

Since the creep test is undrained, there is no volume change
in the specimen., Therefore the first invariant of the strain tensor, é,
15 zero and one can write
: - . .': . (' :
e tl +l.2 ! Y 0
and because symmetry

&.I‘ = Ez =£3 .
Therefors, -
' é‘l T w2 !:3
and £
{3 . i (12)
2

On the other hand, plotting the shear strein versus the axial

¢

strain in the Mohr strain space gives

€183

Ynax = === ()
Therefore y =3 ¢
v © max Z 1
and v =2 ¢ | | (14)
max 4 i
where Y = maxinum rate of shear strain
max
& = rate of axial strain
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To see how the viscosity acts during creep tesis, a graph of

. : , . U
-shear stress, T, versus rate of shear strain, ¥y, has been plotted at

different times. Figure 14 shows thet there is no constant relation

between shear strees and rate of shear strain. Since the viscosity n =

'is defined as the slope of the curve of T versus Y, it can be scen that

the viscosity is not constant during creep tests, which is another proof
of non linsarity of the material, 'The viscosity depends on time, water
content and applied étresses, but it 1s impossible to determine how

it varies because the data are insufficient.

Quasi-Bingham Material

A Newtonian material has a linear relétionship betﬁeen stress
and strain rate, which passes tbrough the origin while non Newtonian is
any other curve. A Bingham‘response is also linear; but deformation
occurs when a certain amount of stress is developed, that is,vwhen a

yield value' has been exceeded.

Rearranging the terms of equation 7, we get

14 (e i

1 | %
P d i
- a} urol—OB_ ]
£= | ¢Bj ’
?‘J \1-—b(ol-03 |
-3
where a=1,13 x 10
b = 00,0301
1.1 =91 ,
4 011
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let B=1

and €= 10%

end equation (15) becomss

L | .

é;gl = (1.13 x 10 ) l;__;z_“_ S o (16)
1T -bo
L ;

| . |
Several values of g9t are calculated and given in Table 3.

As it can be easily seen, to celculate the values of é one must take
1 , _
the 91 power of i;gI and,this gives difficulties. But one can make

a qualitative analysis and estimate the approximative curve.

1
For £ =1, €=1 . For smaller velues, € decreases

very rapidly. Therefore, thé relationship between strain rate and stress
will indicate a Quasi-Bingham behavior. It means that the strain rate
incresses with the increase in stress level in a nom-linear manner.,
Figure 15 shows the different relationships betwcen strain rate and

stress for the various types of viscous response.
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CONCLUSICNS

The hypothesis, that at constant stresses lower than the
ultimate strength élay would yield with time and perhaps fail, is only '
partly verified. Under sustained load, creep occurs and this slow

plastic deformation may be of great importance for the structure foundations,

: g
/

The few samples whick failed show a similar behavior. They
creep for a while at a constant rate and then the rate of strain increases

rapidly to cause failure. This increase in the rate of creep coincides

. with the reversal of the slope on the strain—ﬁime curve,

From the tests in which the samples did not fail, it can be

concluded that:

1 -~ creep is approximately proportional to the logarithm of

time under sustained loads, '

2 - the strain rate is nearly independeht of the amount of

thé.applied'stresé.

Hvorslev(z) noticed that iﬁvestigéﬁioﬁs of the long~term
rheological‘properties of. ciays were by nature time consuming, but
he pointed out that basic reseérch into the-problém would lead to short-
té}m tests or methods for making reliable estimates. The results of
the tests of the Series B, even if they are not reliable with the

fesults of other series, prove that creep may be accelerated by the




use of a dispersing agent.

The difficulties in creep tests are the chémging conditions
during tests. Thé soil may be affected‘byja dissipafion of pore water‘
and by new bonds created Whén théfe is a reorientation of particles.‘
Thé use 6f a dispersing agent may avoid these difficulties siﬁce it

rediuces the strength and causes failure sooner. A relationship between

- time of failure and stress and strain which has not been found yet,

might péssibly be detefmined.

If glycerin is used in triaxial chambers, adequate membranes

- should be used and special care taken to avoid contamination of.samplés-

A rheologic analysis was made ofvthe experimental results of

Series C. A creep equation was developed to give :

.c—_a o) - 03 ‘l'td : B
: 1~ _b(0‘l-03) J

Then this equation was appliéd to the case of a triaxial test _'

for a constant rate of strain, The following stress-strain~time equation = -

resulted : -

& : R

' s N o
(17 93) } S : (e
1 -5 (g - OB)J R

‘where the parameter R contains the time (strain rate) dependency.

