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ÀBSTRÀCT

The objective of this laboratory study was to determine

the long-term creep behaviour of frozen soil by means of an

in-situ testing method, namely the pressuremeter tesÈ.

The investigation included: four multi-stage tests in

frozen sand, five long-terrn single-stage creep tests in fro-

zen sand and' six standard pressuremeter tests in saturated

unfrozen sand. Ladanyi's method (tadanyi and Johnston,

1978) was used to evaluate the creep parameters of the fro-

zen sand, and to predict its long-term behaviour.

Ladanyi's method led to predictions of strain which vrere

higher than the actual strains in the frozen sand. À modi-

fied Ladanyi method was developed; and this new method gave

better predictions than did Ladanyi's original method.
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Chapter I

I NTRODUCT] ON

1 .1 GENERAL

Over the last decade the petrofeum industry and the Cana-

dian government have directed their' attention to the devel-

opment of offshore oil and 9as reserves. Major projects are

situated in the Beaufort Sea, where artif icial islands or

atolls will be built on the seabed in shallow water (not

more than 30 meEres deep) for production purposes.

l,luch of the seabed of the Beauf ort sea is made up of warm

ice-rich permafrost with temperatures ranging from 00C to

-5oC (Vong, 1983). It is anÈicipated that the permafrost

will deform with time when it is subjected to loading. One

of the major engineering concerns is to estimate the magni-

tude of settlement that witl occur during the operations of

the islands and atol1s. These operations will continue for

a long period of time, since the islands will be designed

for a service life of from 20 to 25 years. In order to

properly assess the probab].e settlement with time, a method

has to be developed to determine the long-term creep behav-

iour of warm Permafrost.
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One method of measuring creep behaviour is to obtain core

samples and carry out triaxiaL tests on the samples either

on-board the drilt ship or in an on-land laboratory. This

labora*,ory method is known to cause mechanical and thermal

disturbances in the samples due to drilling and handling'

An in-situ method such as the pressuremeter test offers a

number of advantages. However, the time available for an

individual in-situ test is frequently limited to less than a

few hours due to the high operational cost of the drill ship

and the crer.¡. Theref ore, a medium-term test which takes a

totat of approximately 5 hours, has been developed in an at-

tenpt Èo evaluate the long=term behaviour of frozen soil'

At the University of Manitoba, Pl€ssuremeter tests have been

carried out on frozen sand as part of a larger on-going

project to study the behaviour of permafrost of the type

that exists in the Beaufort sea. the studies being under-

taken include 1on9-term triaxial tests; measurements of the

properties of frozen soil such aS salinity and unfrozen wa-

ter content; and, mosÈ recently, pressuremeter teStS and

model pile tests on poly-crystalline ice'

1.2 SCOPE OF STUDY

À literature review revealed that few studies have been

done on frozen soil with a pressufemeter, and most of these

pressuremeter studies were accomplished by Dr. Branko Lada-

nyi. In 1973 Ladanyi and Johnston published a paper which

'.ìtt
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:,.
i.'i
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:..:

.:tìl

:l::

:.
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describes the method for obtaining creep parameters of fro-

zen soil by means of a pressuremeter test. This method will

be referred to as Ladanyi's method. Following the above pa-

per are: Ladanyi and Johnston (1978) and Ladanyi and Eckardt

( 1 983 ) . However, to the author's' knowledge there has not

been any publication that directly shows how well the method

predicts the long-term behaviour of a frozen soiI.

In this present study, Ladanyi's method has been used to

determine the creep parameters of four laboraÈory-prepared

frozen sand samples. The samples were prepared in such way

that their properties should resemble the properties of

field permafrost.

chapter 2 presents a review of the available literature

on frozen Soi1, concentrating on Ladanyi's method for pre-

dicting the Iong-term creep behaviour of frozen soil.

In Chapter 3, the testing program, the method of sample

preparation,andadescriptionofthetestequipmentand

test procedure are Presented'

In Chapter 4 all the test results from the experiment are

g1ven.

chapter 5 describes step by step the procedure used to

perform Ladanyi's method of determining creep parameters

with the pressuremeter. The creep parameters which were ob-

tained using this method rtere then used to predict ttre }ong-

3



term creep strain of the frozen sand. Long-term constant

stress pressuremeter tests vrere carried out so that a com-

parison could be made between predicted and actual behav-

iour. The Ladanyi method was found to overpredict the long-

term strain of frozen sand, and so a modified method, which

will be referred to as the Modified Ladanyi method, wâs de-

veloped in an attempt to improve the predictions of the

long-term behaviour of frozen sand. This Iatter method

shows some Promise.

Chapter6presentsdiscussionsonboththeLadanyiand
Modified Ladanyi methods. Conclusions from this study and

recommendations for future studies are presented in chapter

7.

,t::,:

t:
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Chapter I I

THEORY OF FROZEN SOIL AS
PRESSUREMETER

ÀPPLIED TO THE
Cnsr

2.1 INTRODUCTION

The Menard pressuremeter has been used for more than a

decade for testing frozen soil. Most of the related litera-

ture that l¡as found involved Dr. Branko Ladanyi, beginning

with the paper by Ladanyi and Johnston in 1973. Field

pressuremeter tests in sea ice covers and ice-rich permaf-

rost are among the subjects covered in the papers published

by Ladanyi. It r¡as not until 1981, in a report by Eckardt,

that the use of the pressuremeter test to evaluate frozen

sand properÈies under controlled laboratory conditions vras

documented.

Subsequently, another type of borehole di latometer , kno',rn

as the CSM (Colorado School of Mines) cell, was used by La-

danyi for determining the creep parameters of ice, frozen

soils and rock salt. The test is ca1Ied the borehole relax-

ation test in which the strain is conÈrolled while the vari-

ation in stress is observed

Here at the University of Manitoba, the OYO

100 pressuremeter (modeI 4149, OYO Corporation,

ELÀSTMETER

Japan ) i s

5



used for testing frozen sands under controlled laboratory

conditions. The oYo pressuremeter differs from a Menard

pressuremeter in that 1) the OYO pressuremeter utilizes an

electro-mechanical device to measure the radial expansion of

the probe , 2) the OYO pressuremetér can use either gas or

fluid to expand the probe, and 3) the oYo pressuremeter is a

single ce11 device, that is to say it has no guard cel-l-s.

2 2 PRESSU TER METHOD IN FROZEN SOIL

The method for determining the creep parameters of ftozen

soit that will be discussed below follows the method pro-

posed by Ladanyi and Johnston (1973, 1978) and Ladanyi

(1983).

Hult (1966) proposed two practicat methods for generaliz-

ing experimental creep information. The first method is ap-

plicable to long-term tests in which the steady state creep

strains are relativel-y Iarge in comparison to the instanta-

neous and primary creep strains. This method consists of

linea rízing the creep curves and considering the total

strain at any time as being the sum of the pseudo-instanta-

neous and the Steady state creep Strain. However, experi-

ments have shown that frozen soils show non-linear visco-

elast ic behaviour to such a degree that linear

approximations cannot be adopted for most practical prob-

lems.

6



The second method, applicable to relatively short-term

creep tests, considers creep deformation to be mostly prima-

ry creep and attempts Lo extrapolate short-term measurements

to longer times using a convenient creep curve fitting meth-

od. According to Hult, there are !*o techniques for solving

this second method. The first technique employs a time-

hardening creep law in which time is considered to be the

cause of the hardening. Time hardening creep laws have been

used in calculations for various design problems because of

their mathematical simplicity. However, the use of a time-

hardening law is not advisable in cases where there are

large stress redistributions. In frozen sand particularly,

stress redistribution has been found to be quite significant
(tadanyi and Eckardt, 1983). The second technique uses a

strain-hardening creep law. Àccording to the second tech-

nique the pressuremeter data can be generalized using the

solution to the problem of stationary creep under the inter-
nal pressure in a cylindrical cavity of infinite length 1o-

cated in an infinite medium.

The

ter a

(Hurt,

t ot,a I
given

1965)

strain
time,

attained

under a

on an ice-rich frozen soil, af-
constant stress, was given by

e
(i) (c)+eÊ (1)

where e(i) is the instantaneous portion of

and ,(c) is the time dependent creep strain.

7
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l
:l

2 2 .1 Sol-u tion to CreeÞ Strain of Frozen Soil

The

sponds

solution based on a strain-hardening creep law corre-

to a constant stress relation

(c) a b (2)
e KO t

where K, a and b = temperature dependent material constants

o = stress

| = time.

Eq. 2 can be rewritten in more general form in a multiaxial

state of stress:

(c) e b o b
Ê

c e )' t (3)
e b o c

where e
e

(c) and o
e

stress,

are the equivalent creep strain and the

respectively, expressed in the followingequ i va lent

f orms :

2
f,r rc, 'z)

2 + (e , r)' + (e 'r) 
2] (4)

e ô 2 3

2
|t to, oz) 2 (o o¡) 2 + (o or) 2Ì (5)

o e
+

2 3

o 1sc

rate,

the reference stress at an arbitrarY

and b and n are creep exponents.

se Iected

In frozen

strain
soil,è,;c

E c is taken to be 10-s min-1.

I



To solve

troduced to

this problem I a transformed time unit t is in-

Eq. 3:

b (6)

(B)

f=t

which allows Eq. 3 to be transformed into an ordinary power

Iaw:

(c) n (7)de /dr K
e e

where K ,þ,o ,*,"
c

For the problem of creep expansion of a cylindrical cavi-

ty under plane-strain conditions, the solution to Eq. 7 can

be obtained by analogy with the corresponding solution in

nonlinear elasticity. Comp).ete solutions to this particular

problem are described in odquist (1965).

To process pressuremeter creep information, the only re-

lationship needed from the solution is the one relating the

creep cavity expansion rate with the applied internal pres-

sure (Odquist, 1966 and Ladanyi and Johnston, 1978)z

dr /d'r /t-T n*1 z(p p n (e)
Kr{ a

n
]o

where r = current radius of the caviby

Pi = constant applied internal pressure

Po = radia} pressure acting at infinity.

9



1n this study, where the tests were run In

was prepared in a thin-walled tank, Po is

assumed to be zero.

frozen sand which

negligible and is

Eq. 9 can be rewritten as:

dr /r Fdt (r0 )

,f,"*t e b 2 (p.-l- p
o n

where F
c

) { ) (11)
b n a c

For

can be

a finite time interval at a constant stress, Eq. 10

integrated to give:

1n T=l'T+C (12 )

uéingr=r.atr=0,i.e.
sidered ith loading stage, the

eliminated and Eq. 12 becomes:

at the beginning of

integrat ion constant

the con-

C can be

Ln (r /r b-Ft (13)
l-

This can also be written:

(r /r ) exp. (F tb) (14)
l_

where r. is
I

the start of

the radius of the cavity at time t = 0,

pressure creeP stage,

i.e. at

and r isa given constant

10



the cavity radius at time t after the step increase to the

pressure 1Pi Po) in the ith stage of loading' For clarifi-

cation refer to Figure 1, which illustrates the mechanics of

a multi-stage creep test'

The semi-graphicat procedure describeC by HuIt for

ry creep can be used to determine the creep parameters

and o . Taking an ordinary logarithm of Eq' 13 then
c

(15)

Iog-1og Plot, ãc-

curves should lin-

portions is equal

From Figure 2 the

of any creep line

i Po)), is then

Eq. 1 1 can

(r6 )

pr lma -

b, n'

(r7 )

-Po) ina

slope equal

When

1o9[rn(rrlr.)] = log F + b log t

Ln(r/r) is plotted against time in a

cording to

earize and

where M

According

log-1og Plot

,*,"*'
Ê c

+n

plott ing

st ra i ght

Eq. 15 the Pressuremeter creep

the sloPe of the straight line

to b oE, as shown in Figure 2 ' b = B/A'

intercept at unit time (say, 1 minute)

(each of different value of pressure (p

equal to F.

In order to determine the parameters n and oc'

be rewritten as:

1og F Iog M n log Ioq (p. p )ooc

tZl tn
b

)b

to Eq. 16,

witl give a

F against (Pi

line with the

11



a

D. p
o

p2 po

r
r.

].
P1 po

,2
t1

o

t ime

Figure 1: Mechanics of a trlulti-Stage pressuremeter Test

borehole
radius

ln(rlrr)

1
po

2

po
1

B
A

t ime

Figure 2; Determination of b and F (Iog-1og plot)
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D

e

F

F1

1 P1 Po

Determination of n (1og-1og Plot)Figure 3

I3



to n as shown in Figure 3. From Figure

intercept at a unit value of pressure (pi
is according, to Eq. 16, equal to

FI = M/(o n
c

3, n = o/c
( say,

and rts
MPa )Po)

Knowing b, n, the value

arbitrary selected vaLue of

(¡¿rzpr )
r/n

In association with

developed to predict

soil.

M cal.culated f rom Eq.

the value ofo c

(14¡

17 , and an

ic.e c

(1e)

Eq. 3 gives

The equation

creep infor-

can be

f rozen

c

Subst.ituting the values of b, n, and o" into
the general creep equation of the frozen soil.
can be used for extrapolating the pressuremeter

mation to longer time intervals.

2,2.2 Solution to CreeÞ St rength of Frozen Soi I

a failure strain, an equation

the long-term strength of a

if ¿-- denotes the equivaLent fairure strain and o - the
ETet

equivalent creep strength, then Eq. 3 becomes:

o - = o . -L/n ,é. 
t,, 'b/n

ercet\-b/

14

(20)
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To apply the above analysis in practice the data should

satisfy two conditions:

1 . creep curves should lineatíze in a J.og-log plot.

2. creep curves for different sustained pressures should

be parallel to each other.

Note that the anaLysi s neglects the instantaneous

strains; therefore, all such strains must be added to the

creep Strains in processing experimental data. It has been

demonstrated by Ladanyi and Eckardt (1983) that better re-

sults can be obtained if the instantaneous strains are sepa-

rated from the creep strains.

Finally, if t,he tests are not performed in the f ield in a

semi-infinite medium, but rather in thick cylinders of fro-

zen soil, all the described procedures for determining the

parameters from creep tests remain valid, provided o. in Eq.

19 is replaced by m.o", where

(a/a) 2/n (zr¡

whe re = inner radius of the cylinder

= outside radius of the cylinder.

m c

a

b

If the

Po used

conf in ing

test s

in the

are performed

above formula

confining pressures then

be equal to the applied

unde r

YrlLI

pressures.

15



Chapter I I I

TESTING PROGRÀM

3.1 INTRODUCTION

Because of the prohibitive cost of performing in-situ

pressuremeter tests in seabottom permafrost for purely re-

search purpoSeS, a laboratory-simulated in-situ technique

was used as an alternative. The seabottom permafrost in the

Beaufort Sea is either ice-bonded or non ice-bonded mixtures

of sand, Silt or clay which can be more or less saline

(Yong, 1983). It was realized that there would be consíder-

able difficulty in making up identical samples of frozen

soil if fine-grained soil were used or if a saline solution

were used for the porewater. This is because the tests were

to be carried out close to OoC and the degree of ice bonding

could vary significantly. Since repeatibility and uniformi-

ty were alt important at this stage of our work, in this

study only medium grain sand and fresh water were used to

prepare the test specimens.

À Summary of all the pressuremeter tests in froZen sand

and a description of each frozen sand specimen can be found

in Table 1. Table 2 presents a description of all the tests

in saturated unfrozen sand. (The last two columns giving
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the values of

tion).
Eoo and p[ vri]l be discussed in a later sec-
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TABLE 1

The Frozen Soil Test Program and Description of Specimens

P
co

ïce
content

(%)

24.2

24.5

26.3

24.7

24.7

29.4

25.3

25.6

26.1

fce sa-
turation

(7")

88. 1

87 .4

85.7

86.2

86.2

92 .5

87 .7

95.8

94.2

o d"y
(ks/m3 )

t460

1460

7420

7470

7470

14 10

1460

1530

t490

o bnlk
(kg/m')

1840

1820

7790

1830

1830

1810

1830

1910

1880

Test
terno.
c"c)

-¿..)

-1.9

-2.9

-3.2

-2.9

-2.6

-2.4

-2.7

-3. 0

Pressure
range
(MPa)

o.36 -6.25

o. 06 - 3.71

0.75 - 3.91

1.O

2.O

4.2

3.0

0.50- 2.50

2.O

Pressure
incrsnent

(MPa)

o.5

0.5

0.5

o.25

Time
interwal

15 min.

45 min.

45 min.

10 days

22 days

3 hours

27 hours

45 min.

22 days

T\rpe of test

Itlult i-st age

Mult i-stage

Mult i-stage

S ingl e- st age

S ingle-stage

S ingle-st age

S ingle-stage

[{u1t i-st age

S ingle-st age

Test

PT1O2

PT1O3

PT2O1

PT2O2A

P1202B.

PT2O3

PT2O4

PT27L

PT2T2



TABLE 2

The Unfrozen Soil Test Program and Test Results

H
\o

* from model test

pI
(lçPa)

40

310

45

300

45

290

E'I{
(kPa)

490

4040

240

3120

450

4000

Water
content

(7")

*

30

2t

30

27

30

2a

ou"r*
(kelm')

7470

1660

7470

1660

7470

1660

n*
"bu1k

(ke/m')

1860

2010

1860

2010

1860

2010

Test
tçmp
( "c)

18.5

18 .5

19. 5

17.5

18.5

18. 5

No of

10

12

I

11

I

10

hessure
incrernent

(kPa)

27

35

2L

35

27

35

Test

PT2O5

PT206

PT207

PT2O8

PTzO9

PT21O



3.2 TEST EOUIPMENT

À typical setup of the test equipment and the frozen sand

specimen is shown in Figure 4.

À11 pressuremeter tests were carr i.ed out using an OYO

ELÀSTMETER 100 pressuremeter. The instrument is a monocel-

lular borehole extensometer which uses an electro-mechanical

caJ-iper to measure changes of borehole radius. The rubber

membrane is capable of being expanded up to 25eo of its ini-

tial radius. Nitrogen gas h'as used to inflate the rubber

membrane.

Throughout the laboratory testing program two types of

rubber membranes were used, depending on the pressure range

of the test.
1. Hard membrane

This membrane measures 540 mm in length, 14 mm in

thickness and 70 mm in outside diameter when uninflat-

ed. The specified maximum Þressure for this membrane

is 20 MPa.

2, Soft membrane

TL¡e rubber tube measures 390 mm in length, 4 mm in

thickness and 70 mm in outside diameter before infla-

tion. The specified maximum pressure for this mem-

brane is 3 MPa.

Two types of containers,

boundary conditions, were used

are described below.

represent ing

in t.his study;

di f ferent

two types

two

the

20
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Figure 4: Typical Setup of Test Equipment and Frozen Sand
Specimen
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Thin tank (free boundary)

The thin tank was made of 24 gauge galvanized sheet

met.a] i i t measures 760 mm in diameter and 1170 mm i n

height. À 250 mm joiner strip of flexible rubber, ap-

proximately 10 mm thick, yras' installed the length of

the tank vertically to 1) accommodate the expansion of

the sampl-e due to freezing without damaging the tank

and 2) to minimize the boundary constraint during

testing.
Thick tank (ri9id boundary)

This rigid tank was made of a section of steel pipe

measuring 1020 mm (40 inches) in height, 915 mm (36

inches) in diameter and 13 mm (l/Z inch) thick. The

steel pipe was the same type as that used in the Àla-

yaska Pipel ine.

3.3 TEST MÀTERIÀL

À uni f orm, quartz-dol-omite-f elCspar, medium grain sand

lras used in all the tests. This natural, light brown sand

was obtaineC from the Bird's Hill pit in Manitoba. The max-

imum and minimum dry densities of the sand, obtained by the

ÀSTM standard method, were 1650 and 1450 kg/m3, respective-

Iy. À typical grain size distribution was about 94e" by

weight between 0.1 and 1.0 mm, with less than 4e" below 0.1

mm and less than 1eo above 2.0 mm. The coefficient of uni-

f ormi ty vras about 2.0 . À det,a i led descr ipt ion of the sand

can be found in Appendix A.

22

2



.ìtt

:..:

'..

3.4 SAMPLE PREPÀRÀT] ON

The preparation of a frozen sample includes: pouring the

sand, freezing the specimen' and allowing the temperature to

become uniform throughout the sample. A description of the

preparation of the different series of pressuremeter tests

will be presented below in chronological order'

3.4.1 Test Series 1

The sand pouring method used in Series 1 tests will be

as the dry pouring method. The procedure forreferred

thä dry

to

pouring method is described below.

Drv Pourinq Method

The oven dried sand was run through a funnel at a con-

stant rate. while a constant height of fa11 of. approxi-

mately 25 mm was maintained. The sand was saÈurated by

tap r¡ater flowing continuously upwards from the bottom of

the tank as the Sand was poured. Five thermocouples were

installed as the sand level rose at depths of 40,50,60,

70, and 80 cm from the bottom of the tank. The ends of

the thermocouples were in 20 cm from the side of the

tank.

Àn average dry density of 1540 kg/n3 (ranged from 1520

to 1550) and water content of 24eo (ranged from 23.5 to

Z4.g) were obtained using the dry pouring method. The

23



densities and water contents prior to freezing h'ere meas-

ured independently by carrying out three tests. The

specimen for each test was specially prepared for this
purpose, using the same pouring method (dry), in a con-

tainer having a diameter of 200' mm and a height of 200

mm.

Freezin o

After pouring was completed, the sides of the tank

þrere insulated to promote one-dimensional freezing. The

sample was frozen at a chamber temperature of -200C. The

freezing process took about 7 days to complete, after
which the chamber temperature was raised to the desired

test leve1 of -3oC. It took approximately 7 days for the

sample to reach eguilibrium temperature. Details of the

recorded temperatures in a typical specimen can be found

in Appendix B.

This

PT?O2B,

test ser ies inc ludes PT1 02 , PT1 03 , PT20 1 , PT202A,

PT203 and PT204.

3.4.2 Test Series 2

According to Ladanyi, the creep strength of a frozen soil.

at infinite tirne is equal to the strength or limit pressure

of the soi I in an unf rozen state. Thi s ser ies of tests Yras

carried out to determine the pressuremeter modulus and the

limit pressure of the saturated sand when unfrozen and at

24



two different densities (loose and dense). The sand was the

same as vras used in all the other ser ies of tests. À wet

pouring method l¡as used when preparing the unfrozen sand for

Series 2 tests. The procedure for the wet pouring method is

described below.

Wet Pour i ng Method

liet sand was used to fill a #4 sieve to a thickness of

about 25 mm. The sieve which had the same diameter as the

tank was then immersed in the water to cause the sand to

faIl into place. The bottom of the sieve vras immersed no

more than 25 mm and the height of the water was main-

tained about 100 mm above the sand surface at aII times.

The sieve f illing and submergence process Ìras repeated

until the desired height of the sand sample was reached.

For all Series 2 tests, the sand b¡as poured with the

pressuremeter held in place in the tank to minimize dis-

turbances that would have resulted from the insertion of

the pressuremeter after the tank was fulI of sand (see

Figure 5 for details).

A loose saturated sand with an average dry density of

1470 kg/n3 and an average water content of 30e¿ was pro-

duced using the wet pouring method. The densities and

water contents were measured by placing 24 small contain-

ers over the surface of the sand and carrying out the

next lift of sand placement in the normal way. These

25
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measurements were made in an independent specimen

cia1ly prepared for this purpose. Densities ranged

1460 to 1490 kg/^t, indicating conditions across the

were relatively uniform.

spe-

from

tan k

The wet pouring rnethod has advantages over the dry

pouring method as listed below:

No oven-drying of sand is required; therefore, far

less labour and time is reguired.

Drying the sand in the oven may cause the sand

particles to break down more quickly.

The wet method is more representative of the natu-

raI sediment,ation process in the f ieId.

Àfter each test in the unfrozen loose sand, the pressure-

meter was deflated and the specimen !¡as densified for the

test in unfrozen dense sand. Densification r¡as carried out

with a concrete vibrator operating at a frequency of 60 Hz.

The probe of the vibrator was submerged in the sand/water

mixture and the sand was vibrated in layers 200 mm thick

working from the bottom upwards. The probe was positioned

at 12 wetl spaced locations in each layer and vibrated for 1

minute duration at each location.

Àn average dry density of 1660 kg/^3 and water content of

21eo yere obtained for the vibrator densified specimens. The

densities and water contents were measured independently by

carrying out two tests. The sample for each test htas pre-

27
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pared in a container (200 mm in diameter and 200 mm im

height) using the same method for preparing the actual dense

sand specimen. The variation in the results of the two

tests was less than 1eo.

The Series 2 tests

PT209. The Series 2

PT208 and PT210.

sand include PT205,

dense sand consi st

in loose

tests in

3.4 . 3 Test Ser ies 3

This test series invoLves pressuremeter tests in frozen

samples using a procedure which was similar to test Series

1, except that the wet pouring method was employed in pre-

paring the samples instead of the dry pouring method. Àfter

pouring v¡as completed, a rod with thermocouples attached at

depths of 0, 15, 30, 45, 60, 75 and 100 cm from the bottom,

h'as inserted compJ-etely into the sample. À total of 48 m of

heat-tape was wrapped around the tank in a spiral fashion,

to be turned on only when needed to prevent freezing from

the sides of the specimen. The sides of the tank were then

wrapped with a thin J.ayer of fibreglass insulation and the

top of the tank ltas covered with a styrofoam board. with

this setup, one-dimensional freezing from the bottom upwards

was assured; this was confirmed by the temperature measure-

ments taken during freezing at the chamber temperature of

-2OoC (see Appendix B). After freezing was completed, the

sample nas allowed to come to temperature equilibrium at

-30c.

28
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The Series 3 tests consist of PT21 1 and PT212.

3.5 TEST PROCEDURE

The main objectives of this stud.y are 1) to verify Lada-

nyi's method (t,adanyi and Johnston , 1978, as presented in

Chapter 2) of characterizíng the creep parameters of a fro-
zen soil, ôs well as 2) to develop an efficient procedure

for running a pressuremeter test in a frozen soil. Three

types of tests were carried out in order to produce a suff i-
cient number of results for the analysis of Ladanyi's meth-

od.

Checking (for gas 1eaks, electronic drift, etc. ) and

calibrating (for membrane resistance and thickness changes)

the equipment were performed at the test temperature prior

to the test itself. À detailed description for calibrating
the equipment has been reported by Ohya (1992) and Ohya and

Morita (1982). A typical checking and calibration of the

pressuremeter prior to a test in frozen sand specimen can be

found in Àppendix C"

3.5. 1 Tests in Frozen Sand

Prior to running a pressuremeter test in a frozen sand

specimen, a borehole had to be drilled with minimal mechani-

cal and thermal- disturbances to the specimen. À modified

CRREL-type, hollow core barrel was used to auger a hole down
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the centre of the frozen sand. Continuous samples of core

were retrieved for determination of density, void ratio' ice

content and ice saturation. The core barrel was powered by

an electric drill and rotated at approximately 60 revolu-

tionS per minute. During driLling,' the cuttings returned to

the surface remained as frozen sand and ice crystalS, indi-

cating minimal thermal disturbance. À relatively Smooth-

walled (i.e. no visible grooves and gouges), 39 to 39.5 mm

radius cylindrical cavity vras produced using the 38.1 mm ra-

dius cutting head, signifying little mechanical disturbance.

Two types

and they are

of tests

described

nere carried out in the frozen sand

below.

3.5. 1 . 1 Mult i-Stage CreeP Tests

During this test, the pressuremeter applied a given con-

Stant pressure to the cavity of the frozen sand. The pres-

sure was held constant for a given length of time during

which the readings of the radiai expansion of the pressure-

meter probe were taken. At the end of the specified time

interval, the pressure was increased to another leveI and

hetd constant while the readings of the radial expansion of

the probe were once again recorded. The test v¡as run until

the maximum permissible radius of the probe i.e. 47 .5 mm vtas

reached.
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3.5.1 .2 Single-Stage CreeP Tests

In this test only one specified pressure Ytas applied to

the cavity of the frozen sand. The pressure þIas heLd con-

stant until the maximum permissible. radius of the probe was

reached. Readings on the radial expansion of the probe r¡ere

taken during that period of time. Àn exception was made

with test Pî202A, -which was a single-stage creep test at

pressure p = 1.0 MPa. This test was terminated after ten

days I although the maximum permissible radius etas not

reached, sirnply because probe movements were so small. Test

PT202B was carried out raising the pressure to a constant p

= 2.0 MPa on the same sample.

3.5.2 Tests in Unfrozen Sand

PresSuremeter teStS were aISo carried out in Saturated

unfrozen sand. Only one type of test i.e. a standard incre-

mental pressuremeter test, wâS performed in these samples.

The test procedure wi 11 be descr ibed bel-ow.

3.5.2.1 Standard Pressuremeter Tests

The standard test nas run by applying I to 14 equal pres-

sure increments to the pressuremeter probe with the aim of

reaching t,he limit pressure when the volume of the cavity

gras doubled, that is to say when the radius of the cavity

was increased by 41eo. Readings etere taken at 15, 30 and 60

31



seconCs whi l-e each pressure leve1

pressure was increased to the next

ly after the 60 second reading was

Y¡as held constant; the

pressure level immediate-

ta ken .

À detailed descriPtion

meter test can be found

(1978).

for runn.ing a standard Pressure-

in the text by Baquelin et al.
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Chapter IV

RESULTS FROM EXPERIMENTS

The results from the different series of pressuremeter

tests will be presented in the following sections:

4.1 MULTI-STÀGE CREEP TESTS

Figures 6, 7, I and 9 show the creep inf ormation, plotted

as circumferential strain versus time at each pressure lev-

€1, f or tests PT102, PT103, PT201 and PT211 , respectiveJ.y.

PT103 and PT201 are identical tests in that each had 0.5

MPa pressure increments at 45 ninute time intervals. The

magnitude of the strains at the same pressure show good

agreement between the two iests, indicating that tests are

reproducible. The reproducibility of resuLts is confirmed

by the fact that the creep parameters from the tests are

similar; this will be discussed later.

33



4.0

3.5

3.0

P
C)

O
F{
o)
P.

2.5

2

(r|
Þ

z
H

Êd
F
(/)

q.

1.0

0

0.0

0 2 3 4 5 6

TÏ}.{8,

1B
minutes

g l0 ll 12 13 14

LECEND: PRESSURE
( MPa)

++r 1.339649
{---i.-+ 3.29251 2
.c_¿_+ 5 .203466

++-+ I
{----.---+ 3
**5

832t32
11 4594
6?7 r 5B

+.-..¡'--..r 2.32242
+_+-+ 4.254804

# 2 -BOg4 t2
.-<+ 1.731ll I

Figure 6: Plot of Strain vs. Time for PT102



'.:r.: ..',rr..t, ..r.,:rr:.ì.. rl..... . ....r. ...-

i¡

P
Er) .1

O
F{
0)
P.

H')l4
d(, ii

LN U)

0

!: 10 fC
IJ 20

TIIUE,

2\

minutes
:10 35 4t) 45

,r {li f'.ilr: PRtSStIRE
(MPa)

.:l-{...--}

{-{----+
0.llgilB45
2.83t'lB?

r.469r25
3 .2't3 t 1

.¡.----H
-H'----+

I . g3tìfì56
3 .7 r r682

+æ 2.392?56

I

Figure 7: Plot of Strain vs. Time for PT103



S

4

+J

0).,
OJ
¡{
0)
A.

z
H

t 42'd
UJ É{
or U)

{)

t.EIìTND: PRESSURE
( MPa)

.H
+-.4----¿j

1.234873
3.058348

30 35

+--+-.-+ 1.710703
-'...--'--.-* 3 .484 422

l0

{--{!F

+---+---+

lb

0.?488455
2 .6 r 9621

20

TÏME,
1õ

minutes
40

2 .1't l42g
3.907937

45
0 5

.{-#

Figure B: Plot of Strain vs. Time for PT201



0.6

0.5

-{J

c)
aì

t{
q)

9{

0.4

0

UJ{

z
F:{

d
tsi
Ø o.2

0.1

0.0

0 q, r0 l5 20

TIME,
25

minutes
30 35 40 45

LEGEND: PRESSTJRE
( MPa)

{+Þ I .000809
H.1 I .996095

.H-+
++

r .2501 l6
2 .254 t 65

{-.}+
.J-14

I .49904 I
2 .50 1975

l . ?4768 I

Figure g: Plot of Strain vs. Time for PT27I



't.

4.2 LONG-T ERM SI NGLE_STÀGE CREEP TESTS

The results of long-term creep tests at four different
pressure levels can be found in Figures 10 to 15 inclusive.

Figure 10 shows the plot of circumferential strain versus

time for test PT202A at pressure p = 1.0 MPa. The curve

shows the typical 'fracture and heal' pattern observed by

various authors in frozen soil tests at 1ow stress levels.

Figures 11 and 12 are two separate creep tests at p = 2.0

MPa. It should be noted that test PT202B in Figure 11 was

run by increasing the pressure to 2.0 MPa on the same speci-

men as vras used for test PT202À. Test PT202B is not, then,

a true single-stage creep test. Figure 12 (test PT212) is a

true single-stage test run on a virgin sample. A comparison

between the two creep tests at p = 2.0 MPa can be found in

Figure 13. It is believed that Èhe previous stress applica-

tion of 1 MPa altered the behaviour of sample PT202B and

caused the deforrnation to be larger than the deformation

found in a true single-stage test I PT212.

The creep curves from tests

that the strain rate decreased

Figure 14 and 15 show the

tests at P = 3.0 MPa and P = 4

PT202A, PT202B

gradually with

and PT212 show

tÍme.

of single-stage creep

respectively.

results

.2 MPa ,
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4.3 STANDÀRD PRESSUREMETER TESTS

Standard pressuremeter tests were carried out to assess

the limit pressure and the pressuremeter modulus of saturat-

ed unfrozen sand specimens at room temperature. Two differ-

ent densities (loose and dense) of unfrozen sand were pre-

pared for test; each density vtas investigated with two

different boundary conditions (rigid and free).

4.3.1 Tests in the Thick-Wa11ed Tanks (nlqid Bounda ry )

The corrected pressuremeter (pressure versus cavity radi-

us) curves of two identical standard tests in loose sand, in

thick-wa1led tanks are presented in Figures 16 and 17. The

similarity in the shape and strain magnitude of the two

curves indicates that standard pressuremeter tests in these

laboratory-prepared specimens are repeatable.

Figures 18 and 19 show the corrected pressuremeter curves

of two identical tests in dense sand, also in the thick-

wa1led tanks. Àgain the shape and strain magnitude for the

two curves are almost identical.
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4.3.2 Tests in the Thin-Watled Tanks (Free Boundarv)

of

in

Figures 20 and

standard tests

loose sand and

21 show the corrected preSSuremeter curves

in thin-waIled tanks i the tests vtere run

in dense sand' respectivelY.

À summary of the results of all the unfrozen sand tests

can be found in Table 2 which was presented earLier (page

19). The limit pressure (p[) of the dense sand specimen is

about 3OO kPa, which is about 7 times larger than the limit

pressure of the loose sand specimen. The preSsuremeter mod-

ulus (nr) of the dense sand specimen is approximately 3500

kPa, which i s about I t imes the pressuremeter modul'us of the

loose sand spec imen.

The results show

for the two boundarY

loose sand.

little variation in

conditions, either

the limit pressure

in dense sand or in

50
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Chapter V

METHODS FOR DETERMINING CREEP PÀRAMETERS OF
FROZEN SOIL

5.1 INTRODUCTTON

In this chapter, the test results (presented in Chapter

4) will be analyzed. Ladanyi's method (presented in Chapter

2) will be used to obtain the creep pârameters of the frozen

sand using the information frorn the multi-stage creep tests
(et'1 02, PT1O3, PT2O1 and PT211) . These creep parameters are

then used to predict the results of the long-term single-

stage creep tesÈs (PT202À, PT203, PT204 and PT212). As will

be seen, the fit between actuat and predicted results is

poor.

5.2 LÀÐÀNYI 'S METHOD

The procedure for obtaining creep parameters described in

Chapter 2 h'as followed to analyze the creep information ob-

tained from all the multi-stage creep tests. Computer pro-

grams were developed to carry out Ladanyi's se

procedures. Either the program LÀDFOH or LADFOS

calculate: the values of 'In r/t, 'i time 't'
real time minus one minute (to allow for the

minute of the instantaneous strain time); the

53

mi-graphical

Ìras used to

which is the

assumed one

everage pres-



sure on the specimen at each pressure stage (after allowance

for membrane resistance); eÈc. When the appropriate program

LÀDFOH or LÀDFOS vras run, a data set was created and stored

in the computer for future use. The program LADPL took the

data set created by LÀDFOH or LÀDFOS, analyzed it and plot-

ted the results. This machine plotting procedure replaced

the hand plotting technique suggested by Ladanyi and John-

sÈon (1973, 1978) .

The step by step procedure which was followed to analyze

the results from the multi-stage test PT201 according to La-

danyi's method will be described below.

l_ : Program LÀDFOH oT LÀDFOS

It vras mentioned in Chapter 3 that two types of rubber

membranes (hard and soft) were used throughout the test-
ing program. The calculations for membrane resistance

and t.hickness change, and the outside radius of the probe

are different for the two different types of rubber mem-

branes. Therefore two separate but similar computer pro-

grams were developed:

1. Program LADFOH was written for a mulÈi-stage test

using a hard membrane for the pressuremeter probe.

2. Program LÀDFOS was written for a multi-stage test

using a soft membrane.
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The programs LÀDFOH and LÀDFOS were written in FORTRÀN

77 for the mainframe computer system at the University of

Manitoba. Reasons for choosing FORTRÀN 77 were:

'l . FORTRÀN 77 i s the most recent Ianguage i n the

FORTRÀN series that is available at the Universi-

ty.
2. There are more programming options in FORTRÀN 77

Èhan in any previous FORTRAN series language.

3. Programs written in FORTRÀN 77 can be placed in

the University computer tape library for future

use.

Listing, description of the variables used and input

information for the programs LADFOH and LÀDFOS can be

found in Àppendix D.1. In this analysis, Èhe test data

from test PT201 is used. The caLculated output for test

PT201 is presented below in Table 3. A description of

all the variables used can be found at the bottom of Ta-

ble 3. For this particular example, the caiculations

were performed beginning with pressure stage 1 (sTS = 1

in Table 3). Time ! = 1 minute (Srp = 4 in Table 3) yras

chosen to be the assumed time for the instantaneous

strain as suggested by Ladan¡zi. The program LÀDFOH or

LÀDFOS created a data set ca1led username.SÀS.LÀD, which

r¡as then used in LÀDPL. Table 4 shows the printout of

the data set created as a result of running LADFOH with

PT201 test data. À description of all the variables is

given at the bottom of Table 4.
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TABLE 3

Calculated Output for Test pT201

PT2Ol: MULTI_STÀGE PRESSUREHETER TEST IN FRozEN SAND; TEMP= -2.9 C.

NUMBER OF STAGES = I
DESIRED STARTING STÀGE = 1

NUMBER OF DÀTA POINTS IN EÀCH STÀGE = 18
ASSUMED STARTING POINT OF CREEP STRÀIN (STP) 4

THICKNESS CORRECTION CONSTÀNTS ÀRE: MTI = O.O02 AN
CoNSTANTS FOR À/pr ÀREr A1 = 147.20 ÀN
MEMBRÀNE REACTION CONSTANTS ARE: MRt = 0.08 ÀN

D
D
D

MT2 = 0.044 IN PG=MTI+MT2rPA
5.84 IN n/et=e't+À2*RN (MH2)

= 0.78 IN RG=MRlxRN*rMR2
A2
MR 2

ÀPPLIED PRESSURE TN EÀCH STÀGE IN MPA :
1 .00
1.50
2.00
2.50
3.00
3. s0
4.00
4.50

T¡ME (MINUTES) FOR TÀKING DÀTÀ IN EÀCH STAGE :
0

-0
0
1

2
3
5
7

9
11
13
15
20
25
30
3s

.00

.25

.50

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
40.00
45.00

STAGE NO. 1 APPLIED PRESSURE. = 1.00 MPA

TIME RN(u¡x) (MH)
RG PI PG(up¡) (HH)

RO
(ì0.r )

STRA I N
(e")

RÀ
(e"h4

TE
¡N)

LNR
(HPA )

-1.00
-0. 75
-0.50
0.00

4
4
4
4
4
4
4
4
4
rt
4
4
4
4
4
4
4
4

.37

.41

.47

0.24
0.24
0.24
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.2s
0.25
0.26
0.26
0.26
0.26
0.26

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

.76

.76

.76

.75

.75

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.05

.05

.05

39.33
39.36
39.4 r

39.44
39.48
39.50
39.52
39.s3
39.ss
39.56
39.57
39.58
39.s9
39.63
39.63

-0.28
-0.20
-0.08
0.00

0.0008+00
0.3188+00
0.4778+00
0. 1 59E+00
0.9968-01
0.5988- 01
0.1998-01
0.1998-0,|
0. 1 998-0 1

0.9988-02
0.997E- 02
0.2008-0 1

0.399E-02
0.2008-01
0.0008+00
0.0008+00
o.1998-02
0.1208 01

-0.2798-02
-0. 1 99E 02
-0.7968-03

0.0008+ 00
0.9958- 03
0.1598-02
0.199E-02
0.2398-02
0.2798-02
0.2988-02
0.3'l8E-02
0.3588-02
0.378E-02
0.4778-02
0.4778-02
0.4778-02
0.51 7E*02
0.5778 02

1

2
4
6
I

10
12
14
19
24

.00

.00
"00
.00
.00
.00

51
s6
59
61

75
't5
75
75
75
75
75
75
74
74
74
74
74

05
05
0s
0s
05
05

0
0
0
0
0
0
0
0
0
0
0
0
0
0

.10

.16

.20

.24

.28

.30.,)

.36

.38

00
00
00
00

.63

.65

.66

.67

.69

.70

.75

.75

.75

.71

.80

.05

.05

.05

.05

.05

.05

.05

48
{8
4B
52

29. 00
34.00
39.00
44.00

39.63
05
05

39.64
39 .67

AVERÀGE PRESSURE ON SPECIMBN = 0.75 MpA

56

58



TABLE 3-Continued.

STAGE NO. 2 APPLI ED PRES SURE

PG(w)

1 .50 MPÀ

TI HE
(HIN)

RN
(MH)

RG
(up¡)

P]
( ¡rp¡ )

RO
(¡ry)

STRA I N
(e")

RÀTE
( e"/ìtt N I

LNR

- 1 .00
-0.75
-0. 50
0.00
1 .00
2.00
{.00
6. 00
8.00

10.00

4.80
4.84
4 .84
4.84
4.85
4.85
4 .87
4.89
4.91
4.93
4.96
4. 98
5.03
5.07
5.11
5. r5
5. 20
5.21

0. 26
0.26
0. 26
0.26
0.26
0.26
0.26
0.26
0.26
0.26
0.27
0 .27
0 .27
0 .27
0 .27
0 .21
0 .27
0 .28

1.24
1.24
1.24
1.24
1.24
1.24
1.24
1.24
1.24
1.24
1.23
1.23
1 .23
1.23
1 .23
1 .23
1.23
1.22

0
0
0
0
0
0
0

0
0

0

0
0

05
07

39 .67
39.68
39.68
39.68
39.69
39.69
39.71
39.72
39.14
39. 75
39.78
39.79
39.83
39.86
39.90
39.93
39.97
39 .97

- 0 . 04
0.00
0.00
0.00
0 .02
0.02
0.06
0.10
0.14
0.18
0 .24
0.28
0. 38
0.46
0. 54
0.62
0.71
0.73

0.0009,00
0. 1 598.00
0.000E- 00
0.0008*00
0. r 98E- 0 I

0.000u,00
0. 1 988-0 f
0. r 98E- 0 t
0. l98E-0t
0. r9BE-01
0.298E-0 r

0. r98E-01
0.1998-0r
0. r 59E-0 r

0. l59E-0r
0. r598-0t
0.199E-0r
0.3998-02

-0.3978-01
0.000E.00
0.0008. 00
0.000E*00
0. r988-03
0. 198E-03
0.594E-03
0.9918-03
0. r39E-02
0. 17BE-02
0.2388-02
0.2778-02
0.3768-02
0.4558-02
0.534E-02
0.6148-02
0 .1 12e- 02
0 .1 328- 02

07
.07
.07
.07
.07
.07

r 2.00
14 .00
19.00
24.00
29.00
34.00
39.00
44.00

07
07
07
07

0.07
0.07
0.07
0.07
0.07
0.07

ÀVERÀGE PRESSURE ON SPECIMEN I .23 MPÀ

STAGE NO. 3 ÀPPLI ED PRESSURE 2. OO MPÀ

T¡ ME
(HIN)

RN
(MH)

RG
( ¡.rp¡ )

PI
(HPA)

PG
(uN)

RO
(MH)

STRÀ I N
(e,)

RÀTE
( e"/Mt N)

LNR

- 1.00
-0.75
-0.50
0.00
I .00
2 .00
4.00
6.00
L00

| 0.00
12.00
r4.00
19. 00
24.00
29.00
34.00
39.00
4 4 . 00

5.21
5.24
5 .2s
5.27
5.31
5. 34
s.39
5.44
5.48
5.53
5.56
5. s9
s.69
5.77
5. Bs
s.93
6. 00
6.07

0

0
0

0
0
0
0
0
0
0
0
n

0
0
0
0
0
0

.28

.28

.28

.28

.28

.28

.28

.28

.29

.29

.29

.29

.29

1.72
1.72
1.72
1 .12
1 .12
1.72
1.72
1.72
l.7l
l.7r
l.7l
l.7 t

l.7r
| .70
1.70
l .70
| .69
I .69

0.
0.
0.
0.
0.
0.
0.