This equation was verified with data obtained from a triaxial

- test. There was good agreement between the predicted and actual response
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with almost perfect coincidence for strains greater than five percent. For
strains smaller than five percent, the discrepancy is probably due to the

assumption of constant strain-rate since the actual loading was incremental,

‘Time can then be taken into account in the development of the equation of -

the stress-strain curve. Howsver the relationship is valid only for triaxial
tests similar to those of Series C, i.e. for the soil of the Potapsco
Formation end for samples subJected to an hydrostatie pressure of 2 Kg/cm

and having a water content of 29.0 percent.

No unique relation has been found between creep compliancé and

time for these four creep tests. Creep compliance depended on the applied

stress and this proved that the soil was not linear,

By definition, the slope of the curve shear stress versus rate of
shear strain is the viscosity. Curves were plotted for times equal to 50,
500 and 3000 minutes and they showed that the #iscosity was not constant

during creep tests.

A qualitative analysis of the relationship between stress and
strain rate indicated that the soil had a Quasi-Binghem behavior, It means
that the material_had‘g linear response only after a certain amount of stress 

had been developed. S S '

Generally thixotropy have affected the results to a certain extent. 
In the unconfined compression tests made one day and two months after molding |

the samples, an® increase of ten percent in strength was due to this
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phenomenon, Moreover in Series C, a strengthening was noticed during
the creep tests which lasted seven_and nine dsys. Being loaded until
fai;ure, the four samples failed at the same ultimate Strehgth, but at a

wuch higher value than predicted.



TABLE 1

r;&;;&;— Date‘..wt Vo Vg s ! So Se ! 81~ 63 , i %»of ultinmate Ti?e to |
, : 1in 2| in 2| in % | in gms in ¢ in % in kg/cn Strength ?allgre
B : : ) ~1n min. |
a1 [ 4-18 | | 30.6 3.3 | 109.84 | 101.7 | 10404 | 1.43 'r
a2 {419 | 13140309 | 109.27 {1000 ] 2031 | 1.51
a3 a0 | | 32.4 | 31.8 | 107.75 !100.5 | 105.5 | 1.30 95% 7
A4 | 420 | - | 30.3|30.3 | 110.70 [101.8 | 95.6 | 1.30 g5 30-190
4-6 {423 [32.9 | 32,0 | 31.5 | 107.64 |100.0 | 104.6 | 111 | s
| a5 1420 30,6 | 30.2 | 110.16 |101.5 | 104.4 | 0.99 65
a8 1427 [31.2 30,9 | 29.2 | 109.99 101.9 | 106.0 | .0.94 60 \é
ool a9 524 |30.4 301 {2923 | 1m1.33 |101.2 {103.27 | 1.27 g '
A-10 i 5-24 |30.8 |30.7 |29.4 | 110.34 |104.6 |101.8 | 1.11 70
211 {6-10  |30.1 [30.2 |30.0 | 110.26 |104.1 |103.8 | 1.78
a-12 611 129.9 30,0 [29.9 | 110.73 |102.6 |105.2 | 1.83
|

Results of Tests of Series A of the Uhconfined'Compression Type



, TLBLE 2
#lest ate i;rt% ‘ izo% 11:1655 gcsfc corr., gcs)fr. | izsxo;‘é irsle% i(iz]i—kg? cm2. 352;3;2;12 e gﬁu:‘:
‘ in gms in gms : 1 in min,

B-1 | 4-19 30.1 | 30.0] 111.96 | 109.50| 97.0 | 101.0| 1.08

B-3 | 4231 31.3 | 29.3{ 114.85 | 109.50 [102.1 | 95.6] 1.05

B2 | 421 31.6 | 32.2] 109.80 | 109.20 |102.7 9.5 | 1.51

B7 | 425 | 30.7 27.0| 119.06 | 110.30 {103.3 | 97.0| 1.05 9 281120

B-6 | 4-251 31.0 ! 30.9 | 26.7] 109.59 | 109.59 |100.1 | 97.6 | 0.9s g0 12 days

11| 53 | 30.8 29.21 117.95 |110.20 | 98.8 | 101.1 | 0.5, '80 £00-1300

B9 | 428 | 32.3 26.7| 118.94 |103.00 |103.5 | 94.0 | 0.g9 75 300-1740 ;;
BN e | 31.7 | 28.8| 114.55 |109.50 |103.2 | 101.0 | 0.85. . | _70- | 300-1410 '