07
09

39 .91
39.98
39. 99
40.01
40.04
40.06
40. 10
40. t4
40.17
40 .21
40 -24
40.26
40.34

-0.08
-0.06
-0.04
0. 00
0.08
0. r4
0 .24
0.34
0 .42
0.51
0.57
0.63
0.83
0. 99
r.15
l.3l
1.45
1 .59

0

0
0
0
0

0
0
0
0
0

.0008.00

.7928-01
-0.7918-03
-0.5938-03
-0.3958-03
0.0008-00
0.7908-03
0.1388-02
0.2378-02
0.336E-02
0.4158..02
0.5138-02
0.5128 02
0.6328 02
0.8298-02
0.9B6E-02
0. r148-01
0.1308-01
0.144E 01
0.158E 0l

09
09
09
09
09

.7908-0

.7908-0

.7908-0

.5938-0

.4948 0

. 4 958 0

.3968 0

.4958-0

30
30
30
3l
3l

0. 09
0.09
0. 09
0.09
0. 09
o'.09
0.09
0.09
0.09
0.09
0. 09

40.40

0.2978 0l
0.2988-01
0. 397E- 0l
0. 3 r 8E- 0 |
0. I rBE- 0 I

0.3rBE-0r
0.279E-0t
0.279E 0 |

40 .47
40.53
40.59
40.64'

r.7r MPÀAVERÀGE PRESSURE ON SPECIMEN

57



TABLB 3-Continued.

STAGE NO. 4 ÀPPLIED PRESSURE = 2'50 MPÀ

PI
(MPA)

PG
(MH)

RO
(MH)

STRA I N
(e")

RÀ'TE
1e"/ulu)

0.0008.00
0.157E.00
0.7858'01
0.392E-01
0.7858-0 I

0.7858-0 I

0.7868-0 I

0.6888-01
0.591E-01
0.591E-01
0.591 E-0 1

0.493E-01
0.553E-01
0.4 358- 0 1

0.4758-01
0 . 5 1 5E- 0 I
0.4 36E-0 1

0.556E-01

LNR
TI HE
(MrN)

RN
(MH)

RG
(MPÀ)

- 1 .00
-0.75
- 0.50
0.00
1 .00
2 .00
4.00
6.00
8.00

10.00
r 2.00
14.00
19. 00
24.00

6
6
6
5
6
6

6
6
6
6
6
6
6
6
5
7
1

7

07 0.31
0.31
0.31
0.31
0.31
0 .32
0.32
0.32
0.32
0.33
0.33
0.33
0.34
0.34
0.35
0.35
0.3s
0.36

2 .19
2. t9
2.19
2. t9
2 .19
2 .18
2.18
2.18
2.18
2.l1
2.17
2.l"Ì
2,16
2 .16
2. r5
2 .15
2.15
2.14

0.09
0.11
0,I I

0.11
0.1t
0.11
0.11
0.11
0.1I
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

4 0. 64
40.66
40 .6't
40.67
40.71
40.74

-0.08
-0.04
-0.02

0.7858-01
0.3938-01
0. r96E-03
0.0008.00
0.785E-03
0.1578-02
0.3148-02
0.4518-02
0.s6BE-02
0.686E-02
0.8018-02
0.9018-02
0.1178-01
0. 1398-01
0. t62E-01
0.l8BE-01
0.2098-01
0.2368-01

.11
1)

.13

.17

.21

.29

.36

.42

.48

.54

.59

.73

.84

.96

.09

.20

.34

40.80
40.86
40.90
40.95
41 .00
41 .04

0.0
0.0
0.1
0.3
0.4
0.s
0.6
0.8
0.9
1.1
1.4
1.6
1.8
2.1
2.3

0
ö

6
1

q

7

9
'I

1

o

0
tt

9
1

9

29.00
34.00
39.00
44.00

41.15
41 .24
41 . 34
41.44
41 .53
4l .64

AVERÀGE PRESSURE ON SPECIMEN 2.17 MPÀ

STÀGE NO. 5

TI ME RN
(MI N ) (MH)

; APPLIED PRESSURE = 3'00 MPÀ

RG
(r-rp¡ )

PI PG
(MPÀ) (uu)

RO STRÀI N

(MH) (e")
RÀTE

1r"/Nr N )

LNR

-1
-0
-0

0
1

2
4

6

I
r0
12

00
75
50
00
00

7.35
7 .39
7.41
7.44
7 .49
7 .53
7.60
7 .67
a a?

7.79
7.85
7.91
8.06

0
0
0
0

0
0

0
n

0
0
0
0

0
0
0
0
0
0

36
36
36
36
31
37
37
31
37

2
2

2
2

2
1

2

2

2
2

2
2
¿

2

)

.6s

.64

.64

.54

.53

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

14
34
34
34
34

1 .64
1 .67
r .58
1 .71
1 .75
1 .78

-0. 16
-0.10
-0.06
0.00
0.10
0.17
0.31

0 .0008* 00
0.2328+00
0. t 558,00
0. I 178.00
0.9718-01
0.7778-01
0.6808-01
0.68lE-01
0.5848-01
0.584E-01
0.585E-01
0.585E- 0 1

0.5868-01
0.782E-01
0.509E-01
0.6288- 0l
0 . 5508- 0 I
0.5908' 0l

-0. r558,-02
-0.9718-03
-0.s838-01
0.000E.00
0.9708-03
0.175E-02

.00

.00
63
63
63
63

l3
l3
13
r3
13
13
13
t3
t3

4
E- 02
E 02
E-02
E-02
E- 02

.00

.00

.00

.00

41 .84
4 I .90 0

0
0
0
0
I
I

I

2
2
2

.45

.s6

.68

.80

.91

0.310
0.446
0.562
0.578
0.79s38

38
3B
39
39

.62

.62

.62

41.
41.
42.
42.

94
99
04
09 0.91 lE- 02

0.1208'01
0.1598-01
0.lB4E-01
0.214E 0l
0.2418'01
0.270E 0l

r 4.00
r9.00
24.00
29.00
34.00
l9.00
44.00

I
8
I
B

I

26
39
55
69
84

40
41
41
42

.61

.61

.60

.59
qct

.58

r3
r3
13
r3

q2.21
42.38
42 .48
42 .61

¿l

60
85
l7

42
42

73
85

.44
-14

2.62 MPÀÀVERAGE PRESSURE ON SPECIMEN

5B



TABLE 3-Continued.

STAGE NO. 6 i ÀPPLI ED PRES SURE

PG
(MH)

3.50 MPÀ

STRÀI N
(e,)

1I ME
(urN)

RN RG
(HPÀ)

PI
(HPA)

RO
(MM)

RÀTE
1r"/urx)

LNR
(¡rx )

-1
-0
-0

0
1

2
4

5
I

10
t2
r4
r9
24
29
34
39
44

.00

.75

.50

8.84
8.87
8.89
8 .92
8. 98
9.04
9. l5
9.24
9. 36
9.45
9.54
9.64
9.85

0 .42
0.42
0 .42
0.42
0 .42
0 .42
0.43
0.43
0.43
0.44
0.44
0.45
0.45
0,46
0 .47
0 .47
0.48
0.49

3. 08
3.08
3.08
3.08
3.08
3.08
3.07
3.07
3.07
3.06
3.06
3.05
3 .05
3.04
3.03
3.03
3.02
3.01

0.13
0. r6
0.16
0.16
0. l6
0. 16
0. l6
0. 16
0.16
0.16
0. r6
0. r5

42.85
42.86
42.87
42,90
42.95
4 3.00
4 3.09
43.16
43 .26
43.33
43.41
{3.49
43 .66
43.86
44.01
44.1 I

44.29
44 -44

-0. I I

-0.l0
-0.06
0.00
0.11
0.23
0.44
0.61
0.84
1.02
1.19
1 .38
1.79
2.25
2 .60
2.83
3 .24
3.61

0.0008.00
0.7528-01
0.153n*00
0.1158-00
0. r 15E.00
0. I 1 58.00
0.1058+00
0.8648-01
0.115E+00
0.865E-01
0. B66E-0 I

0.9638-0 |

0.Bl0E-01
0.9278-01
0.6978-01
0.4658-01
0. B I 5E- 0 I

0.7398-01

-0.1r5E-02
-0.957E-03
-0.574E-03
0.000E* 00
0. l 158-02
0.230E-02
0.4408-02
0.6128.-02
0.840E-02
0. l0l E- 0 I

0.1188-01
0.137E-01
0. t778-01
0.2238-01
0.257E-0ì
0.2798-01
0 . 3 I 9E- 0 I

0.3558-01

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

10.09
10 .27
10.39
10.50
10.79

0.16
0.16
0. r6
0.16
0.16
0.16

ÀVERÀGE PRESSURE ON SPECIMEN 3.06 MPÀ

STÀGE NO. 7 3 ÀPPLIED PRESSURE 4.OO MPÀ

TI ME
(MIN)

RN
(MH)

RG
(HPÀ)

PI
(MPÀ)

PG
(ru¡)

RO
( MH)

STRÀ I N
(e")

RÀTE
(e"/Ht Nl

LNR

- r .00
-0.75
- 0 . 50
0.00
I .00
2.00
4.00
6.00
8.00

r 0.00
r 2.00
r 4 .00
1 9.00
24.00
29.00
34.00
39.00
4 4 . 00

0
0
0
0
0
1

1

I
1

I
I
I

19
83
85
90
97

0.49
0.49
0.49
0.49
0.49
0.49
0.50
0. s0
0.51
0.51
0.51
0.52
0. s3
0. 54
0.55
0. 55
0. 56
0.57

3

3

3

3

3

3
3

3
3
3
3

3
3

3
3

3
3

3

5l
5l
5l

0.16 44
44
44
44
44
44
44

44 0. t7
0.13
0.08
0.00
0.13
0.23
0.43
0.70
0.92
r.13
1 .36
I .56
2 .07
2 .57
3.02
3 .52
3. B4
4 -32

0.0008.00
0.1488,00
0.2258.00
0.1508+00
0.1318.00
0.9398- 0 I

0. r038.00
0.132n.00
0. 'l I 38.00
0.1048.00
0. rr3E.00
0.104E.00
0.1028.00
0.986E-01
0.9128-01
0.9898;0 I

0.6488-0 |

0.9548-01

-n
-0
-0

0
0
0
0

0
0

0
0

0
0
0
0
0
0
0

.169E-02

.1318-02

.7518-03

.0008.00

.r31E-02

.225Ê,- 02

.43r8-02

.6938-02

.9178- 02

.1128-01

. l35E- 0 |

. r 55E- 0l

. 205E- 01

.253E- 01

.2988- 0 I

.3468-01

.377E- 01

.423E-01

.02

.t3

.27

.39

.50

.62

.73

.51

.5t

.51

.50

.50

.49

.49

.49

.48

.47

.46

.45

.45

.44

.43

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18

46
49
52
58
62
7l

44.83

12.00
12.26
12.50
12.16
12.93
13.18

44
45
45
45
45
45
45
46
46
46

.93

.02

.12

.21

.44

.66

.86

.08

.23

.44

3.48 HPAAVERÀGE PRESSURE ON SPECIMEN
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TABLE 3-Continued.

S?AGE NO.

TIME RN
(ulx) (Mfi)

8 ; APPLIED PRESSURE = 4.50 HPÀ

RG
(up¡)

PI PG
( ¡rp¡ ) ( r'r¡ )

RO
(r.ru)

SÎRA I N
(e")

RATE
1+"/.rr N )

LNR

-1.00 t3
-0.75 13
-0.50 I 3
0.00 r3
1 .00 1 3
2.00 13
{.00 13
6.00 13
8.00 f 3

10.00 l4
12.00 l4
14 .00 1{
19.00 t 4
24.00 1 4
29.00 1 5

.18

.23

.26

.30

.38

0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

57
57

3.93
3.93
3.93
3.93
3.93
3.92
3.92
3.91
3.9t
3.90
3.90
3.89
3.88
3.87
3.85

0. 18
0.20
0.20
0.20
0.20
0.20
0. 20
0.20
0. 20
0.20
0.20
0.20
0.20
0.20
0.20

46
46
46
46
46
{6
46
46
47
47
47
47
47

.44

.46
-0. 18
-0.r3
- 0.07
0.00
0.15
0.29
0.57
0.8{
t.r0
1 .38
t.6l
r .89
2.50
3.11
3.61

0.000E,00
0.2178r00
0.2198+00
0.1468,00
0.1468+00
0.1458+00
0.l37e+00
0. 1 388+00
0.129E.00
0. l38E ' 00
0. | 208+ 00
0. 1388.00
0.122Cr00
0.122e+00
0.100Ei00

0.l82E
0. | 2BE
0 .7 328
0.0008,
0. r468
0.292a
0.5668
0.839E
0. l09E
0. r378,
0. r 508.
0.187E-
0 .2478
0.306E
0.3558-

02
02
0l
00
02
02
02
02
0r
0l
0l
0l
0f
0l
0l

46
6t
76

.57

.57

.57

.s8

.58

49
52
59
66
79
9l
03
r6
27
40
68
97
20

.90

.05

.18

.33

.65

.99

.26

59
59
60
60
6l

.62

.63

.64
47.
48.

AVERAGE PRESSURE ON SPECIMEN = 3.9I MPÀ

VÀRIÀBLES USED ARE:
NS = NO. OF STÀGES IN THE TEST
STS = DESTRED STARTING STÀGE
NP = NO. OF DATÀ POINTS IN EÀCH STÀGE
STP = THE ÀSSUMED STÀRTING POINT OF CREEP STRÀIN
T = TIME IN EACH STÀGE
DT = TIME MINUS ÀSSUMED INSTÀNTÀNEOUS STRAIN TIHE
RN = READING FROM ELECTRONIC BOx
PA = ÀPPLI ED PRESSURE
PRESSURE,PIAvG = AVERÀGE CORRECTED INTERNÀL PRESSURE
RG = MEMBRANE RESISTANCE IN ÀIR
PG = MEMBRANE THICKNESS CORRECTION (MM)

MTI,MT2,MRl,MR2 = PRESSUREMEÎER CÀLII}RATION CONSTANTS
MT1,HT2 IN: PG=MTI+MT2TPA
MRI,MR2 IN: RG=MRlrRNrtMR2

PI = CORRECTED PRESSURE OR NET PRESSURE ON THE SPECIMEN
PSUM = CURRENT SUMMATION OF P¡ FOR PIAVG CÀLCULÀTION
I,J,K,L,COUNT = COUNTERS FOR EÀCH LOOP
TITLE = TITLE OF THE TEST OF UP TO 80 CHARÀCTERS
LNR = VÀLUE OF LN(R/R(I})
LOGLNR = LOG(LNR)
PGFST = FIRST VÀLUD OF PG IN EÀCH STACE
PGREST = PG VALUDS ÀT CURRENT STAGE OTHER THÀN PGTST
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TABLE 4

Data Set username.SAS.LAD Created by LADFOH and PT2O1

TI ME

DÀTA sET usERNÀME'sÀs'LÀD cREATED ov uenrott'/s PRoGRAM

LOGTI ME PI PRESSURE STRA I N RÀTE LNR LOG LN R

t
2
4

6
I

10
12
14
r9
24
29
34
39
44

I
¿

4

6
I

l0
l2
14
r9
24
29
34
39
44

I

2

4

6
I

l0
t2
1¿¡

19
24
29
34
39
44

I
2
4

6
I

t0
t2
l4
r9
24
29
34
39
44

0
0
0
0
0
I
1

1

1

1

1

I
t
1

0
0
0
0
0
1

1

1

1

I
,|

1

1

1

0
0
0
0
0
1

1

1

I
I
1

1

1

I

0
0
0
0
0
1

I

I
I

rl
I

I
I
I

.00000

.30103

.60206

.778 t 5

.90309

.00000

.079t8

.14613

.21 A1 5

.38021

.46240

.53148

.59106

.6{345

.00000

.30103

.60206

.7 7 815

.90309

.00000

.07918

.14613

.27 87 5

.38021

.46240

.53148

.59 r06

.64345

.00000

.30103

.60206

.77815

.90309

.00000

.07918

.146r3
,27 81 5
.38021
.46240
.53148
.59 r 06
.64345
.00000
.30103
.60206
.77815
.90309
.00000
.07918
.146r3
.27815
.38021
.46240
.53148
.59 t06
.6434s

0.75 r 80
0.75052
0. 74 968
0.74883
0.74798
0.74756
0.74714
0.74630
0.74587
0-74377
0 .7 4377
0 .7 4377
0 .7 4293
0.74167
1.23957
1.23957
1.23873
1 .23790
1.23706
1 .23622
1.23497
1.23414
1.23206
l .23040
| .2287 4
1 .227 09
1.22502
1.22q61
r.72050
I .7 1927
1.71722
1.71517
1 .71354
1 .7 r 150
| .7 1028
| .70907
1 .70501
1.70178
1.69856
1 .59535
r.69255
r .68976
2. 18578
2. 18419
2. 18102
2.11826
2.17589
2.17353
2.l7l18
2.16922
2.16375
2.15941
2 - 15482
2. r4980
2 .1 4551
2.14020

0.7488s
0.74885
0.7488s
0.74885
0.74885
0.74885
0.74885
0.7488s
0.74885
0.74885
0.74885
0.74885
0.74885
0.74885
1.23487
1.23487
1.23487
1.23481
1.23481
1.2348'l
1.23487
1 .2348't
1.23487
1.23487
1.23487
1.23487
1.23487
1.23487
1 .71070
1.71070
I .71070
1 .71070
I .71070
1 .7 r 070
'| .71070
r.7r070
1.71070
r.7r070
r .71070
1 .71070
1 . 7 r 070
I .7 r 070
2.17143
2.17143
2.17143
2.17143
2.17143
2.17143
2 .17 t 43
2.17143
2. t1 143
2.17143
2.17143
2. l1 143
2.17143
2.t1143

0.09959
0. 15936
0.19923
0.23911
0 .27 897
0.29894
0. 31887
0.35879
0.37874
0.47855
0.47855
0.47855
0.51851
0.57844
0.01984
0.01984
0.05946
0.099 I 1

0.13878
0.17845
0.23798
0.27765
0. 37693
0.45641
0. s3590
0.6 I 54 2

0.71491
0.73483
0.07904
0.r3839
0.23728
0.33624
0 .4 I 54 7

0.51452
0.57399
0.63351
0.83194
0.99088
1.14995
l . 30917
1.44859
1 .58816
0.07853
0.15707
0 .3142"t
0.45192
0.57002
0.688 I B

0.8064 I

0.90501
r.l8l34
1 .39876
1.63622
r.B93B3
2.1 t20B
2.39021

0.099s852
0.0597745
0.0r99346
0.0199424
0.0 r9930s
0.00998 1 9
0.0099682
0.0199579
0.0039896
0.0199628
0.0000000
0.0000000
0.0079909
0.0119866
0.0198362
0.0000000
0.0198109
0.0198263
0.0198339
0.0198377
0,0297612
0.0198374
0.0 r 98554
0.01589s8
0.0158987
0.0r59046
0.0198966
0.00398s3
0.0790449
0.0593475
0.0494414
0.0494840
0.0396144
0.0495254
0.0297351
0.0297s93
0.0396864
0.0317867
0.03r8153
0.0318437
0.0278844
0.Q219123
0.0785265
0.0785387
0.078601t
0.06882s8
0.0590503
0.059080 |

0.0s91135
0.0492998
0.0552669
0.0434838
0 .041 4924
0.0515223
0.04 364 92
0.0556256

0.00099s4
0.0015923
0.0019903
0.0023881
0.0027859
0.0029849
0.0031837
0.0035815
0.0037802
0.0047741
0.004?741
0.0047741
0.0051717
0.0057677
0.0001983
0.0001983
0.0005944
0.0009906
0.0013868
0.0017829
0.0023769
0 .0021 7 27
0.0037622
0.0045537
0.0053447
0.0061354
0.0071236
0.0073215
0.0007901
0.0013830
0.0023699
0.0033s68
0.0041451
0.0051320
0.005723s
0.0063151
0.0082850
0.0098600
0.0r r4339
0.0130068
0.0143820
0.0157568
0.0007850
0.0015694
0.0031177
0.0045090
0.0056840
0.0068s82
0.0080317
0.0090094
0.0117442
0.0138907
0.0162298
0.0187612
0.0209008
0.023620t

3.0020
2.7980
2.701 I

2.62t9

2.5251
2 .491 t

2 .4459
2 .4225
2 .321 1

2 .321 1

2 .321 1

2 - 2864
2 .2390
3 .7 026
3.1026
3 .2259
3.004 |

2.8580
2 .1 489
2.6240
2 .551 1

2 .4246
2.3416
2 .212 |

2.2t22
2 .1413
2.1354
3. r021
2 .8592
2 .6253
2 .4141
2.3824
2 .2891
2 .2423
2 .1996
2.08 I 7
2.006 !

l . 94 18
I .8858
r.8422
| .8025
3. r052
2.804l
2.5014
2.3459
2.2453
2. r638
2 .0952
2.0453
| .9302
I .857 3

t.t891
1 .126 .1

| .6798
| .6261
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TABLE 4-Continued.