B-10 ! 4-30 | 31.9 8.6 | 117.26 |109.00 |106.0 | 106.5 | 0.86 70 1530 |

B12| 5-3 | 30.8 | 30.5 |25.0| 110.49 [110.49 1041 | 99.9 | o.a1 65 12 days

B4 | 4-25 | 31.2 © |25.4 | 11812 -|110.00 [102.7 99;7, 0.72 0

B-13 | 5-11 | 31.6 | 31.4 |31.9 | 109.16 105.0 |106.9 | 1.3

314 | 519 | 31.5 | 31.9 [32.4 ! 108.49 103.8 |106.9 | 1.0

B-15 [-5-21 | 31.8 |31.7 {31.2 | 109.00 104.8 |103.3 |1.34

Results of Tests of Series B of the Consolidated Ugdrained
Compression Type. Hydrostatic Pressure of 1 Kg/cm<.
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TABLE 3
Yest | Date | w, | w, | w_ | u s 1 s, | oo | %of Ultimate
int% ino% ine% ! in gms] in°% ine% i in kg/cm2 Strength

G, 52/, 31.$ 36.6 30.3 f 1310.36 104.41104.0 1.93
c-5 | 5-25 | 31.5| 31.6| 31.2 | 109.01! 103.0[103.0| 1.5
c-6 5-26 31.4 | 31.6} 31.1 | 108.67{ 101.0 104.0 1.84
c-8 5-29 | 31.3| 31.2| 30.6 | 108.65!.99.81107.6{ 1.90

C-11 | 6-1 | 30.4{ 30.2|29.0 | 111.15} 100,1{107.8! 1.29 60
c-7 5—31' 30.4 ; 30.0} 28.7 | 111.72} 102,1 199.8]  1.47 70 \L
-9 | 5-31 | 30.4 | 30.2|28.8 | 120.90{ 102.2}104.4 | 1.64 g0 v
c-10 | 6-1 31.6 | 30.9| 29.2 109.45 | 10344 [104.0 |  1.81- 30

-3 | 611 | 29.8 | 29.7 27.8 | 112.97]103.0 hos.8 | 3.2

Results of Tests of Series C and D of the Consolidated Undrained
Compression Type.  Hydrostatic Pressures of 2 and 4 Kg/cm®,
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TABLE 4
o in p.s.i. _ A Ao X 10~
a8 | 0.03m 2.13
20,3 0.0630 - 3,10
22,8 0.0806 3.54
25,2 | ~0,1100. 4437

Summary of Values of Figure 12.

Relationship between Factor A and Deviator Stresa.
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TABLE 5
it D [T A ng__f"a NG
. 1-blog-e3) "B o3k | 7
0:424 5.90 | 0,178 0.822 | 17.19 0073 . .0814
0.528 7,35 | 0.22L | 0.779 | 9.45 .0097 .1066
0.635 8,83 | 0.261 0.734 12,03 0124 1360
0,740 10,30 | 0.30 . | 0.69%0 14.9 L,0154 | L1685
lo.842 | 1170 | 0.352 | 0.648 18.0 | .0187 ,2040
o.945 13,00 10394 | 0.606 | 2L1 | L0219 | .24
1.05 14.55 | 0.438 | 0.562 26.1 - .0270 .2950
114 | 15.90 | 0.419 | o.52 30.5 | ,0319 + 3450
1.23 17,20 | 0.520 0.480 35.8 L0370 4050
1.33 18.50 | 0.557 | 0.443 | 41.7 L0430 4720
L1 | 1970 |osos | ewos | uss ,0505 5480
1.50 20.80 | 0.626 0.37% | 557 | .50 | .6300
158 - | 22.00 |0.662 | 0.338 | é5.2 | .06% 360
1.66 23,00 | 0.693 0,307 75.0 0781 48490
1.73 24,00 | 0.723 0.277 8.6 | .0900 { .9790
1,80 125.00 | 0.753 0.247  |101.3 1060 | 1,142

Strain Values Computed by Means of the Stress-Strain—Time Equation.
Qualitative Analysis -of Rate of Strain.
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