DÀTÀ sET UsERNÀHE.sÀs.LÀD CREÀTED ¡v r.¡nRou,/s PRoGRAH

TI ME 'LOGTI ME PI PRESSURE STRAI N RATE LNR LOGLNR

I

2
4

6
I

l0
12
14
19
24
29
34
39
44

I
2
4

6
I

10
12
14
19
24
29
34
39
44

1

2
I

6
I

l0
12
l4
19
24
29
34
39
44

1

2
4

6
I

10
t2
14
r9
24
29

0.00000
0.30103
0.60206
0.778r5
0.90309
1 .00000
1.079r8
1.146t3
1.27875
1 .38021
1.46240
1.53148
1 .59106
1.64345
0.00000
0.30103
0.60206
0.778r5
0.90309
r .00000
1.079r8
1.146t3
1.27875
1 . 38021
1.46240
1.53148
r .591 06
1.64345
0.00000
0.30103
0.60206
0.778r5
0.90309
1 .00000
r .079 | I
r.14613
1.218't5
1 .38021
1 .46240
1 .53148
I .59106
r.64345
0.00000
0.30103
0.60206
0.7781s
0.90309
l .00000
I .079 r 8
r.t46l3
1.27875
r.38021
t.45240

2.63448
2 .63296
2.63030
2 .627 65
2 .62538
2.62311
2.6208s
2.6 r 8s9
2.61296
2.60s49
2.60066
2 .59q7 3
2.58956
2.58404
3.07892
3.07672
3.0127 1

3.06944
3.06s08
3.06r82
3.05857
3.05497
3.041 42
3.03884
3 .0324 4

3.02818
3.02076
3.01407
3.50775
3.5050 r

3.50217
3,49729
3.49312
3.48931
3.48516
3.48r36
3 .47 207
3.46317
3 .4 54 99
3.44617
3 .44042
3.43200
3.92529
3.92261
3.91760
3.91260
3.90794
3. 90296
3.89856
3.89370
3.88284
3.87203
3.86322

2.61962
2 .61 962
2.61962
2 .61962
2.61962
2.61962
2.61962
2 .61 962
2.61962
2.61962
2.61962
2.61962
2.61962
2.61962
3.05835
3.0s835
3.05835
3.0s83s
3.0583s
3.05835
3.05835
3.0sB3s
3.0s83s
3.05835
3.0s835
3.05835
3.0s83s
3.0s83s
3.48442
3.48442
3.48442
3.48442
3.48442
3.48442
3.48442
3 .48442
3.48442
3.48442
3 .484 42
3.48442
3.48442
3 .48442
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794

0.09708
0 .17 482
0.3 r090
0.44710
0.56390
0.68078
0.79112
0.91474
t.20761
1 .59874
1.85340
2.16723
2 .44228
2 .'t 31 33
0.11487
0.22981
0.44070
0.61343
0.84 392
1 .0 r695
1 . 1901 I

1.38270
1 .78766
2 .25141
2 . s9986
2.83243
3.24001
3.60940
0.13145
0.22539
0.43216
0.69560
0 .92163
1.12902
r.35546
1.56322
2 .07 395
2 .5667 4

3 .02249
3.51713
3.84107
4.31815
0.14638
0.29284
0.56766
0.84280
r.09983
1.37548
1.61462
1 .89079
2 ,49935
3.10922
3.60915

0.097084
0.077740
0.068038
0.068 r 00
0.058402
0.0584 36
0.058473
0.0s8s r 0
0.0s8573
0 .07 8227
0.050932
0 .0627 67
0.055008
0.059010
0.1r4870
0.114937
0.105448
0.086362
0 .1 15246
0.086514
0.086s82
0.09529s
0.080992
0.092749
0.069690
0.045s15
0.081516
0.073878
0. r31452
0.093933
0.103389
0.131716
0. r13015
0.103597
0.113220
0.103881
0.102145
0.098s59
0. 091 1 50
0.098926
0.064789
0.0954 r 5
0.145376
0.146467
0. |374 r I
0. r37567
0.128514
0.137827
0.119571
0.138086
0 . 1217 l2
0.121973
0 . 09998 7

0.0009704
0.0017467
0.003t042
0.0044610
0.0056232
0.006784 7

0.0079456
0.0091058
0.0120037
0.0158610
0.0183643
0.02r4408
0 .024 | 293
0.0270053
0.00r1480
0.0022954
0.0043973
0.0061155
0.0084038
0.0101181
0.0118308
0.0r37323
0.0177187
0.0222644
0.0255564
0.0279306
0.0318863
0.0354579
0.0013137
0.0022513
0.0043123
0.0069319
0.0091741
0,01 12270
0.0134636
0.0 t 551 I 3
0.020527 4

0.025143s
0.0297712
0.034s669
0.0376914
0.0422751
0.0014627
0.0029241
0.0056606
0.0081927
0.0109382
0.013661 I

0. 0 I 60 I 7 3

0.0187314
0.0246863
0.0306186
0.0354s55

-3
a

-')
-)
-2
_1
-2
-2
-l
,l
-t
-t
-l
-1
-)
-2
-)
-)

1

-t
-l
-,|
., 

1

-l
-l
-1
-1

1
1
a
1

2
I

.l
I

-t
-1

1

-1

.0131

.7578

.508I

.3s06

.2500

. 1685

.0999

.0407

.9201

.7 991

.7360

.6688

.6175

. s686

.9400

.6391

.3568

.21 36

.0755

.9949

.921 0

.8 623

.7516

.6524

. s906

.5s39

.4964

. 4 50 3

. 88 t5

.641 6

.35s3

. r 59 |

.0374

.9497

. B?08

.8094

.6877

.5961

.5261

.4613
- | . 4 2 38
- r.3739
--2.8348
-2.5340
2.2471

-2.0761
961 I

8645
7 954
7 214
6075
5140
4 50l
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TABLE 4-Continued.

VÀRIÀBLES USED ARE:
TIME = TIME DIFFERENCE OR DT( I )

LNR = LN(R..R(I))
PI = PRESSURE ON THE SÀMPLE ÀT TIME T (OURING THE TEST)
PRESSURE = ÀYERAGE PRESSURE ON THE SAMPLD
STRÀIN = CIRCUMFERENTIAL STRAIN IN 9.

RÀTE = STRÀrN RATE IN e",/MrN

IN REGRESSION: LOG(LN(R,/R(I 1)) VS LOG(TIME)
LOGLNR = LOG(tN(R/R(I-1 ) )

LOGTIME = LOG(TIME)
BSLOPE = SLOPE OF THE REGRESSION LINE ÀT EÀCH PRESSURE

LEVEL
FVÀLUE = INTERCEPT ÀT Y_AXIS AT EÀCH PRESSURE LEVEL

IN REGRESSION: LOG(FVALUE) VS LOG(PRESSURD)
LOGF = LOG(FVALUE)
LOGPI = LOG(PI )

NSLOPE = SLOPE OF THE REGRESSION LINE
Fl = INTERCEPT AT Y-AXIS

63



Step 2: Proqram LÀDPL

The program LADPL is a program separate from LÀDFOH or

LÀDFOS. LADPL was written in Statistical Ànalysis System

(SaS) language instead of a FORTRÀN 77. (f'or program

listing and description of the variables used see Àppen-

dix D.2). Reasons for using SAS are:

SÀS gives complete statisiical information when

performing a regression analysis.

The SAS language gives more options for graphical

output than a.ny of the other languages ava i lable

at the University of Manitoba.

1

2

The data set created in SteP

program and analyzed. Linear

used in the program to Process

b, F, F1 and n.

64

1 was read into the LÀDPL

regression analysis nas

the data set to determine

Figure 22 (similar to Figure 2) shows a plot of the

1og of ln(r/rr) (r,OCr,Nn in Table 4) versus 1og of time

(LOCrrMg in Table 4) for different pressure levels. Ta-

b]e 5 shows the resul.ts of regression analysis for each

f iÈ line in Figure 22. The val-ue of b is simply the

slope of each regression line in Figure 22; b appears in

Tab]e 5 aS thc PARÀMETER ESTIMÀTE Of LOGTIME OT BSLOPE iN

the summary at the bottom of Tab1e 5. The correlation

coefficient of each fit line is given as R-SQUARE in Ta-

ble 5.
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TABLE 5

Results from Regression Analysis for Tigure 22

ESTIHÀTES FROM LINEÀR REG. ÀNÀL. OF LOGLNR VS

PRESSURE=0 ' 7488455
LOGTI HE

DEP vARlÀBLE: LOGLNR

SOURCE DF
SUM OF

SQUÀRES

MEÀN
SOUÀ R E F VÀLUE

r207.460

PROB>F

0.0001MODEL I

ERROR 12
c TOTAL I 3

0.5 t 2156 0.6 | 2 t 56
0.006083738 0.000s069782

0.618240

ROOT MSE
DEP HEÀN
c. v.

0.022516
-2.504090
-0.899176

R - SQUÀ RE

ÀDJ R-SQ
0.9902
0.9893

VART ÀDLE DF
PARÀHETER

ESTI HÀTE
STANDARD

ERROR
T FOR H0!

PÀRÀMETER= O pnon ' lrl
Or
Or I NTERCEP

LOGTI ME
-2.964657
0.438724

0.014556
0.012626

-203.667
34 .7 49

0.0001
0.000 |

EST]MATES FROH LTNEÀR REG. ANÀL' OF

PRESSURE= 1 '234873
LOGI,NR VS LOGTIME

DEP VÀRIABLE: LOGLNR

SOURCE DF
SUH OF

SQUÀRES

HEAN
SOUÀ RE F VÀLUE

648.354

PROB > F

0.0001
MODEL I

ERROR 12

C TOTÀL I 3

3.513978
0.066889
3.680867

3.61 3978
0.005s74083

ROOT MSE
DEP MEAN
c.v.

0.074660
- 2 .7 I I 160

-2.'t5379

R _ SQUÀ RE
ÀDJ R -SO

0 .98 18
0.9803

PÀRAMETER
ESTI MÀTE

STÀNDÀRD T FOR TIO:
PARÀMETER = O pnon r lrl

VARI ÀBLE DF ERROR

I NTERCEP
LOCTI HE

3.830221
1 .06s990

0.048266
0.041865

79.355
25.463

0.0001
0.0001



TABLB 5-Continued.

ESTIMÀTES FROH LINEAR REG. /\NÀL. OF
PRESSURE=1.7t0703

LOGLNR VS LOCTIME

DEP VARIÀBLE: LoGLNR

SOURCE DF
SUM OF

SOUA RES
MEAN

SOUÀ RE F VALUE

46291.858
HODEL I 1.987732ERROR t2 0.0005152021
c TOTAL t3 1.,988247

1.987732
.00004 293356

PROB >F

0.000 I

ROOT HSE
DEP MEAN
c.v.

0.00655237t
-2.266788

- 0.28906

R - SQUÀ RE

^DJ 
R-SO

0.9997
0.9997

VARIÀBLE DF
PÀRÀMETER

ESTI MÀTE
STANDA RD

ER ROR
T FOR HO:

P^RAHETER= 0 PROB lrl
ol
\.1

I NTERCEP
LOGÎI ME

- 3.0967 t 5
0.790558

0.0042350r3
0.003674167

7 3 I . 04 5
215.169

0.0
0.0

001
00 r

ESTIMÀTES FROM LINEAR REG. ANAL. OF LOGLNR VS LOCîIME
PRESSURE=2.171429

DEP VÀRIÂBLE: LOGLNR

SOURCE DF
SUM OF

SOUA R 8S
MEAN

SQUA R E F VÀLUE

s06r.8r9

PROD > F

0.0001HODEL I
ERROR 12
c TolÀL 1 3

2.455s95 2.4s659s
0.005823822 0.00048s3 18s

2.4624 18

ROOT MSE
DEP MEAN
c.v.

0.022030
-2.137055

- 1 .03086

R - SQUÀ RE
ADJ R-SQ

0.9975
0 .997 4

VARI ABLE DF
PARÀHETER

ESTI HÀTE
STANDARD

ERROR
T FOR HO:

PÀ RÀHETER = O PROB > ITI
I NTERCEP
LOCTI HE

-3.059685
0.878875

0 .0 1 4242
0.012353

-214.835
71.146

0 000 r

000 t



TABLE S-Continued.

ESTIHÀTES FROM LINEAR REG. ÀNÀL. OF LOGLNR VS LOGÎIME
PRESSURE=2.61962 1

DEP VAR¡ABLE: LOGLNR

SOURCE DF
SUM OF

SQUARES
MEAN

SQUÀRE F VALUE

r0522.533

PROB>F

0.0001HODEL
ERROR
C TOTÀL

1 2.478905 2.4789062 0.002826958 0.00023ss8073 2.48 t 733

ROOT HSE
DEP MEÀN
C.v.

0.015349
-2.1071r8
-0.728419

R - SQUARE
ÀDJ R.SQ

0
0

9989
9988

PARAMETER
ESTI MÀTE

STÀNDARD
ERROR

T FOR HO:
PÀ RÀMETER = O

VÀRI ÀBLE DF pnos ' lrl
o\
@

I NTERCEP
LOGTI HE

-3.033928
0.8828s7

0.009922674
0.008606574

305.757
102 .57 9

0.000 |

0.000 r

ESTIMATES FROM LINEAR REG. ÀNAL. OF LOGLNR VS LOGTIHE
PRESSURE=3.058348

DEP vÀRIABLE: LOGLNR

SOURCE DF
SUM OF

SQUÀ RES
MEAN

SOUÀ RE F VALUE

8469.358

PROB > F

0.000 IMODEL I

ERROR 12
c 10TÀL I l

2.578853 2.5788s3
0.00 3653906 0. 0003044922

2.58250)

ROOT HSE
DEP MEÀN
c. v.

0.0r7450
- | .96450 r

-0.888206

R _ SOUÀ RE
ÀDJ R_SO

0.9986
0.9985

VARI ÀBLE DF
PARAMETER

ESTI MÀTE
STANDARD

ERROR
T FOR HO:

PÀ RAHETER = O pno¡ > lrl
I NTERCEP
LOGTI HE

-2.909912
0.900479

0.0 r r 28 r

0 .0097 847 22
-257.948

92.029
0.0001
0.0001



TABLE S-Continued.

ESTIMÀTES FROM LINEAR REG. ÀNÀL. OF LOCLNR VS LOGTIME
PRESSURE=3.484422

DEP VÀRIABLE: LOGLNR

SOURCE DF
SUH OF

SQUÀ RES
MEÀN

SOUA R E F VÀLUE

8642 .2 t t

PROB} F

0.0001HODEL
ERROR
C TOTÀL

1 2.803043 2.803043
2 0.003892r19 0.0001243433
3 2.80593s

ROOT MSE
DEP HEAN
c.v.

0.0180r0
-1.9t3558
-0.94 I t 54

R - SQUARE
ÀDJ R-SQ

0.9985
0.998s

VARI ABLE DF
PÀRAMETER

ESTI MÀTE
STANDÀRD

ERROR
T FOR HO:

PÂ RAMETER= O pnoo ' lrl
or
\o

I NTERCEP
LOGTI HE

-2.899102
0.93880s

0.0 r r 64 3

0.010099
.249.002

92 .963
0.0001
0.000 r

ESTIHÀTES FROH LINEÀR REG. ANÀL. OF LOGLNR VS LOGTIME
PRESSURE=3.907937

DEP VARIÀBLE: LOGLNR

SOURCE DF
SUH OF

souÀREs
HEÀN

S9UÀ RE F VÀLUE

26210.874

PROB>F

0.0001HODEL I 1.853077 1.863077
ERROR 9 0.0006397229 .00007 I 08032
ô ror,rt 1o 1.863717

ROOT HSE 0.0084 309 | 5
DEP HEÀN - I .96476 I

c.v. -0.429105

R _ SOUA RE

^DJ 
R_SQ

0.9997
0.9996

VÀRI ÀBLE DF
PA RA METE R

ESTI MÀTE
STÀNDÀRD

ERROR

.f FOR HO:
PARÀMElER = O pnon ' l'r I

I NTERCEP
LOGTI HE

-2.822234
o .9497 7 4

0.005874825
0.005856s03

-480
r61

395
898

0.000 |

0.0001



TABLE 5-Continued.

SUMMARY OF CREEP PÀRAMETERS B ÀND F

¡ PRESSURE -TYPE_ -MODEL- -DEPVÀR-
SIGMA LOGLNR LOGTIME LOGF FVÀLUE BSLOPE LOGPI

\¡
O

0.74885
1.23481
| .71070
2.17143
2.61962
3.05835
3 .48442
3.90794

OLS
oLs
oLs
oLs
ots
OLS
oLs
OLS

LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR

0.0225162
0.0746598
0.0065524
0 .0220299
0.0153486
0.0174497
0.0r8009s
0.0084109

0 .4387 2
r .06599
0.79057
0.87888
0.88286
0.90048
0.93880
0.94977

-2.9647
-3.8302
- 3.0967
-3.0597
-3.0339
2.9099

-2.8991
-2.8222

0.00r08478
0.00014784
0.00080036
0.00087 159
0.0009248s
0.00123052
0.00 r 26153
0. 00150579

0.43872
r .06599
0.79057
0.87888
0.88286
0.90048
0.93880
0.!r4977

0. r 256 |

o.o91G2
0.23317
0.31575
0.4 r824
0.48549
0.54213
0.51 1 95



Àlso found in the summary at the bottom of Table 5 is

the value of F which appears as FVÀLUE and is the inter-

cept of

F i gure

Eq. 11.

In(r/rl at unit time for each Pressure leve1 in

22. The value of F is discussed in Chaptet 2, as

Figure 23 (similar to Figure 3) shows a plot of log of

F (f,OCf in the summary in Table 5 ) versus log of pressure

(lOCpf in the summary in Table 5). Table 6 shows the re-

sults of regression analysis for the fit line in Figure

23, The slope of the fit line in Figure 23 is the creep

parameter n which appears as PÀRÀMETER ESTII'ÍÀTE of LOGPI

in Table 6 and as NSLOPE in the summary at the bottom of

Tab1e 6. The intercept at unit pressure is equal to F1

in Eq. 18 of chapter 2. The value of F1 can be found in

the summary at the bottom of Table 6. The correlation

coefficient R-SQUÀRE of 0.2365 in Table 6 indicales that

the fit was poor. The data points from pressure stages 1

and 2 are scattered relative Èo the other data points in

Figure 23; it is this scatter which accounts for the poor

R-SQUARE value. Since the slope n has to be obtained

from a straight fit line with a correlation coefficient

greater than Say, 0.90, the first. two pressure stages

were deleted and the entire procedure l¡aS repeated start-

ing with stage 3 (STS = 3). The results from this new

analysis can be summarized below:

n = 0.775

F1 = 4.930x10-a
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TABLE 6

Results from Regression Analysis for Figure 23

ESTIMÀTES FROM LINEAR REG. ANÀL. OF LOGF VS LOGPI

DEP VARIABLE: LOCF I NTERCEPT

SOURCB DF
SUM OF

SQUÀRES
MEAN

SQUÀRE F VALUE

I .859

PROB> F

0.2217¡{oD8L
ERROR
C TOTAL

I
5
1

0. 167208
0.539771
0.706979

0. r67208
0.089952

ROOT MSE
DEP MEAN
c. v.

0.299936
-3.077051

-9.74751

R _ SQUÀ RE
ÀDJ R-SQ

0.2355
0.1093

{(,
VÀRI ÀBLE DF

PARÀHETER
ESTI HATE

STANDÀRD
ERROR

T FOR HO:
PARAMETER= O pno¡ ' lrl

VÀR I A BLE
LA BEL

¡ NTERCEP
LOGPI

-3.280326
0.631827

0.182963
0.453446

-17.9?9
| .363

0.000 I
0 .221 7

I NTERCEPl

SUMHÀRY OF CREEP PÀRÀMTTERS FI ÀND N

NSLOPE

0.631827

oBs TYPE

OLS

HODEL DEPVAR

LOGF

_S I GHÀ-

0 .299936

LOGF LOCF 1

-3.2803

FI

0.000524413



R_SQUARE

(oetails of this

0.9157 f.or this new f it line.
in Àppendix D.3 ) .nev¡ analysis are given

Step 3: Variation of Þ with pres sure

The variation of

shown in Figure 24,

can be expressed by:

b with pressure for
(details are given

test PT201, as

in Appendix D.3)

Step

b 0.725(p) 0.203 (22)

nhere p pressure in MPa.

L : Determinat 1ôn of oc

The creep parameter oc Yras calculated on the basis of

the following:

Selecting ê. = 10-5 min-r at reference pressure

p = 1 .0 MPa, then

b = 0.725 f rom Eq. 22

n = 0.775

M - 4.836x10-1 from Eq. 17

F1 = 4.930x10-a

Õ = $/gi)r/n = 0.98 MPa f rom Eq. 19
c

A similar procedure was followed for tests PT102,

PT103 and PT211. A summary of the creep parameters from

all multi-stage tests is presented in Table 7. The anal-

yses of these three tests can be found in Àppendices D.4,

D.5 and D.6, respectively.
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TABLE 7

Creep Parameters from All the Tests on Frozen Sand

\¡
Oì

oc
(MPa)

o.26

0.84

o.98

11.0

8.2

F1

_^
1.64x10

_A
4.87x7O

_A
4.93x1O

7 .2tx7}- 5

_L
4.85x10

n

7.75

0. 93

o.78

\.44

1.32

b - r(p)

0.95 p o.o

O.734 p o.179

O.725 p 0.203

0.590 p 0. 384

O.477 p o.427

Pressure
range
( MPa)

1. 34 5.68

0.99 - 3.7I

7.77 3.91

1. 00 - 2.50

1. O 4.2

Pressure
increment

( MPa)

0.5

o.5

o.5

o.25

Ti.me
interval
( minute )

15

45

45

45

45

Test

PT102

PT1O3

PTzO1

PT211

PTMLM



St ep Þ Gen ra1 equa t i on

Having obtained the creep parameters from each test,

the general creep equation, Eg. 3, of Chapter 2 can be

solved. For example, using the results from PT201 and

rewriting Eq. 3, the general creep equation is:

(c)
e

where b

n=

oef

ê

= tft"

0.72s (p)

0,775

otfr
c

0.203

n bte

SimilarJ.y,

Chapter 2 and

o = 0.98 MPa
c

r/n

the equivalent

given by Eq. 20

creep strength discussed in

can be revtritten as:

e-EI

.1, r

(".. ") -b/n
.Doc

where b, and o. are aS above and eef is the equivalent

failure strain, say 20eo. The validity of the above egua-

tions will be discussed later.

5.2.1 Comparison of ÀctuaI and Predicted Strains

The creep parameters obtained from the multi-stage tests

(Section 5.2) were employed to predict the long-term creep

at four different pressures. The predictions nere then com-

pared to the actual creep strains which were measured at the

same four pressures.
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5.2.1.1 Calculation of Predicted Strains

According to Eq. 1, the Èotal strain (e) attained at time

l, at a constant pressure p, is equal to the sum of the in-
,stantaneous strain (. (i) ) and the creep strain (. (t) ) . The

instantaneous strain is equal to the strain at one minute in

the multi-stage test according to Ladanyi. Also, according

to Ladanyi the creep strain (circumferentiat strain in a

pressuremeter test) can be approximated from:

e
(c)

1n (r/rr) (f rom Eq. 13)

r1 (p) n

=Ptb

where F , L = time in minutes and p =

the total circumferential strain

pressure 1n

can be cal-MPa. Therefore

culated as

(i) (c) (23)c +e

5.2.1.2 Àctual versus Predicted Strains

A comparison of the maximum recorded actual strains and

the predicted strains for four different pressure leveLs can

be found in Tab1e 8. Plots of the actual versus predicted

curves are presented in Figures 25 to 28 inclusive. The

predicted strains from all the tests can be found in Àppen-

dix E.
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L4aximum strain (%)

1-70]-25Ð3200016000At tÍne (minute)

4.23.02.O1.OAt pressure (lPa)

Actual

I{IzO3vn%vnazvno2A

19.819. 07.21.3

Predicted

2759627%PTT02

278755257IITIO3

207546056Pr201

102!562.3vI2J-7

1623A3.8IIIT,ÍLM

TABLE 8

Comparison of Actual and Predicted Strains
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Figure 25 shows the comparison of the actual and predict-

ed creep curves at p = 1.0 MPa. Only one predicted curve,

based on PT211, shows relatively good agreement with the ac-

tuai curve.

Figure 26

ed curves at

ed from

ac tua I

test

shows

P = 2.

PT21 1

creep curve,

the comparison of the actual and predict-

0 MPa. Àgain only the one curve predict-

is rel-atively cl-ose in magnitude to the

although the error is large.

A comparison of actual and predicted creep curves at p =

3.0 MPa is presented in Figure 27. Às with the previous

cases, only predicted curve PT21'l shows good agreement (with

an approximate error of 25e.).

Figure 28 shows a comparison of actual and predicted

creep curves at p = 4.2 MPa. Most predicLed curves show

good agreement with the actual. curve except for the curve

predicted from PT211. Test PT21 1 itself reached only a maxi-

mum pressure of 2.5 MPa. The poor comparison raises the

question of whether Ladanyi's methcd can be used to predict

creep behaviour of a material at a pressure that is outside

the pressure range of the test being used to make the pre-

diction. Also note Èhat the total time for the actual sin-
gle-stage creep test PT203 is only four times the 45 minute

time interval which is used to run the multi-stage test on

which the prediction is based. That is to say, the extrapo-

Ìation is short, whereas in the comparisons at other (lower)
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pressure levels, the length of the actual single-stage creep

tests ranges from 36 to 710 times the 45 minute time inter-
val used to run the tests for the predictions.

It has been shown that in most cases, predictions based

on test PT211 had good agreement with the actual test re-

sults. This good agreement could have been due to the small

magnitude of pressure increment used in test PT211. It vras

speculated that this 0.25 MPa per increment test did not in-
duce cracks in the specimen. Whereas in tests PT103 and

PT201, which used 0.5 MPa pressure increment, cracks might

have developed in the specimens so that the measured defor-
mations (and hence the creep parameters) were large as com-

pared to the 'true' creep parameters of a single-stage creep

test at a given pressure.

5 . 3 MODI F'I ED LADÀNY] METHOD

À new method, which will be referred to as the Modified

Ladanyi Method (¡¿¡,tq), was devised in an aÈtempt to better
predict the long-t.erm behaviour of f rozen soi 1 . The proce-

dure for obtaining the creep parameters is the same as the

one described in Chapter 2 and Section 5.2 (Ladanyi's meth-

od) with the exception that the creep information is ob-

tained from separate single-stage creep tests instead of

multi-stage tests.
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In the MLM procedure, the initial 45 minute creep infor-

mation from each long-term creep test i.e. from PT202A,

pT2O3, PT204 and PT212, was used to evaluate the creep pa-

rameters of the frozen sand. (Complete results of the analy-

sis are presented in Àppendix F.1). However, it was found

that R-SQUÀRE for the fit line for creep parameter n as de-

scribed in Step 2 of Section 5.2 was not acceptabl-e (the

correlat ion coef f ic ient was 0.61 ) . By excluding the infor-

mation for test P'1212 (test at p = 2.0 MPa) and using only

the creep information from P12O2A, PT203 and PT204 (referred

to as PTMLM) the f iÈ f or n vras improved to an acceptable

leve1 (R-SQUÀRE = O.gg27). The results of this latter anal-

ysis (pt¡alu) are tabulaÈed on Table 7 (on page 16) ¡ the de-

tails can be found in ÀPPendix î.2'

Again, as in Section 5.2.1, the creep parameters obtained

from PTMLM can be used to predict the long-term creep at

four different pressure leveIs. Comparison of the actual

and predicted creep curves at pressure 1.0 MPa, 2.0 MPa, 3.0

Mpa and 4.2 lüPa are included as the solid circles in Figures

25, 26, 27 and 28, respectively. It is obvious that for

each pressure level the Modified Ladanyi method gave better

predictions than did Ladanyi's method'
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Chapter VI

DI SCUSSI ON

During the preparation of this
participated in writing a paper by

The paper presents Ladanyi's method

a1 strains versus predicted strains

À copy of the paper is included in

G.

thesi s the author also

shietds er a1. ( 1 985 ) .

and comparisons of actu-

at four pressure leveIs.

this thesis in Àppendix

Based on the analyses carried out in this study the fol-
lowing remarks can be made:

The creep parameters obtained from two separate but iden-

tical multi-stage creep tests PT103 and PT201 (in Table 7)

are similar, indicating that the pressuremeter tests carried

out on the laboratory-prepared frozen specimens are reprodu-

cibLe.

Ladanyi's method did not predict the long-term behaviour

of frozen soil at 1ow stress. Às a result, calculations for
predicted strain (eq. 3) and equivalent creep strength (eq.

10) will be in serious error.

The calculations of

strain values (from ,(c)

is important, therefore,

strain reveal that

very sensitive to b

known accurately,

pred i c ted
b

the

II=Ft
tha t

) are

bbe
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Effect of Maqn i tude of Pressure Increment

The comparisons of predicted strains and actual strains

at various pressures ( in Section 5.2.1 ) indicate that pre-

dictions f rom test Pî211 t which v¡as a 45 minuce interval,

0 .25 MPa incremental test , gave good agreement wi +.h the ac-

tual creep strains, especially the predictions at pressures

within the test pressure range. However, tests PT1O3 anA

PT201, which had 45 minute creep interval and 0.5 MPa incre-

ment, gave a higher prediction than the actual strain at a

given pressure. It was speculated that cracks might have

developed in the spec imens of tests PT1 03 and PT20'1 because

of the large (0.5 MPa) pressure increment, so that the meas-

ured deformations (and hence the creep parameters) were

higher than the actual deformation in a single-stage test at

a given pressure.

Effect of Stress Hi story

The Modified Ladanyi method shows better promise than La-

danyi's original method. However the error using MLM was

still approximately 3OOeo for predictions at low stresses.

One possible reason for the better predictions using MLM is

that the creep information used in MLM was obtained from

tests on virgin samples without a previous history of load-

ing. In a multi-stage test, creep at stage 2 or higher is

occurring in a material that has been subjected to a previ-
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ous stress application. The previous stress application is

believed to alt,er the subsequent creep behaviour of the ma-

ter ia1 .

The effect of stress history is clearly shov¡n in Figure

29, where the values of b versus pressure from all the tests

are plotted. The values of b obtained from single-stage,

long-term creep tests on virgin samples form a straight

line; b vaLues obtained from multi-stage tests are generaIly

higher than those obtained from single-stage tests on virgin

samples. Interestingly, the value of b from PT202B (p = 2.0

MPa) also falls within the pattern of the multi-stage tests

since PT2O2B was a a creep test on a sample that had been

subjected previously to a stress application of 1.0 MPa for

a period of 10 days ie. test PT202A.

Effect of Test Procedure

The procedure followed in the early part of a test ap-

pears to have a decisive influence on the results, particu-

larly on the value of b. Note, for example, that in Figure

29 the value of b from test PT212 falls in among the multi-

stage b values even though test PT212 was supposedly a sin-

gle-stage test on a virgin sample. The test procedure for

PT212 was different from that of PT202A, PT203 and PT204.

In PT212 the applied pressure was slowJ.y raised from 0 to

0.2 MPa. This gras done to allow the operator to determine

accurately the moment r¡hen the pressuremeter membrane

89



1. 10

1. 00

0.90

0. 80

rl
I 0. 70
.rl
E

j o.øo

0. 50

0.40

0. 30

o .20
o 0 1.0 2.O

PRESSURE, MPA

3.0 4.O

Figure 29: plot of b vs. pressure from Alr the Tests

Á
o

A
o

A

A ô
o

v
vv

o

v

v

É, 2024

o
A

PT2O28 g
€
v

Pr2ytØ

v

vO
A O Rsstrl,ts

A RBSULTS

V R,ESULTS

EI Rnsur,rs

FRO[,I

FROM

FROì,Í

FRO[{

PT1O3
PT2O1

PT211

PT[,ÍLM

Pr2ogE/

90



w
l.: :a

t:
l

reached futl contact with the borehole wal1 of the specimen'

Àtthepointofcontacttherecordedradiuswouldbethe
,true, initia} borehole radius and the time could be taken

as time zeto. It took approximately 4 minutes from the be-

'ginningofpreSsureappjicationtoreachfullmembranecon-

tact. rn aIl the other single-stage tests the pressure was

increased instantaneously to the desired level and the read-

ings of time þ¡ere taken from that point on. It is specufat-

ed that the difference in the manner of pressure application

andadditionaltimetakenintheearlypartoftestPl2l2
caused the value of b to be higher than anticipated. It ap-

pears essential that a consistent test procedure be adhered

to if pressuremeLer tests in warm frozen soils are to give

consistent results.

Effect of Varvinq the Instantaneous Strain Time

Ànalyseswerealsocarriedouttoobservetheeffecton

thecreepparametersofvaryingtheassumedinstantaneous
strain time. Take, for instance, test PT212' In previous

analysis (see Àppendix F.1) an assumed instantaneous time of

1 minute vras used to determine the instantaneous strain; the

instantaneous strain was subtracted from the total strain to

determine b = 0.82 and F = 2.9Ox1O-4. If the assumed in-

stantaneous strain time interval were taken as 0'5 minutes'

þ = 0.61 and F = 6.60x10-4. Two things are observed: 1) not

onlydoesthenewbvaluefalltoamongthe}owerbvalues
in Figure 29 but 2l the value of F has increased' (there
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appears to be an inverse relationship between changes in b

and F with instantaneous strain time). The value of F from

test PT212 (as analyzed in Àppendix F.1 and discussed in

Section 5.3) can in fact be adjusted by varying the instan-

taneous strain time to make the fit Line for obtaining the n

parameter acceptable.

To further observe the above effect, data from tests

PT202A, PT203 and PT204 were used to evaLuate the creep pa-

rameters with 45 minute creep information. The assumed in-

stantaneous strain time was varíed from 0.0, 0.25, 0.5 and

1.0 minutes (corresponding to STP = 1,2,3 and 4). Table 9

shows the results from the above analyses. (Note that the

analysis PTMLM in Section 5.3 is the same as the above anal-

ysis with STP = 4). The value of b was found to decrease

with decreasing instantaneous strain time while F1 in-

creased. It should be borne in mind that the correlation

coefficient (n2) for obtaining n slope has to be high (larg-

er than 0.90) in order for the analysis to be acceptable.

Effect of Creep Time for Each Pres sure

The effect on calculated creep parameters of varying the

length of time creep information was recorded at each pres-

sure was observed. In this case' creep information from

tests PT202À, PT203 and PT204 was analyzed for 15, 30, 45,

50, 90, 120 minute creep intervals and also for the entire

recorded length of test. (À9ain, note that the analysis
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TABLB 9

Effect of Varying the Instantaneous Strain Time

\0(,

I

l
I
1

I

1

t

iå

#

ï
-.d

ãl

o
e

t66

78.2

4.6

8.2

Determination of F1 a¡d n

R2

o.92

0.99

0.99

0.99

n

o.747

1.157

t.439

I.321

F1

1.426x10

4

8.720x10 ^

4.829xLO-4

4
A

848x10 -

b vs. pressure

R2

0.99

1.0

o.99

1.O

b r(p)

0.5990.311 p

0.380 p o.416

o.2il
0.512 p

0.471, p
0.352

b at pressure (MPa)

4.2

0.760

0.695

o.747

0.788

3.0

o.571

0.594

0.663

o.681

1.0

0.307

o.378

o.572

o.469

Analysis using

STP

1

2

3

4

STS

1

1

1

1

Time
(minute)

45

45

45

45
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PTMLM in Section 5.3 is the Same as the above analysis using

45 minute creep information). In each case the assumed in-

stantaneous strain time of l minute vras used and the Modi-

fied Ladanyi method was employed to evaluate the creep pa-

rameters. The results from the above analyses are tabulated

in TabIe 10 and indicate that creep parameters vary l-ittle

with creep times of from 15 to 120 minutes.

The anaJ-ysis using the entire recorded length of test

shows that the correlation coeff icient of the f it line for

the creep information against time (which is represented by

a power ]aw, ê5 shown in Figure 2) was high. The lowest

correlation coefficient was found in PT212 ie. 0.9557. It

can be argued that a power law can be used to represent the

Iong-term behaviour of frozen sand (at least up to the 22

day period represented by test P1212).
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TABIE 10

Effect of Varying CYeep Time for Each Pressure

\o(¡

¡

t'f
c

(MPa)

15.5

74.1

8.2

7.7

7.6

7.6

81.6

Determination of F1 a¡d n

R2

1.0

0.99

0.99

0.99

0.99

o.99

0.96

n

1.252

7.266

1.321

1. 335

t.u3

r.347

1. 061

F1

5.2O4x10
4

5.156x1O
4

4.848x10-4

4.814x1O-4

4.825x10 -4

-44,842x7O

-47.559x1O

b vs. pressure

R2

1.0

1.0

1.0

0.99

0.99

0.98

1.O

¡ = f(p)

o.4700.413 p

o.446O.420 p

o 3520.477 p

o.3370.476 p

o.331
0.475 p

o.3280.474 p

o.6950.282 p

b at pressure (MPa)

4.2

o.792

o.797

o.788

o.784

0.781

o.782

o.784

3.0

0.711

0.690

o.681

o.672

o.æ2

o.652

0.583

1.0

0.408

o.4t7

o.469

o.476

o.476

o.476

o.281

Analysis using

STP

4

4

4

4

4

4

4

STS

1

1

1

1

1

1

Tfune
(minute)
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30
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æ

90
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Chapter VI I

CONCLUSIONS ÀND RECOMMENDATIONS

7.1 CONCLUSIONS

À study of creep behaviour of frozen sand was carried out

with a pressuremeter. Àlthough the number of tests and

available data are limited, some conclusions can be drawn

based on the test results and their analyses.

'1 . The spec imens prepared f or thi s exper imental study

are reproduc ible.
2. The creep tests (er202a, PT202B and PT212) in frozen

sand samples show that at low pressures (Z MPa and

less) the strain rate decreased with time.

3. À power law can be used to represent the Iong-term

creep behaviour of frozen sand (at least up to the 22

day period represented by P1212).

4. Ladanyi's method based on a pov¡er law equation and

multi-stage tests, in general, predicts higher than

actual creep strain at a given pressure.

5. Calculated creep parameters using Ladanyi's method

are test procedure sensitive. The results vary with

the magnitude of the pressure increment at each stage

of loading, the J.ength of time which is assumed for
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the instantaneous strain and the length of time that

each stage of a muLti-stage test is maintained.

The Modified Ladanyi method based on sin9le-stage

tests gives better predictions than does Ladanyi's

method.

7,2 RECOMMENDÀTIONS FOR FUTURE RESEÀRCH

6

Based on the experience and the knowledge gained

study, several suggestions for future studies on

frozen soil follow:

in this

creep of

1. The wet pouring method is recommended for preparing

sand/water specimens.

2. The use of automation in running a pressuremeter test

in f rozen soi I i s recommended. I'feasurements of soi 1

temperatures, PE€ssuremeter radius, the probe pres-

sure, and the time at which readings are taken should

be recorded by a data acquisition system at regular

t ime intervals.
3. Additional multi-stage tests with a longer (tban 45

minute) time interval per stage are suggested in or-

der to observe the influence of stress redistribution

time as discussed by Ladanyi and Eckardt (1983).

4. Àdditional multi-stage tests vtith various magnitudes

of pressure increment are also suggested in order to

study the effect that size of increment has on the

creep parameters obtained using Ladanyi's methqd.
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Appendix À

DESCRIPTION OF SÀND
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Àn average specific aravity of

sand using ÀSTM D854-58 method.

Kenyon ) .

The maximum and minimum dry

tained by the ÀSTM standard

kg/mt, respectively.

2.70 h¡as obtained f or the

(Pata bras supplied by R.

densities of the sand,

1 650 andmethod, were

pre-

den-

kg/n3 and an ice content

frozen samples prepared

ob-

1450

Àn average dry density of 1450 kg/^3 and an ice content

of 26e" wêre obÈained from all the frozen samples prepared

using the dry pouring method.

'Model' tests in saturated loose sand when unfrozen,

pared using the wet pouring method, gave an average dry

sity of 1470 kg/n3 and an average water content of 30eo.

An average

of 26e" were

using the wet

dry density of 1470

obtained from all the

pouring method.

À typical grain síze distribut.ion

ure À.1, having g4ro between 0.1 and 1

4eo below 0.1 mm and less than 1eo above

cient of uniformity of about 2,0.
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curve 1 s

. 0 ñfiì,

2 .0 ffiÍrì,

shown in Fig-

with less than

and a coeffi-
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Àppendix B

VÀRIÀTION OF TEMPERATURES IN À FROZEN SÀND
SPECIMEN
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À typical variation of recorded temperatures in a speci-

men during freezing process is presented below. The temper-

ature profile across specimen PT212 was used and shown in

Figure 8.1. Time t is the duration from the time the temp-

erature in the environmental chamber reached -200C.

100

75

60

O

F
Ê.
'lla

45

30

15

0
-15 -10 -5 0

TEMPE RATURE ,

5

oc
10 15 20

Figure 8.1 : Typical Variation of Recorded Temperatures ín
a Spec imen

ú¡

,c.

tÕ
C.r

t\
P

.c

v
u

*J

&
^ç

s
//

!

c¡¡
N
il

+)

t')
&

^ç

r/w

b9

q
\l

//
{,

106



Appendix C

CHECKING ÀND CÀLIBRÀTING THE PRESSUREMETER
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À typical checking and calibration of the pressuremeter

prior to the actual test is presented below. The data from

test PT2O1 was used. À11 the checking and calibration Yrere

carried out in the chamber at test temperature of -3oC.

C.1 CHECKING FOR ELECTRONIC DRTFT

The membrane of ihe pressuremeter was detached and a

standard calibration ring waS inserted around the pressure-

meter probe. With this setup the radius reading (n¡¡) from

the efectronic digital indicator should stay at a f ixed

reading if there was no drift. The radius readings were

then recorded over time and are given below:

Date Time RN

28/oe/83

28/oe/83

28/oe/83

2e/oe/83

2e/oe/83

13:25

1 5:00

21 :00

10:00

13:30

10.36

10.37

10.36

10.36

10. 36

The data showed insignificant electronic drift.
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C.2 CÀLIBRÀTTON FOR MEMBRÀNE THICKNESS CHANGE

This calibration was performed in a steel tube with known

inner radius. The pressuremeter was placed inside the Steel

tube and a constant pressure vras applied to the membrane

while changes in RN with time v¡ere recorded. Àt the end of

a specified time interval-, the pressure waS increased to an-

other leve1 and held constant while RN readings i{ere record-

eC. It v¡as found that after 5 minutes of pressure applica-

tion the changes in RN were insignificant. Therefore in

this calibration the changes in RN (pC) versus pressure vtere

taken from changes in RN at the end of 5 ninute interval.

The recorded data is given below.

From the above data a correlation
pressure PÀ can be obtained:

Pc = O.OO2 + 0.044 PÀ; with n2

where PG is in mm and PA is in MPa.
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PG

(mm)

0 .02

0.0s

0.07

0.09

0.11

0.13

between PG and applied

1.0

Pre s sure

( ¡rpa )

0.5

1.0

1.5

2.0

2.5

3.0

RN (mm) at

0 1.0

(min. )

5.0

tÍme

3.0

4.99

5.01

5.04

s.06

5.08

5.10

5.01

5.04

5.06

5.08

5.10

5.11

5.01

5.04

s.06

5.08

5. 10

5.11

5.01

5.04

5.06

5.08

5.10

5.12



C.3 CALCULÀTION OF CROSS-SECTIONÀL ÀREÀ (e/n)

This calculation was obtained by inflating the pressure-

meter membrane in different steel tubes with known inner ra-

di i. When the membrane and the steel tube nere in fuIl con-

tact, the outside radius of the membrane was equal to +-he

inner radius of the steel tube; while the inside radius of

the membrane of the membrane was calculated from RN reading.

Knowing both the inside and outside radii, the cross-sec-

tional area of the membrane was obtained. However, it was

found that the cross-sectionaf area of the membrane varied

with different size of steel tubes. It was decided to ex-

press the variation of cross-sectional area of the membrane

for test PT201 in the form:

e/pt = 747.2 + 5.84 RN

where A is in mm2, PI = 3.1416 and RN is in mm.

C.4 CÀLIBRATION FOR MEMBRÀNE RESISTANqE TN ÀIR

In order to determine the net pressure the pressuremeter

applied to a specimen it Ìtas necessary to first determine

the resistance of the membrane as it was being inflated. À

calibration test lras carried out to simufate the movement of

the membrane in an actual test except that the membrane was

inflated in air instead of a confined boundary. À Low in-

cremental pressure (0.2 MPa) nas applied to the membrane;

each pressure was held constant for 45 minutes. The varia-

tion of pressure with RN at the end of each pressure incre-

110



'l

ment

PT2O1

was used to express the

+-hi s var iat ion i s given

RG=0.076xRN**0.78

RG is in MPa and RN is

membrane resistance.

in the form:

For test

whe re 1n mm.

11i
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':a'

.i.,,1
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Appendix D

LÀDANYT 'S METHOD
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D.1 LISTING ÀND INPUT I NFORMATI ON OF LADF oH /s

The input

be described

information for programs LÀDFOH and LÀDFOS will

below.

À11 data uses free format input. Input

ther integer, real or alphanumeric forms as

present on one line should be separated

should always be within 80 columns.

should be in el-
required. Data

by a space and

The order of input information is as the following:

tormat

1 ) TITLE alphanumeric

Title of the test of up to 80

characters.

2) NS STS integer

NS: Number of stages in the multi-

stage creep test.
STS: Desired starting stage.

3 ) NP srP integer

NP: Number of points in each stage.

STP: Àssumed starting point or end of

the instantaneous strain, e9. when

STP=4 the instantaneous strain time

is 1 minute.

4) ì'fr1 MT2 real

Constants for membrane thickness

correct ion in PG=MT1+l'fl2xPÀ where PG

is in mm and PÀ is in MPa.
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5) A1 A2

Constants for ÀREÀ/PI

A/PI=A1 +À2xRN.

5) MR1 MR2

Constants for membrane

correction in:
RG=MRI xRN**MR2 for

RG=MR1 +MR2xln (Rx) for
7) PÀ(I ),I=1,NS

real

value in

rea I
reac t i on

LÀDFOH

LÀDFOS

pr09ram;

pr09ram.

real

PÀ: Àpplied pressure in each stage.

8) T(J),J=1,NP

T: Times for recording data"

9) (nN(l,J),J=1,NP),r=1,NS

reaf

real

RN Readings from the OYO

readout box, including

t ime=0.

the last stage, input

rest of the unrecorded

electronic

reading at

For

the

RN=50.0 for

intervals.
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LTSTING OF PROGRAM LADFOH

10.
20.
30.
40.
s0.
60.
70.
80.
90.

't 00.
110.
120.
130.
140.
'I 50.
160.
170.
180.
190.
200.
210.
220.
.230.
240.
250.
260.
270.
280.
290.
300.
310.
320 .
330.
340.
350.
360.
370.
380.
390.
400.
410.
420.
430.
440.
450.
460.
470.
480.
490.
500.
510.
520.
s30.
540.
550.
560.
570.
580.
590.
600.
610.
620.
630.
640.

//username JoB ', ,T=2' , 'username'
// s,xec FoRrTcLG
//Yonr.sYsIN DD i
i1i***ri*rttii*tii****ttti*it**ttti***tÌti*rii****irii*it**ttiti*
c
C PROGRÀM: LÀDFOH -' LÀDÀNYI'S METHOD; FORTRAN; OYO HÀRD MEMDRÀNE

c
C THIS PROGRAM READS IN AND EVÀLUÀTE OYO DÀTÀ, USING LÀDÀNYI,S
C METHOD FOR DETERMINTNG THE CREEP PARÀMETERS OF À FROZEN SOIL
c
c*t*ttiit*i*tt*********ttt**tlti**li*it*iiitt*ilttii*tf 

it*ittl*l

C VÀRIÀBLES USED ÀRE:
C NS = NO. OF STÀGES IN THE TEST
C STS = DESIRED STÀRTING STÀGE
C NP = NO. OF DÀTA POINTS IN EACH STÀGE
C STP = THE ÀSSUMED STARTING POINT OF CREEP STRÀIN
C T = TIME IN EÀCH STÀGE
C DT = TIME MINUS ASSUMED INSTANTÀNEOUS STRAIN TIME
C RN = REÀDING FROM ELECTRONIC BOX
C PÀ = APPLIED PRESSURE
C PRESSURE,PIAVG = AVERÀGE CORRECTED INTERNÀL PRESSURE

C RG = MEMBRANE RESISTANCE IN AIR
C PG = MEMBRANE THICKNESS CORRECTION (MM)

C MT1,MT2,MR1,MR2 = PRESSUREMETER CÀLIBRÀTION CONSTANTS
C MT1 ,MT2 IN: PG=MTI +MT2*PA
C MR1,MR2 IN: RG=MRITRNT*MR2
C PI = CORRECTED PRESSURE OR NET PRESSURE ON THE SPECIMEN
C PSUM = CURRENT SUMMÀTION OF PI FOR PIAVG CÀLCULATION
C I,J,K,L,COUNT = COUNTERS FOR EÀCH LOOP
C TITLE = TITLE OF THE TEST OF UP TO 80 CHÀRÀCÎERS
C LNR = VÀLUE OF LN(R,/R(I ) )

C LOGLNR = LOG(LNR)
C PGFST = FIRST VALUE OF PG IN EÀCH STÀGE
C PGREST = PG VÀLUES ÀT CURRENT STÀGE OTHER THÀN PGEST
cititttt**f *****t**t*ti**ti*i**t*ii*t*i*tttt*iti**lttit***t*ttil

REÀL*8 r( 50 ),RN( 50, 50 ), PÀ( 50 ),srR( 50, 50 ), Ro( 50' 50 ), LNR( 50' 50 )

REÀLT8 RATE(50,50)
REÀLi8 RG, PI ( 5O ), PSUM, PI AVG, DELTÀR, TSTÀRT, RSTART, SOPI' MT 1' MT2

REAL*8 MR1 .MR2,LOGT.LOGLNR.PG, PGFST,PGREST, RI,DT(50)
I NTEGER NS , NP, I , J , K, L, COUNT, STP ' STS
CHÀRÀCTER*80 TITLE

crt*ir**tiit*iitt*tt*t*ii*tit*ttttiittttit*il*tttittlttti*t***it
C TO READ IN NO. OF STAGES, DESIRED STÀRTING STÀGE. NO. OF DATÀ

C POINTS IN EÀCH STÀGE, PRESSUREMETER CALIDRÀTION CONSTÀNTS AND

C RN VÀLUES FROM THE TEST.
ct * * t t t t t t t * t * r t i t i * * * t t * t I I * * t * * i i t i * t * * * t i i i i t * t I i t t t t t t t t I I i t

',TITLE
X,A)' ,TITLE

PRINT .(
REÀD .(A
PRINT .(
PRINTT,
READT , N

PRINT '(
PRINT .(

)

l
s, srs
IX,À,I4)"'NUMBER OF STÀGES ="NS
1X,A, I2) 

"'DESIRED 
STÀRTING STÀGE ="STS

REÀDT,NP,STP
PRINT '( 1X,À, I 3)' ,'NUMTER OF DÀTÀ POINTS IN EACH STAGE =''NP
PRINT ,( 1X,2À,T2,'' , 'ASSUMED STÀRTING POINT OF CREEP STRÀ]N .

+'(STP) =',STP
PRINTI ,'
READi ,MT1,HT2
PRINT' ( 1X,4,F6. 3,À,F6. 3,À) 

"'THICKNESS 
CORRECTION CONSTANTS

+MTl ="HTl,' AND MTz =' ,MT2,' lN PG=MTl'|MT2rPA'
REÀDT ,A\,A2
pRINT '( 1X.À,î't .2,^,F1 .2,4)' ,'CONSTÀNTS FOR A/PI ÀRE:

1Àl ="À1,'AND A2 ="A2,'IN A/PI=Àl'À2rRN (MM2)'
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6s0.
660.
670.
580.
690.
700.
710.'t20,
730.
740.
750.
760.
710 .
780.
790.
800.
810.
820.
830.
840.
850.
850.
870.
880.
890.
900.
910.
920.
930.
940.
950.
960.
970.
980.
990.

1 000.
101 0.
1020.
1030.
1040.
1 050.
1060.
1070.
1 080.
1090.
'l 100.
1110.
1120 .
1 1 30.
1140.
1 150.
'I 160.
1 170.
1 180.
1 190.
1200.
'I 210.
1220.
1230.
't 240.
1250.
1260.
1270.
1280.

REÀD* ,MR'I ,MR2
PRrNT ' ( 1X,A ,F6.2,A,F6.2,A)' ,',MEMBRANE REACTION CONSTÀNTS ARE:

+MR.l =' ,MRl,' ÀND MR2 =' ,MR2,' IN RG=MRl.MR2rLN(RN)'

PA(I),I=1,NS)
'ÀPPLIED PRESSURE IN EÀCH STÀGE IN MPÀ:'
5x,F7.2) 

" 
(PÀ(r ), r=r,NS)

/t'
T(J),J=I,NP)

pRINT* ,'TIME (MINUTES) ron r¡xlNG DATÀ IN EACH srAcE:'
PRrNT' (5X,F7.2) 

" 
(T(J),J=l,NP)

PRINT '(/)'
READr , ( (nN(n,r,),r,=1,NP),K= l,NS)

c
C TO CALCULATE INITIAL PG ÀT STÀGE STS
c

PG=MT1 NMT2*PA(STS)
IF (PG .LE. O.O) THEN

PG=0.0
END IF

ct****i**rt*******irltrii*ir*rtrr*tit*titt*t**ttt **

C CÀLCULÀTE ÀLL ?HE VÀLUES FOR EACH STÀGE AND PRINT
c* * t t t * * i t * * * t * i * * * * * * t * t * r * * * t i r * r i i I i t r r * * i l t r r i r

DO 120 K=STS,NS
PRINT' (1x,À,r3,À,î7.2,A1',' sTÀcE No.'.K.' ì

+ ="PÀ(X),' l.lp¡'
PRI NTr , '
PRI NT* , . TIME RN RG PI PG RO

+' RATE LNR.
pRINT* ,' (ulN) (MH) (l¡p¡) (MpÀ) (i4M) (MH)

+' (g.y't1ll'¡)'
PRI NT* , '

PGFST = PG
c
C CÀLCULATE ALL PG VALUES EXCEPT FOR THE FIRST PG
c

PGREST=MT-I { MT2 iPÀ ( K )
IF (PGREST.LE. O.O) THEN

PGREST= 0 . 0
END IF

c
C CHECK PG AGÀINST THE FIRST PG
c

rF (sTP .EQ. 1) THEN
PG = PGFST

ELSE
PG = PGREST

ENDI F
c
C CÀLCULATE RO AT POINT STP ÀND ASSIGN T AT POINT STP
c

RI=RN(K,STP)*23.5
RS=RI -PG
SOPI =À1 *À2rRN(K, STP)

RT(RSrr2.SOPI )

STP )

PR I NT*
REÀDi
PRI NT*
PRINT'
PRINT '
REÀDi ,

ÀPPLIED PRESSURE

STRÀIN',

(e,) ' ,

RSTÀRT= S

TSTART=T
PSUM= O . O

COUNT = 0

DO 100 L=l,NP
IF (RN(K,L) .EQ
COUNT = COUNT
rF (L .EQ. 1 )

PG= PGFST
ELSE

50.0) coro 100
I

THEN
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1290. PG=PGREST
END IF
RG=MRlTRN(K,L)TiMR2
Pl (t,)=(PÀ(K)-RG)
PSUM=PSUM+PI (L)
RI=RN(K,L)*23.5
RS=RI -PG
soPI =À 1 +À2rRN (K, L)
RO( K, L) =SQRT( RSr*2 +SOPI )

DELTAR=RO ( K, L ) -RSTART
srR ( K, L) = (DELTAR/no( x, | ) ) * 1 00. 0

IF (L .8Q.1) THEN
RÀTE(K,L)=0.0

ELSE
RÀTE ( K , L ) = ( srR ( K , L ) - srR ( x ,L- 1l I / tT ( L ) -T (L- 1 ) )

END IF
LNR(K,L)=DLoG ( 1 . 0+DELTÀR/Ro(K' 1 ) )
DT( L ) =T(COUNT ) _TSTÀRT

PRINT' ( 1x,7F7 .2,2811.3) 
" 

DT(L),RN(K,L),RG,PI (t,)'pc,
+ RO(K,L),STR(K,L),RÀTE(K,L),LNR(K'L)

1 OO CONTI NUE
PI ÀVG=PSUM/COUWT
PRINT*, ,'
PRINT'ilX,e,F5.2,À1"' AVERÀGE PRESSURE ON SPECIMEN ="

+ PI ÀVG, ' MPÀ'
PRrNr '(/)'

ct t t * t * t * t t t t t t * * t * * * t t * t * t t * * t * * * t * * * * i i i i t * t * * i t i I i * I i * t * I * t I i * i

C WRITE THE RESULTS TO DÀTÀ SET USERNÀME.SAS.LÀD FOR LÀDPL PROGRAM

criltttr**it*tt*t*t*ititt**ti**t*titittttltti**tt**li*lt*ti*tii**t
DO11OL=STP,COUNT

rF ((Dr(L) .LE. 0.0) .oR. (LNR(K,L) .LE. 0.0)) Goro 110

LOGT = DLOGlO(DT(L))
LOGLNR = DLOGlO(LNR(K,L) )

HRT TE ( 4, * ) DT ( L ), LOGT, PI ( L ), PI ÀVG, STR ( K, L ), RÀTE ( X' T. ),
+ tNR(K,L),LOGLNR

110 CONTINUE
120 CONTI NUE

STOP
END

13
13
13
13
13
13
13
13

00.
10.
20.
30.
40.
50.
50.
70.

1380.
1390.
1400.
1410.
1420.
1430.
1{40.
1450.
1460.
1470.
'l 480.
1 490.
1 500.'t510.
1520.
1530.
1-54 0 .
1 550.
1 560.
1570.
1s80.
1 590.
1 600.
1510.
1620.
1630.
1640.
1 650.
1 660.
1670.
1680.
'r 690.
1700.
171 0.
't720.
1730.
1740.
1 750.
1760.
't770.
1780.
1790.
1800.

fco.rtoaroot

'l"o.r"rrN DD r

input data

DD DSN=username. SAS.LÀD,
DCB= ( RECFM=VB, BLKSI ZE=255\ ,

sPÀcE=(TRK, (5,1 ) ),
DI SP= ( NEW, CÀTLG, DELETE ) ,
UN I T=DI SK . VOL=SER=WEEKO 1
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'-...'..-

10.
20.
30.
40.
50.
60.

LISTING OF PROGRAM LADFOS

//username JoB',,T=2','username'
// exec FoRTTcLG
//roar.sYSIN DD *
çir*******tt**t***tit*t*iiitiittiil 

tt*tttirtltlltt**l*ttittttit*

c
C PROGRÀM: LADFOS LÀDÀNYI'S METHOD; FORTRÀN; OYO SOFT MEMBRÀNE

c
C THIS PROGRÀM READS IN ÀND EVALUÀTE OYO DÀTÀ, US]NG LÀDÀNYI.S
C METHOD FOR DETERMINTNG THE CREEP PARAMETERS OF A FROZEN SOIL
c
c**r***t**t*ltitt*tttti**t***{t*tittt*ilii*t*i**it 

*tf iii*ttttt*t

C VÀRIÀBLES USED ÀRE:
C NS = NO. OF STÀGES IN THE TEST
C STS = DESIRED STÀRTING STÀGE
C NP = NO. OF DATÀ POINTS IN EÀCH STÀGE

C STP = THE ÀSSUMED STÀRTING POINT OF CREEP STRÀTN
C T = TIME IN EACH STAGE
C RN = REÀDING FROM ELECTRONIC BOX
C PA = ÀPPLIED PRESSURE
C PRESSURE,PIAVG = AVERÀGE CORRECTED INTERNÀL PRESSURE

C RG = MEMBRÀNE RESISTANCE IN AIR
C PG = MEMBRÀNE THICKNESS CORRECTION (MH)

C MT1 ,MT2,MR1 ,MR2 = PRESSUREMETER CALI BRATION CONSTÀNTS
C MT1,MT2 IN: PG=MTI-MT2*PÀ
C MRl,MR2 IN: RG=MRI'MR2TLN(RN)
C PI = CORRECTED PRESSURE OR NET PRESSURE ON THD SPECIMEN
C PSUM = CURRENT SUMMATION OF PI FOR PIAVG CÀLCULÀTION
C I,J,K,L,COUNT = COUNTERS FOR EÀCH LOOP

C TITLE = TITLE OF THE TEST OF UP TO 80 CHARÀCTERS
C LNR = VÀLUE OF LN(R/R(I))
C LOGLNR = LOG(LNR)
C PGFST = FIRST VÀLUE OF PG IN EÀCH STÀGE

C PGREST = PG VÀLUES ÀT CURRENT STAGE OTHER THÀN PGFST

C ÀOPI = CROSS SECTIONÀL AREÀ OF THE MEMBRÀNE OVER PI
c* t i i * * * t f i * * t i t * * * * * t * t * * i t t t * t * * * i t * t t t * * * * t t * i I I t * * * * t t * t * * * *

REÀL*8 r( 50 ), RN( 50, 50 ), PÀ( s0 ) . srR( 50, s0 ), Ro( s0, 50 ), LNR ( s0' s0 )

REÀLT8 RATE ( 50 . 50 )

REÀL* 8 RG, PI ( 5O ), PSUM, PI AVG, DELTAR, TSTÀRT, RSTÀRT, AOPI, MT1' MT2

REÀLT8 MRi,MR2,LOGT,LOGLNR, PG, PGFST, PGREST,R],DT( 5O )

INTEGER NS,NP, I ;J, K, L,COUNT. STP' STS

CHÀRÀCTERTBO TITLE
c* t * i i i t t t * f I * i i i t * * t I t I t t * t i t i * t I * i i t i t t i * t t t * * i t I t * t t t t t t t t t t t

CTOREÀDINNO.OFSTAGES,DESIREDSTÀRTINGSTÀGE,NO;OFDÀTA
C POINTS IN EÀCH STÀGE, PRESSUREMETER CALII}RÀTION CONSTÀNTS ÀND

C RN VÀLUES FROM THE TEST.
cr r i t * I * t t I t * * * i i t i I * * i t i t t t t i t t i t * t I * i t * t t i i * * i * i I t i * * I * t t È t t t *

PRrNr '(//)'
REÀD '(¡) 

"rlrlnPRINT '( IX,À)' .TITLE
PRINT* ,'
READi,NS,STS
PRINT . (1X,¡,I4)"'NUMBER OF PRESSURE INCREMENTS =.,NS

70.
80.
90.

100.
110.
120.
130.
140.
150.
160.
170.
180.
190.
200.
210.
220.
230.
240.
250.
260.
270.
280.
290.
300.
310.
320.
330.
340.
350.
360.
370.
380.
390.
400.
410.
420.
430.
440.
450.
460.
470.
480.
490.
500.
510.
520.
530.
54 0.
550.
560.
570.
580.
590.
600.
5l 0.
620.
630.
640.

,121' ,'DESI RED STÀRTI NG STÀGE =' . STSPRINT' (1x,À
NP, ST
( 1x,À
( 1x,À

REÀDT
PRINT
PRI NT
PR I NT*

P

,r3)
,t2l

,.NUMDER OF DÀTÀ POINTS IN EÀCH STÀGE =',NP
,'ÀSSUMED STÀRTING POINT OF CREEP STRAIN ='

READT ,MTI.MT2
PRINT' ( 1X,À,F6.3,À,F6.3,4)'

+!{f | =' ,MTl,' ÀND MT2 =' ,M12,
READi ,^1,^2
PRINT' ( 1x,4,F7.2,À,F7.2,À) 

"+Al =',Àl,' ÀND A2 =',A2,' IN
READi .MRI,MR2

STP

,'THICKNESS CORREClION CONSTÀNTS ARE:
' IN PG=MTl'MT2rPÀ'

'CONSTANTS FOR À/PI ÀRET
a/et = t,1 ,À2 r RN ( MM2 ) '
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650.
650.
670.
580.
690.
700.
710.
729.
730.
140 .
750.
760.
170.
780.
790.
800.
810.
820.
830.
840.
850.
860.
870.
880.
890.
900.
910.
920.
930.
940.
950.
960.
970.
980.
990.

1000.
1010.
1020.
1030.
1040.
10s0.
1060.
1070.
1080.
1090.
1 100.
1110.
1 120.
1130..t140.
1 150.
1 160.
1170.
r 180.
1 190.
r 200.
1210.
1220.
1230.
1240.
1250.
1260.
\270.
r 280.

PRINT' ( 1X,A,F6.2,À,F6.2,4) 
"'MEMBRÀNE 

REÀCTION CONSTÀNTS ÀRE:
+MR.l =',MR1,' ÀND MR2 =',MR2,' IN RG=MRl'MR2rLN(RN)'
PRINTT ,'
READ* ,(P¡(l),I=1,Ns)
PRINT* ,'ÀPPLIED PRESSURE IN EÀCH STAGE IN MPA:.
PRrNT' (5X,F7 .21 

" 
(PÀ(I ),I=1,NS)

PRI NT ' (,/) '
REÀD* , (r(¡),¡=l,Hp)
PRINTT ,'TIME (I'IIXUTCS) TOR T¡XING DÀTÀ ]N EÀCH STAGE :,
PRINT '(5X,F7.2) 

" 
(T(J),¡=t,Np)

PRINT '(,/)'
REÀD*, ( (NN(X,L),L=1,NP),K=1,NS)

c
C TO CÀLCULATE INITIAL PG ÀT STÀGE STS
c

PG=MT1 +MT2*PA ( STS )

IF (PG .LE. O.O) THEN
PG=0.0

END IF
ct*rr*tt*f*it*t*t*t*t*tt**t***ilt**t*tft**ittti*i*lltt*itittttli
C CALCULATE ÀLL THE VÀLUES FOR EÀCH STÀGE ÀND PRINT
c* * * * * * * * t t t * * * * * * t i t i * * * t * * * * t I t * I t t * i t 1* t i * i * * i t i i * * t t * * i I t I * *

DO 1 20 K=STS, NS
PRINT' (1X,4,I3,À,F7.2,A1"' STAGE NO."K,' ; APPLTED PRESSURE

+ =t,PÀ(x).'l'lP¡'
PRI NT* , '
PRINTT ;' TIME RN RG PI PG RO STRÀIN''

+ I RÀTE LNR'
PRTNTt ,' (MIN) (¡{H) (l'lp¡) (MPA) (M-t'',!) (MH) (e")

+' 1r"/.rrN)'
PRI NT*

PGFST = PG
c
C CALCULÀTE ÀLL PG VALUES EXCEPT FOR THE FIRST PG

c
PGREST=MT1{MT2*PÀ(K)
IF (PGREST.LE. O.O) THEN

PGREST= O . O

END IF
c
C CHECK PG ÀGAINST THE FÌRST PG

c
IF (STP .EQ. 1) THEN

PG = PGFST
ELSE

PG = PGREST
ENDI F

c
C CALCULATE RO ÀT POINÎ STP AND ÀSSIGN T AT POINT STP

c
x=0. 508.l 9*RN( K,srP) + 5. 8333
RI=2.0*X . 6iSQRT( 1.0 ( (X/25.0 )**2) ) ' 16.0
RS=RI. PG

ÀOPI=AITA2*RN(K,STP)
RSTÀRT=SQRT( RSi * 2 I ÀOPI )

TSTÀRT=T ( STP )

PSUM= 0 . 0
COUNT = 0
DO 100 L=l,NP

rF (RN(K,L).8Q.50.0) Goro 100
COUNT=COUNTl I

lF (L .EQ. 1 ) THEN
PG= PGFST

ELS E
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1290.
1300.
1310.
1320.
1330.
1340.
1350.
1350.
1370.
1380.
1390.
1400.
1410.
1420.
1430.
1440.
1450.
1 450.
1470.
1480.
1490.
'I 500.
1510.
1 520.
1530.
1540.
1 550.
1 s60.
1570.
1580.
1 590.
1600.
1610.
1620.
1630.
1640.
1 650.
1660.
1670.
1680.
1 690.
.l 700.
1710.
1120.
1730.
1740.
1 750.
1760.
1179.
1780.
1790.
1800.
1810.
1820.
1830.
1840.

PG=PGREST
END IF
IF (K .EQ. 1 .AND. L .EQ. 1) THEN

PG=0.0
END IF
RG=MR 1 {MR2iDLOG ( RN ( K, L) )

PI (L)=(p¡(x)-nc)
PSUM=PSUM' PI (L)
x=0. 508 19*RN(K,L), 5.8333
RI=2.0rX + SiSQRT(1.0-((X/25.0)**2)) + 15.0
RS=RI -PG
ÀoPI=À1+À2rRN(K,L)
RO(K. L ) =SQRT( p5** 2+¡QPr )

DELTÀR=RO ( K, L ) _RSTART

srR(K, L)= (DELrÀR/no(x, 1 ) ) r 1 oo. o

rF (L .8Q.1) rueN
RÀTE(K,L)=O.O

ELSE
RÀrE ( K , L ) = ( srR ( K , L ) - srR ( K , L- 1 I \ / ft ( L ) ' r ( L 1 ) )

END IF
LNR (K, L)=DLOG( 1 . O*DELTÀR,/RO(K, 1 ) )

DT( L ) =T( COUNT ) _TSTÀRT
pRrNr ' (1x,7î1.2,2î,1 1.3)' , Dr(r),RN(K,L),RG, Pr (l),pc,

+ RO(K,L),STR(X,T,),RÀTE(K.L).LNR(K,L)
1 OO CONTI NUE

PI ÀVG=PSUM/COUNT
PRINT* ,'
PRINT '(1X,¡,F5.2,4)"' AVERÀGE PRESSURE ON SOIL =.,PIÀVG,

+ ' MPÀ'
PRI NT ' (,/) '

C***irtt**ttt***itt**t*tl*ll*tt*tttf tttt****t**ttitttt*t*ttt*tit*t

C WRITE THE RESULTS TO DÀTA SET USERNÀME.SÀS.LÀD FOR LADPL PROGRÀM

ct t * r i t t * * * t t * * * * * i t t * * * * * * * * * * t t t t * i r r t t i * t t t t t t t i t i t i * i i t i i * f t t i

DO110L=STP,COUNT
rF ((Dr(L) .LE. 0.0) .OR. (LNR(K,L) .LE. 0.0)) Goro 110

LOGT = DLoG10(nr(l) )

LOGLNR = DLOGl O(LNR(K,L) )

HRI TE( 4, T ) DT( L), LOGT, P] ( L ), PT AVG, STR ( K, L), RÀTE ( K, L ),
+ LNR(K,L),LOGLNR

110 CONTINUE
120 CONTI NUE

STOP
END

.FT04F001 DD DSN=username. SÀS.LÀD,
DCB= ( RECFM=VB , BLKS I 2E=255) ,

sPÀcE=(rRK,(5,1)),
DI SP= ( NE}¿, CATLG, DELETE ),
UNI T=DI SK, VOL=SER=WEEKO 1

*

input data

r20
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INPUT INFORMATION FROM TEST PT2Ol

10.
20.
30.
40.
50.
60.
70.
80.
90.

100.
110.
120 .
130.
140.
150.
160.
170.
180.
190.
200.
210.
220.
230.
240.
250.

PT2Ol: MULTI-STÀGE PRESSUREMETER TEST IN FROZEN SÀND; TEMP= 2.9 C

81
18 4
0.002 0.044
141 .2 5 .84
0.075 0.78
'l .00 1 .50 2.00 2.50 3.00 3.50 4.00 4.50
0.0 0.25 0.5 1,0 2.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 20.0 25.0
30.0 3s
4.37 4.
4.70 4.
4 .80 4 .
5.03 5.
5.21 5.
s. 69 5.
6.07 6.
6.73 5.

.0
41
75
84
07
24
77
1.1

84

40.0 45.0
4.E7 4.51
4.75 4.75
4.84 4.84
5.11 5.15
5.25 5.27
5.8s 5.93
6.12 6.13
6.96 7.09

4.56
4.77
4. B5
5.20
5.31
6.00
6.17
7.20
7 .49
L59
8.98
39 1

.90

4.59
4. B0
4.85
5.21
5. 34
6.07
6.21
7 .34
7.53
8.84
9.04

0.60 1

10.97
r 2.50
13. 38
15.26

4 .61 4 .63 4.65

4 .91

5.48

6 .42

1.73

9.36

4 .66

4.93

5.53

6.48

7.79

9.45

s .67 4 .69

4.96 4.98

5.56 5.59

6.54 6.59

7. 85 7.9 |

9.54 9. 64

.39 1 l .50

.90 14.05

4.87 4.89

5.39 s.44

6.29 6.36

1.34 7.39 7.41 -t-44
8.06 8 .26 8.39 8. ss
8.84 8.87 8.89 8.92
9.85 10.09 10.27 10.
10.79 10.83 10.86 10

7.60 7.67

9.1
0.7
t1.
12.
r3.
50.

5 9.24
9

11.62 1 1.73 12.00 12.26
13.18 13.23 13.26 13.30
14.18 14.33 14.56 14.99

02 11 . r3
76 12.93
46 I3.61
00 50.00

lr
13
13
50

2t 1t
IB
76 t3
00

727
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LISTING OF PROGRAM LADPL

sernåme JOD',,T=30,I=90','usernatne'
EXEC SASPLOT

ÀSDATA DD DSN=usernarne.SÀS.LÀD,DISP=SHR
YSIN DD T

10.
20.
30.
40.
50.
60.
70.
80.
90.

r00.
1 10.
120 .
130.
140.
150.
160.
170.
180.
190.
200.
210.
220.
230 .

240.
250.
260.
270.
280.
290.
300.
310.
320.
330.
340.
350.
360.
370.
380.
390.
400.
410.
420.
430.
440.
450.
460.
470.
480.
490.
500.
510.
520.
530.
540.
5s0.
560.
570.
580.
590.
600.
5r0.
620 .
630.
640.

//s
//s
*

t
*
*
t
*
*

*

t
t

t
t

,

PROGRÀM: LADPL
INPUT THE DÀTÀSET (SÀS.LAD) CREÀTED IN LÀDFOH/S
PROCESS IT USING LÀDÀNYI'S METHOD FOR OBTAINlNG THE CREEP
PARÀMETERS OF A FROZEN SOIL, ÀND PLOT

VÀRIABLES USED ÀRE:
TIME = TIME DIFFERENCE OR DT(I)
LNR = LN(R.R(I))
PI = PRESSURE ON THB SÀMPLE ÀT TIMD T (DURING THE TEST)
PRESSURE = ÀVERAGE PRESSURE ON THE SÀMPLE
STRÀIN = CIRCUMFERENTIÀL STRÀIN lN e.

RÀTE = STRÀIN RATE IN g",/MIN

IN REGRESSION: LOG(LN(R,/R(I -1 ) ) VS LOG(TIME)
LOGLNR = LOG(LN(R,/R( I. I ) )

LOGTIME = LOG(TIME)
BSLOPE = SLOPE OF THE REGRESSION LINE AT EÀCH PRESSURE

LEVEL
FVÀLUE = INTERCEPT AT Y-AXIS ÀT EÀCH PRESSURE LEVEL

IN REGRESSION: LOG(FVÀLUE) VS LOG(PRESSURE)
LOGF = LOG(FVÀLUE)
LOGPI = LOG(PI )

NSLOPE = SLOPE OF THE REGRESSION LINE
F'l = INTERCEPT AT Y AXIS

* t i * t t i* I ttt t r i f t * t t t t t t i t*t t ti t i I * f * * t * t t i i * i i i i * t t t i * i **t * t i t .

GOPTIONS DEVICE=XEROX ROTATE HSIZE=10.75 vSIZE=8.25
COLORS= ( BLÀCK , RED, BLUE , GREEN ) ;

DÀTÀ ALL;
INFILE SASDATA;
INPUT TIME LOGTIME PI PRBSSURE STRÀIN RÀTE LNR LOGLNR;
PROC SORT DÀTÀ=ALL;

BY PRESSURE;
PROC PRINT;

TITLE 'DATÀ SET USERNÀME.SÀS.LAD CREÀTED BY LADFOH/S.;
RUN 

'PROC REG OUTEST=EST;
MODEL LOGLNR = LOGTIME;
BY PRESSURE;

TITLE 'ESTIMATES FROM LINEÀR REG. ANÀL. OF LOGLNR VS LOGTIME
RUN;
DÀTÀ FDATÀ;

SET EST;
FVÀLUE = 10.0 tr INTERCEP;
BSLOPE = LOGTIME;
RENÀME INTERCEP = LOGF;
LOGPI = LOGlO(PRESSURE) ;

PROC PRINT DÀTÀ=FDATÀ;
TITLE 'SUMHÀRY OF CREEP PA.RAMETERS B ÀND F';

RUN;
PROC REG DÀTÀ=FDÀTA OUTEST=EST2;

MODEL LOGF = LOGPI;
TITLE 'ESTTMÀTES FROM LINEÀR REG. ÀNÀL. OF LOGF VS LOGPI';

RUN;
DATA NDATA;

SET EST2;
Fl = 10.0 ri INTERCEP;
RENÀME LOGPI = NSLOPE;
RENÀME INTERCEP = LOGFI;

PROC PRINT D/\TÀ = NDATÀ;
TITLE 'SUMMÀRY OF CREEP PÀRÀMETERS FI ÀND N';

I23



5s0.
660.
670.
580.
.690.
700.
710.
720.
730.
740.
750.
760.
770.
780.
790.
800.
810.
820.
830.
840.
Bs0.
860.
870.
880.
890.
900.
910.
920.
930.
940.
9s0.
960.
970.
980-
990.

1000.
.t 010.
1020.
1030.
1040.
1050.
1060.
1070.
1080.
1090.
1 100.
1110.
1 120.
1 I 30.
1 r40.
1 150.
1 160.
1170.
1 180.
1 t 90.
1200 -

12r0.
1220.
1230.
1240.
t 250.
r 260.
1270.
r 280.

RUN;
PROC GPLOT DATÀ=ÀLL GOUT=Pl;
TITLEl;
TITLE2 .H=2 .F=DUPLEX PLOT OF STRAIN vS TIME AT EÀCH PRESSURE
TITLE3 .H=I .F=SIMPLEX MULTI STAGE PRESSUREMETER TEST'
FOOTNOTEI .H= I .F=SIMPLEX PRESSURE IN MPÀi
FOOTNOTE2;
LÀBEL STRÀIN= STRÀIN 9"

TIME = TIME, MI
PLOT STRAT NTTI ME=PRES

SYMBOLl v= 1 I =SPLI NE
SYMBOL2 v= 2 I =SPLI ND
SYMBOL3 v=3 t=SPLINE
SYMBOL4 v=4 I=SPLINE
SYMBOL5 V=5 I=SPLINE
SYMBOL6 V=6 ]=SPLINE
SYMBOLT v=7 I=SPLINE
SYMBOLB v=B I=SPLINE
SYMBOL9 v=9 l=SPLINE

NUTES;
suRE/vREF=50 HREF=50000 CÀxl S..-RED;

C = RED;
C=R
C=R
C=R
C=R
c --R
C=R
C=R
C=R

c--
=SP

ED;
ED;
ED;
ED;
ED;
ED;
ED;
ED;
RED;
LI NE C=RED;

SYMBOLl 0 v=' I =SPLI NE
SYMBOLI I v=TRIANGLE t
SYMBOL I 2 V=SQUARE I =SPLI NE C=RED;
SYMDOLl 3 v=DIAMOND I =SPLI NE C=RED;
SYMBOLl 4 v= + I =SPLI NE C=RED;

PROC GPLOT DÀTÀ=ALL GOUT=P2;
LÀBEL TIME= TIME, MINUTES

LNR= LNR;
TITLEl ;
TITLE2 -H=2 .F=DUPLEX SOLUTION OF CREEP PÀRAMETBRS;
TITLE3 .H=I .F=SIMPLEX MULTI'STAGE PRESSUREMETER TEST;
FOOTNOTEI .H=1 .F=SIMPLEX PRESSURE IN MPÀ;
FOOTNOTE2;
PLOT LNRTTIME=PRESSURE/VÀX]S=O.OOO1 O.OOI O.OI O. I HÀXIS=I

VREF=0. I HREF= 1 OO CAXI S=RED;
=l r=sM99 C=RED;
=2 I =SM99
=3 I =SM99

10 100

S YMBOL 1

SYMBOL2
SYMBOL 3

SYMBOL4
SYMBOL5
SYMBOL6
SYMBOL 7

S YMBOLS
SYMBOL9
SYMBOL I O

SYMBOLl 1

SYMBOL I 2
SYMBOL I 3

SYMBOL I 4

RUN;

v=4
v=5
v=6
V=7

r --sM99
I =SM99
I =SM99
I =SM99

C=RED;
C=RED;
C=RED;
C=RED;
C = RED;
C = RED;
C=RED;
C=RED;

B I =SM99
9 I =sM99
= I =SM99 C=RED;
=TRIANGLE l=SM99 C=RED;
=SQUARE I =SM99 C=RED;
=DIAMOND 1=SM99 C=RRD;
=' I=SM99 C=RED;

PROC GPLOT DÀTA=FDATA GOUT=P3t
LABEL FVÀLUE=F

PRESSURE=PRDSSURE, MPA;
TITLEI;
TITLE2 .H=2 .F=DUPLEX SOLUT]ON OF CREEP PÀRÀMETERS;
T]TLE3 .H=I ,F=SIMPLEX MULTI STÀGE PRESSUREMETER TESl
FOOTNOTE I ;
FOOTNOTE2;
PLOT FVALUE* PRESSURE /V AXI S

VREF =

SYMBOL I V=TRI ANGLE I =SM99
PROC GPLOT DATA=FDÀTÀ cOtJT=

LADEL BSLOPE = B
PRESSURE=PRESSURD. MPÀ ;

TITLEI ;

t24

=0
0.0
C=R
P4;

.000 l 0.001 0.0 I llAx] S=0. I I l0
I HREF= | 0 CAXI S=RED;
ED;



1290.
1300.
1310.
1 320.
1330.
1340.
1350.
1360.
1370.
1380.

TITLE2 .H=2 .F=DUPLEX VÀRIÀTION OF B WITH PRESSURE;
TITLE3 .H=1 .F=SIMPLEX MULTI STAGE PRESSUREMETER TEST;
FOOTNOTE 1 ;
FOOTNOTE2;
PLOT BSLOPEiPRESSURE /VREF=2 HREF= I O CÀXI S=RED;
SYMBOL.I V=SQUÀRE I =NONE C=RED;

DATÀ PLOTS;
SET P1 P2 P3 P4;

PROC GREPLÀY DATA=PLOTS;
// ExEc xPLor

t2s
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PLCI OF STRAINN VS TIME AT TACI-{ PRESSURE
l'/tjt il -STAGE PRESSUR[Mf IER TEST PT20l

[;

4

I

H
NJ\¡
I

S:ì
T

R

R

I

N
¿)

t)

0 5 I tl l5 20 25

IIl'lt, IlINLJIES

1 .'i I 07û3 +---+-..+
:j . tlS il3 4 il {--c---+

30 35 40 4S

I EGt-Nt): PRt:SSURt -l---+.--F
a-----a10.

2 .11 | 429
3 .484 422

.¡---{.--*

.l---€
2
3

6r9621
90?s3 7

,]

PRt.SSURE IN MPA



TIME LOGTIME

DÀTÀ SET USERNAME.SAS.LAD CREAÎED BY LADFOH/S PROGRÀM

P¡ PRESSURE STRÀI N RÀTD LNR

0.0007904

f.OG T,N R

1

2

4

6
I

t0
12
14
19
24
29
34
19
44

I

2
4

6
I

10
t2
't4

19
2S
¿)
34
39
44

I

2

4
6

I
t0
12
14
19
24
29
34
39
44

1

2
4

6
I

t0
t2
t4
t9
24
29
34
39
44

1.

2.
2.
2.

0

0
0
0
0

0
0

0
0

0
0
0
0
0
0
0
n

0
0
0
0
0

0
0

0
0

0
0
0
0

0
0

0
0
0
0

0.00000
0.30103
0.60206
0.778r5
0.90309
1 .00000
1 .079r I
1. 14613
1.27875
1 .38021
t.462c0
1.53148
r .591 06
1.64345
0.00000
0.30103
0.60206
0.778r5
0.90309
1 .00000
r.07918
1. t4613
1.27875
1.38021
1.46240
1.53148
1.59106
1.64345
0.00000
0.30t03
0.60206
0.77815
0.90309
1 .00000
| .079 l8
1.146r3
1.27875
1 .38021
1.46240
1.53r48
r .59 r 06
r.64345
0.00000
0.30103
0.60206
0.778 r5
0.90309
1.00000
r.079r8
r . r46 r 3
t.27875
I .38021
1.46240
1.53148
r.59r06
r.64345

1.720s0
| .1 1927
1.71722
1.71517
1.71354
1.71150
1 .71028
1.70907
f .70501
1 .70178
1 .69856
1 .69535
1 .59255
1.68976
2.18578
2.18419
2.18102
2.17826
2.17589
2.17J53
2.17118
2.16922
2.16375
2.15947
2 .15482
2.14980
2 .1 4557
2.1 4020
2.63448
2 .63296
2.53030
2 .627 65
2 .62538
2.62311
2 .62085
2.61859
2 .61 296
2.60549
2.50066
2.59473
2.589s6
2.5840E
3.07892
3.0''t 672
3 .0't 27 I
3.06944
3.06508
3.06r82
3.05857
3.05497
3.04742
3.03884
3.03244
3.02818
3.02076
3.01407

2.17143
2.17 1 43
2.17143
2.17 1 43
2.17143
2.17143
2.17143
2.17143
2.17143
2.17 I 43
2.61962
2.61962
2.61962
2.61962
2 .61962
2 .61 962
2.61962
2 .61 962
2.61962
2.61962
2.61962
2.6t962
2.61962
2.61962
3.0s83s
3.0583s
3.0s83s
3.0583s
3.0583s
3.0sB3s
3.05835
3.05835
3.0583s
3.0s835
3.058 3s
3.05835
3.0s835
3.05835

0.07908
0.1384s
0 .237 37
0.33638
0.4 1 564
0.51473
0 .57 422
0.63376
0 .83227
0.99127
1.1504r
1 .30969
1.44917
1.58878
0.07853
0. r5707
0 .31 427
0 .45192
0.57002
0.68818
0.8064 I

0.9050 I

1.t8134
1.39876
1.63622
|.89383
2.11208
2.39021
0.09708
0.17482
0.31090
0.447r0
0. s6390
0. 68078
0.79'772
0.9r474
1.20761
1 .59874
1.85340
2.16723
2 . s4228
2.73733
0.11487
0 .2298 |

0.44070
0.6 r 34 3

0. B4 392
r .0 r 695
| . t 90 r r

r.38270
l .78766
2.25141
2. s9986
2.83243
3.24001
3.60940

0.079076
0.05937 t

0.04945r
0.049504
0.039630
0.049545
0 .0297 47
0 .0291 7 |

0.039702
0.031799
0.031828
0.03r856
0 .027 895
0.027923
0.078526
0.078s39
0.07860 l
0.068826
0.0s9050
0.0s9080
0.059113
0.049300
0.05s267
0.043484
0 .041 492
0.051522
0.043649
0.055626
0.097084
0.077740
0.068038
0.068100
0.058402
0.058436
0.058473
0.0sBs 10
0.058573
0 .01 8227
0.050932
0.062767
0.055008
0.0590 t0
0. r4870
0. r 14937
0.105448
0.086362
0. il5246
0.086514
0.086582
0.09629s
0.080992
0 .0921 49
0.069690
0.0465fs
0. 08 r5 r6
0.073878

.00r3835

.0023709

.0033s81
-004t417
.00s 1341
.00572s8
.0063 t76
.0082883
.0098639
.0114184
.0 rl0 r19
.0f43877
.0 1 57 629
.000 7850
.00 r 5694
.003r377
.004s090
.00s6840
.0068582
.0080317
.0090094
.0 I tt 442
.0 r38907
.0 1 62298
.0187612
.0209008
. 023 6209
.0009704
.00 1 t s6l
.0031042
.00446r0
. o056232

3. l02 r

2.8590
2.6251
2.4139

- 2 .3822
? - 2895
2.2422
2.1994
2.08 t5
2.0060
r .94 l6
1.8857
1.8420
r .8024
3. r052
2.8043
2.5034
2 .3459
2 .2453
2. 1638
2 .0952
2.04s3
1.9302
1.8573
1 .7891
1 .1 267
1.6798
1.6267
3.0131
2 -7578
2 . 5081
2.3506
2.2500
2. 1 685
2 .0999
2.0s07
1.9207
1.1997
1 . 7 360
1 .6688
1 .6175
1.5686
2.9400
2 .639 t

2.3s68
2 .2136
2 .01 55
r.9!ì49
r.9270
l.8t2l
r .7516
| . 65?.4
| . s906
t. s539
1.4964
| . 4 50 3

1.71070
r.71070
1 .7 t 070
1.71070
1.71070
| .11070
1.71070
| .7 t 070
r.71070
't .7 101 0
r .7 1070
1 .71070
1.71070

0

0
0
0
0
n

0

0
0

7 10't
1714
1714
17 14
1714

0
3
3
3

3

.0067847

.0079456

.0091058

.0r20037

.0 r586 r 0

.0183643

.02 1 4 408

.02s t 293

.0270053

.00 r l4B0

.00 22954

.0043973

.0061 t55
0.0084038
0.0r0rlBl
0.0rrB30B
0.0r37321
0.0r77187
0.0222644
0.0256664
0.0279306
0.03rBB6l
0.0354s71ì

r28



TI ME

DATA SBT USERNÀME.SÀS.LÀD CREÀTDD BY LADFOH/S PROGRAM

LOGT] ME PI PRESSURE STR/\ I N RATE LNR r,OG t,N R

1

2
4

6
B

10
12
14
r9
24
29
34
39
44

1

4

6
I

10
12
14
r9
24
29

0.00000
0.30t03
0.60206
0.778r5
0.90309
l .00000
1.07918
1.14613
1.21875
| .38021
1.46240
r.53148
1.59106
.1 .64345
0.00000
0.30103
0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
1.21875
1 . 38021
1.46240

3-50?76
3.50601
3 .50217
3 .497 29
3.49312
3.48931
3.48516
3.48 | 36
3 .47201
3.46317
3.45499
3.45617
3 .44042
3.43200
3.92529
3.92261
3.91760
3.91260
3.90194
3.90296
3.89866
3.89370
3.88284
3 .87 203
3.86322

3.48442
3 .48452
3 -48442
3 .48s 42
3 .484 42
3 .48442
3.48442
3 .48442
3.48442
3.48442
3.48442
3 .484 42
3.48442
3 .48442
3.90794
3.90794
3.90794
3.90794
3.90794
3.90794
3 .907 94
3.90794
3.90794
3.90794
3.90794

0.r3r45
0.22539
0.43216
0.69s60
0.92 163
1.12902
r.35545
1 -56322
2 .07 395
2.5661 4

3.02249
3.51713
3.84107
4.3lBt5
0.14638
0.29284
0.56766
0.84280
r .09983
1.37548
t.61462
1.89079
2 .49935
3.10922
3.60915

0.131452
0.093933
0. r03389
0.r3r7r6
0. r r3015
0. t03697
0.113220
0.r0388r
0.102145
0.098ss9
0.091150
0 .098926
0.064789
0.095415
0.146376
0.1s6467
0. r3741 I

0.137567
0. r 285 l4
0 . 13't 821
0. 1 1957 I

0.138086
0.12t712
0.12191 3
0.099987

0.00r3r37
0.0022511
0. 004 3 r23
0.00693 t9
0.009 r 74 I

0.01 12210
0.0134636
0.0155 r I 3
0.020521 4

0.0253415
0.0291172
0.0345669
0.03769t4
0.0422151
0.0014627
0 .002924 1

0.00s6606
0.0083927
0.0 t09382
0.0 | 3661 I

0.0160173
0.0r87314
0.0246863
0.0306186
0.0354555

2
2
2

2
2
1

1

I

I
I

1,l
-1

I

a

2
1

)
-l

1

I

I
I

1

I

.88l5

.647 6

.3653

. r 59 |

.031 4

.9491

.8708

.8094

.687 1

.5961

.526 1

.4613

.4238

.3739

.8348

.5340

.2411

.0761

.9611

.8645
-7954
.7274
.607s
.5r40
. 4 501

r29



SOLUTION 0F CREEP PARAIvÍETERS
MUI TI STAGI PRESSURTMTTER TEST P'I201

0.100

0.û10

L
N

R

P
(¡¡
O

I 0 .001

0 .000 1

10

MINUTES

. 2 .1''l l4

.+ 3.4844

100

T IMT ,

r . i 1u703
3.0:iB34fl

29
22

{4+ 2 .619621
.-F¡ 3 . gû?93?L F-GLNll: P[ìL.SÍjUR[ +.++

..--¡¡+

PRE.SSURE IN MPA



SUMMARY OF CREBP PÀRÀMETERS

_DEPVÀR- _S I GMÀ- LOGLNR

BANDF

OBS PRESSURE îYPE MODEL LOGTI ME LOGF FVALUE NSLOPE LOGP I

l.
Or
H

1

2

3
4
5

6

| .7 t070
2.17143
2.61962
3.0583s
3 .48442
3.90794

oLs
oLs
OLS
ot,s
OLS
oLs

LOGLNR
t,OGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR

0.0055524
0.0220299
0.0153486
0.0174497
0.0180095
0.0084 309

0 -790567
0.878875
0. BB2B57
0.900479
0.93880s
0 -9497 7 4

3.0965
3.0597
3.0339
2 -9099
2.8991
2.8222

0.00080068
0.00087 rs9
0.0009248s
0.00r23052
0.00126r53
0.0015057ct

0.790567
0.878875
0.8828s7
0.900479
û.93880s
0 .9491 1 4

0
0
0
0
0
0

233175
3367 46
4 r8238
485487
54 2 l 3 |

siì Ig4I



SOLIJ-[IONI OI- CREEP PAFIAÑ ET ERS
MUI JI*STA(;L- PIRESSUREMF-TER TTST PTzO1

0.0r00

F
bl
l.J

0.u01
F

0.1 1.0

PRF, SÍJURE , MPN

0 .0t)01

10 .0



ESTIMÀTIiS FROM I,INEÀR REG. ÀNÀL. OF LOGF VS LOGPI

DEP VÀRIÀBLE: LOGF I NTERCEPT

SOURCE DF
SUM OF

S9UÀRES
MEÀN

SQUÀRE F VÀLUE

43.466

PROB'F

0.0027MODEL
ERROR
C TOTAL

1 0.053676
4 0.00493955 r

5 0.0sB6 r s

0.053676
0.00 1234888

ROOÎ MSE
DEP MEÀN
c.v,

0.035141
-2.970234

| . | 83 r

R- S9UARE
AD.'I R SO

0. 9 157
0.8947

(¡¡
(,r PÀRAMElER

ESTI MÀTE
STÀNDÀRD

ERROR
T FOR IIO:

PÀ RÀMETER = O

VÀRI ABI,E
LÀ NET,VÀRT ABLE DF PROD ' ITI

I NTERCEP
LOGPI

3.307141
0.77517 4

0.053077
0. I 17578

62.308
5. s93

0.000 t

0.0027
I NTERCEPT

oBs TYPE

oLs
-MODEL_

SUMMARY OF CREEP PARÀMETERS F1 ÀND N

-DEPVAR- _SIGMA_ LOGF NSLOPE

LOGF 0.035f41 ,t 0.77517q

i,OGF I

3. l07l

FI

0.0004f1 30 r4



VARIATION OF B WITI-J PRESSURT
MIJI II- SI'AGE PRFSSI,JRIMTiER ITSI P12Ol

il " 9i¡0

0 .92

0.!lÛ

0.ti i

I

5

I

tJ

u . 85

lì otq

0 . fìtl

i.t1
| .-l ¿> | .)? 2.',Ì 2.g

PRF SSURE , 11PÊ

3.1 3.:i 3.5 3.? 3.9
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PLOT O[. SI_RAINN VS T[ME AI EACFJ PRTSSI.J RE
MUI-I I-STAGE- F'I?ESSURLMÊII.R IE.SI PI 1 O2

4.0

3.il

2 .1)
Í)
T

R

Ê

I

N

'/.

? 0

(¿ì

cll

I

tJ . .-)

0.0

0 Z 3 4 5 618
TIMI., MINUTES

g lu 1r 12 13 14

l..l3gt)4fi
{-{--+ 3.2925"12

i¡.20.ì46û

+---{----* | .832132
3.774i:94

<+---+_.c i;.67? lStJ

Å

I F tìt NU : PRt SSTJRE

PfìF SSIJÍìI IN MPA

{.---¡.---+
-'.----H

?.3??42
4.254804

a1a+
{_4_}

2.8O9412
4 .731 I I I



.a:::

a::::

:::::

TI ME LOGÎI ME

DATÀ SET SÀS. LÀD CREÀTED BY LADFO PROGRAM

PI PRESSURD STRÀ I N RÀTE LNR LOGLNR

I
)
3

4

6
I

t0
12
t4

1

2
3
.l

6
I

t0
12
14

I

2

3
4

6
I

10
12
14

1

2

3
q

6
B

JO

12
ts

1

)
3

6
I

10
l2
14

1

2
J

4

6
ö

10
t2
t4

1

2

0.00000
0.30103
0.47712
0.60206
0.77815
0.90309
1.00000
1.07918
1..1 4513
0.00000
0.30103
0.47712
0.60206
0.77815
0.90309
1.00000
1.07918
1.14613
0.00000
0.30103
0 .47 712
0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
0.00000
0.30103
0.47712
0.60206
0. 7 78 1 5
0.90309
1 .00000
|.07918
1.14613
0.00000
0.30 r03
0.47712
0.60206
0.77815
0.90309
I .00000
1.07918
1 . 14613
0.00000
0.30103
0.47712
0.60206
0. 778 r 5
0.90309
1 .00000
r.079lB
| . 1461 3

0.00000
0.30103

1 .34083
1.34027
't .3397 2
1 .33945
1.33862
1.33808
.l .33753
1.33672
1.33645
1.83378
1 .83298
1.83245
1.83167
1.83062
r.83010
1.82932
1.82829
1.82753
2 .32s99
2.32399
2 .32299
2 .32224
2.32101
2.31930
2.31809
2.3r68B
2.31569
2.81239
2.81146
2.8r030
2.80961
2.807r0
2.80552
2.80418
2 -80241
2.80044
3.29656
3.29s08
3.29361
3.29235
3 .28967
3.28'123
3.28562
3.28403
3.28186
3.71856
3.77722
3.77551
3.77420
3.71 196
3.76993
3.768I I

3.7663r
3.76416
4.25978
4.25788

1.33965
r.33965
1.33965
1 .3396s
1.33965
r.33965
1.33965
1 .3396s
1.33955
1.83213
1.83213
1.83213
1.83213
1.832r3
1.832r3
1.83213
1.83213
1.83213
2 .32242
2 .32242
2.32242
2.32242
2 .32242
2 .32242
2 .32242
2.32242
2.32242
2.80941
2.8094 1

2.80941
2.80941
2.8094 1

2.8094 r

2.8094 1

2.80941
2 .809s 1

3.29257
3.29257
3 .29257
3 .29257
3 .29257
3.29257
3.29251
3.29257
3 .29257
3.71459
3.77459
3.77459
3.17 459
3.17459
3.77459
3.77459
3.77459
3.77459
4.25480
4.2s480

0.0 r 988
0.05957
0.09932
0. r 1920
0.17882
0. 21856
0.25834
0.3180 r

0 .337 92
0.03965
0.09912
0.13879
0. r9830
0.27767
0.31739
0.37696
0. 4 564 5
0.51607
0.05930
0.13842
0.21755
0 .21 693
0.37594
0.51465
0.61 38 r

0.71302
0.81229
0.118r8
0.19701
0.29s62
0.3s480
0.57200
0.71036
0.82904
0.98740
I . 1657 r

0.15678
0.29407
0.43145
0.54929
0.80489
1 .04 1 l 3

1 .19880
1.35661
1.57380
0. 13607
0 .27 227
0 .44151
0.58390
0 . B r 7 99
1 .03280
t.22827
1.q2396
I . 6s90l
0. r 9284
0.40518

0.0 r 9878
0.039697
0.039743
0.0 1 9BB I

0.029810
0.0 t9871
0.0 19887
0.02983s
0.009958
0.039650
0.059472
0 .03967 2
0.059506
0.039687
0. 0 r 9859
0.029785
0.039743
0.029813
0.0s9298
0.079119
0.079r33
0.059375
0 . 04 9508
0.069353
0.049580
0.049607
0.049634
0. 1 18 r85
0.078827
0.098608
0.0s9182
0.108597
0.069 r84
0.0s9338
0.079181
0.089 r56
0. r567?5
0.137297
0.137379
0.1r7839
0. r 27801
0. il8r20
0.078834
0.078903
0. 10Bs9s
0.136074
0.136200
0. r75233
0.136396
0. r17045
0.107404
0.097734
0.097846
0. r 17531
0. 19284 3

0.2r2333

0.0001988
0.0005956
0.0009927
0.00rr913
0.00 r 7866
0.0021832
0.0025800
0.003r750
0.0033735
0.0003964
0.0009907
0.0013870
0.0019810
0.0027129
0.0031689
0.0037625
0.004ss4 1

0.0051475
0.0005928
0.0013832
0.0021731
0.0027654
0.0037524
0.0051333
0.0061193
0.007r049
0.008090 1

0.001 18 il
0.0019682
0.0029s18
0.00354 17
0.0057037
0.0070785
0.0082s62
0.0098256
0.0r15897
0.0015665
0.0029364
0.00430s2
0.0054779
0.0080167
0.0103575
0.0119167
0.0134749
0.0 r 551s4
0.00r3s98
0.0027 190
0.004465r
0.0058220
0.008r466
0.0r02750
0.0122079
0.0141392
0. 0 t 64 54 1

0.0019266
0.00404 36

- 3.7017
3.225t
3.0032
2.9240
2 .7 480
2 .6609
2. s884
2.4983

'2.4719
-3.40r8
3.0040
2.8519

-2.7031
2 .557 1

2 .599 1

-2 .4245
2.3s16

'2.2884
'3.221 1

'2.8591
-2 .6629
-2.5582
- 2 .4257
-2.2896

2 - 2133
-2 .1 484
'2.0920
-2.9277
-2 .1 059
2 -5299

-2.4508
- 2 .2538
2. 150 r

- 2.0832
-2.0016
- 1 .93s9

2 .805 I

1 Clat

- 2.3660
2 .261 4

2 .0960
1.9847
1.9238

- r .8705
'- r .8064

2. B66s
2.5656
2 .3502
2 .2349
2.0Btr0
t.98B2
r .9134
l .8496
r . ?837
2.1 152
2 .3932

137



DATÀ SET SAS.LAD CREATED BY LADFO PROGRÀM

TI MB LOGTI ME PI PRES SURE STRÀ I N RÀTE LNR LOGLNR

3
4
6
I

10
12
14

.l

2

3
4
6
I

10
12
14

1

3
4
6
I

10
12
14

1

2

3
4

6
I

10

0.41't12
0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
0.00000
0.30103
0.47712
0.60206
0.77815
0.90.309
r .00000
1.07918
1.14613
0.00000
0.30103
0.47712
0.60206
0.77815
0.90309
f .00000
1.07918
1.14613
0.00000
0.30103
0.47112
0.60206
0,778l5
0.90309
1 .00000

4 -25635
4 .25482
4.25165
4.2490 l
4.24642
4 .2431 0
4.24149
4 .7 3699
4.735r6
4.73335
4.73155
4 -72787
4 .7 2554
s.72113
4.71819
4.1 1502
5.21003
5.20191
5 - 20582
5.20387
5. 1 9954
5" 19603
5.19259
5. 18909
s. r8s55
5.68099
5.67859
5.67633
5 .67 455
5.67068
s.66689
5 .66327

4

4

4
4

4
4

4
s
4
4

4
4

4
4
4
4

5
5
q

5

5
q
q
q

5
5
5
5
c

5
5
5

.25480

.25480

.25480

.25480

.25480

.25480

.25480

0.s7906
0.15312
1 . 12 r 00
1.43132
1.74210
2.07279
2 .34551
0 .247 39
0 .47 604
0. 704 90
0.93400
1.41205
1.85277
2.31352
2.7 17 43
3. 160s9
0.29893
0.59826
0.89796
1.17925
1.8r802
2.34529
2 .87 362
3.42191
3.97133
0.30962
0.692s8
1.05782
1 .35033
't.99129
2 .63369
3.25905

0.173889
0.17405s
0. r83940
0.155161
0. r55391
0. r6s34 3
0.1363s9
0 .2 47 392
0.228647
0.228860
0.229097
0.239026
0.220361
0.230373
0.2019s8
0 .22157 6
0.298931
0.299334
0.299698
0.281284
0.319385
0.263638
0 .2641 64
0.274146
0 .27 4706
o.309622
0.382954
0.365248
0.29230s
0.320482
0.321 197
0.312683

0.0057739
0.0075030
0.01r 1476
0.0142r18
0 - 01127 10
0.0205160
0.0231842
0.0024709
0.004749r
0.0070243
0.0092966
0.0140217
0.0183s82
0.0228716
0.0268r17
0.03r1167
0.0029848
0.0059648
0.008939s
0.0117235
0.0180169
0.023r821
0.028331I
0.0336467
0.038!ì450
0.0030914
0.00690 r9
0.0105227
0.0 r 34129
0.0197r73
0.02s9960
0.0320707

2 .2385
2.1248
1 .9528

-1.8414
1 .7 621
I .6879
1 .6348

-2.6072
2.3234
2.1534

-2.0311
1 .8532

-1.7362
1.6401
1 .51 17
1 .5070

-2.5251
-2.2244
2.0481
1 .9109
1 .7443
l .6348

- | .5411
r.4?31
1.4095
2. s098
2.1610
I .9119
1.8725

,1 -1052
1 .585 t

1 .4939

.731

.731

.7 31
73
73
73
t3
73
73

.20347

.20 3 4'l

.203 47

.203 47

.20347

.2034 7

.203s7

.20347

.20347

.6'7 7 16

.67 7 16
677
677
677
677
671

16
16
16
16
16

138



SOLUTIONI 0F CREEP PARAlvx ETTRS
MIJI II SIAGI IJRLSSUREMI ITR TTST PTl02

û . 10(l

0 . û r0rl

L
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R
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SUMMARY OF CREEP PÀRAMETERS

_DEPVAR_ -SIGMA- LOGLNR

DANDF
OBS PRESSURE _TYPE-

-MODEL_ LOGTI ME LOGF FVÀLUE BS T,OPE LOGPI

H
Þ
O

I
2
't

4
q

6
7

I
9
0

1.3396s
1.832t3
2 .32242
2.8094 I
3 -29257
3 .77 459
4.25480
4.73 t 1 1

5.20347
5.67716

oLs
OLS
OLS
OLS
oLs
oLs
oLs
oLs
OLS
oLs

LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOG LN R

0.0689864
0.048 r94 t

0.034 r 152
0.0r90774
0.0150634
0 .021 9929
0.0136396
0.0041729
0.0079779
0.0206437

1.02127
0 .927 63
o.96260
0.87500
0.87038
0.9303s
0.93350
0.96s31
0.97289
I .00096

3.5824
-3.3233
-3. r698
- 2 .9484
-2.7909

0.00026156
0.00047504
0.00067642
0.00 | t2606
0.0016r847
0.00t47Í55
0.0020334 t
0.00245278
0.00303937
0.00329965

t.42127
0 .927 63
0.95260
0.87500
0.87038
0.9303s
0.93350
0.9653 r

0.97289
r .00096

0.126991
0.262957
0.36594 t

0.448615
0.5 t 7535
0 .57 6870
0.628880
0.614963
0 .7 1 6293
0.754 t3l

-)
-2

-2
-2

.8 322

.6918

.5 | 03

.517 2

.48 r5



SOLUltl0Nl CF CR[-il:P PARAlvf ETERS
MIJI TI STAGT PRF_SSURFN/fIER TTST PÌ102

0.010
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ESTIMÀTES FROM LINEÀR REG. ÀNÀL. OF LOGF VS LOGPT

DEP VÀRIÀBLE: LOGF I NTERCEPT

SOURCE DF
SUM OF

SOUARES
MEÀN

SqUÀRE F VÀLUE

615.264

PROD>F

0.000 |MODEL
ERROR
C TOTÀL

I

I
9

1.r69901
0.0 l52 r 2
1 . 1851 1 3

r . 169901
0.00190r463

ROOT MSE
DEP MEÀN
c.v.

0.043606
-2.894790

-- | .5053s

R .SOUARE

ÀDJ R SO
0.9872
0.98s6

F¡
À
Ir.J VARI ÀBLE DF

PÀRAMETER
ESTI MÀTE

STÀNDÀRD
ERROR

T FOR HO:
PÀ RAMETER = O PROB 5 ITI

VÀRI ÀBLB
LÀBEL

I NTBRCEP
LOGPI

'3.784698
I .754145

0.038436
0.0707 r 9

-98.469
24 .805

0
0

000 1

000 r

I NTERCEPT

OBS ,-TYPE

oLs

MODEL

SUMMARY OF CREEP PÀRAMETER N

_DEPVAR_ --SIGMÀ- LOGF NSLOPB

LOGF 0.0436058 ì 1.75414

LOGF I

3.7847

FI

0.000164173



VARIATIONI OF B WITI-J PRTSSURE
MIJI II SIAGI PRFSSI.JRfMITER TFST PIlO?

02

I.U0u

0 . gl

0 .9i:

rB
ts
Þ
Or

I

Cr.g')

r) .900

r) . itTii

rÌ . 85

1"?S I . ?!i ) ,)r,
¿ - /õ 3 .25 3 .75

PIìF SSIJRF , 11PÉì

4 .25 4 .15 5 .25 5 .75





PLOT OF- S I-RAflNN VS TIME A] EACI'J PRESSURE
MTJI JI -SIA(Jf.. PRI-SSI]RIMF-TIR TEST Pi1O.J

E
J

4

S3
T

Ìì
Ê

I

N

2

H
À
Cn

I

0

0 5 t0 1S 20

I f 11[ ,

25

I"i I NI]TES

1 .463125
3.213t1

30 35 4u 45

i l- tìl Nl): PRESSLJRE 0.99r1845
+..-+.-.-+ 2 "831'Ì01

.¡r--tr--+ 1 .93tì656
-l_+.-.-+ 3.?1 l682

..lH---'.F 2 .3S2756

trtìt SSlllìt- lN MPA
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DÀTÀ

LOGTI ME

SET USERNÀME.SÀS.LAD CREÀTED BY LÀDFOH,/S PROGRAM

TI ME PI PRESSURE STRÀI N RÀTD LNR LOGI,N R

1

1

s
6

I
l0
t2
14
l9
24
29
34
39
4q

0,00000
0.30103
0.60206
0.778 r5
0.90309
1 .00000
1.079r8
t.14613
1.27815
| .3802 r

1 .56240
1.53148
1.s9106
1.64345
0.00000
0.30103
0.60206
0.77815
0.90309
1.00000
1.07918
1.14613
1.21815
1 .38021
1 .46240
1 .53148
1 .59 r06
1.64345
0.00000
0.30t03
0.60206
0.778r5
0.90309
| .00000
1.07918
1.14613
t.2t815
r .38021
| .46240
I .53148
r .59 r06
1.64345
0. 00000
0.30103
0.60206
0.778 r5
0.90309
I .00000
r.0i9rB
i . r46 r3
1.21875
| .3802 r

| .46240
r.53l48
| . 59106
1 .64 345

0.99636
0.99s08
0.99380
0.99295
0.99168
0.99042
0.99000
0.98915
0.98790
0.98622
0.98497
0.98373
0.98249
0.9812s
1.47114
1.47592
1 .47430
1.47227
1.47066
1 .46946
1.46826
t.46106
| .46428
1.46152
r . 4 5955
1.45721
1.45521
r.45333
r.94834
1 .91682
1.94416
1.94r90
r.9396s
r.93815
1.93629
1 .93406
1 .92965
1 .92600
t -92238
1.9r879
l .9 r523
1.91239
2 .407 4B
2 .4057 4
2 .40262
2 .40020
2.397 t2
2 .39507
2.39303
2.39033
2.38463
2.31966
2 .37506
2.36954
2.36535
2 - 36089

0
0
0
0
0
0
0
0

0
0
0
0
n

0
1

I
1

,|

1

1

1

'|

I
I
1

f
I

1

,|

J

'I

1

1

1

I

1

I

I
1

1

I

1

2
2
2
2

2
2
2
2
1

¿

2
2
2
2

. 991 r B

.991 l8

.99 r lB

.991 18

.99118

.991 18

. 991 rB

.99 r 18

.99rr8

.99 l lB

. 991 18

.99 r 18

.99118

. 991 l8

.46912

.46912

.4 6912

.46912

.469 1 2

.469t2

.469 12

.4691 2

.469 | 2

.46912

.469 1 2

.s6912

.s6912

.s69 12

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.93666

.3921 6

.3927 6

.3927 6

.392't 6

.3921 6

.3921 6

.3921 6

.3921 6

.3927 6

.3927 6

.3927 6

.3921 6

.3921 6

.3121 6

0.039ss
0.09896
0. rsB36
0.19796
0 .257 39
0.31688
0.33669
0.37636
0.4 3s8s
0.5l52l
0.57476
0.63433
0.69391
0.75353
0.059 I I

0. r r826
0. 197 I 3
0 .2957 I
0.37473
0.43397
0 .49323
0.55251
0.69094
0.82946
0.92845
1.04732
1 .14646
1.24564
0.07838
0. r 5682
0.29412
0.41191
0 .5297'r
0. 6084 I

0.7067 4

0.82419
1 .061 l3
1.25832
1.45570
1 .6533 |

t.851t2
2.009s9
0.09705
0. r94 14
0.36903
0.50517
0.68034
0.79721
0.9r4r4
1 .07017
1.40214
r.69549
1.96912
2.30315
2.55848
2.83182

0.0395537
0.059404s
0.0296999
0.0197991
0 .0291 1 64
0.0291446
0.00990s9
0.0198326
0,0 I 18990
0.0158717
0.01 r 9100
0.0119136
0.0119r72
0.01 19224
0.059r120
0.0591522
0.0394352
0.049323s
0.0394741
0 .02962 1 I
0.0296305
0.0296392
0.0276844
0.0277046
0.0197981
0.02377s0
0.0198269
0.0198372
0.0783763
0.0784392
0.0686546
0.0588939
0.0589306
0.0393203
0.0491626
0.0590270
0.0412619
0.03f14375
0.0394749
0.0395222
0.0395634
0.0315728
0.0970483
0.097094s
0.0874436
0.0680722
0.0875849
0.0584307
0.0584674
0.0 780I 56
0.0663930
0.0586711
0.0548448
0.0666876
0.0510651
0.055067 r

0.000395s
0.0009891
0.00r5823
0.0019776
0.002s706
0.0031638
0.0033612
0.0037565
0.0043490
0.00s r 389
0.u05731r
0.0063232
0.00691s2
0.0075070
0. 0005909
0.001r8r9
0.0019694
0.0029s3s
0.0037403
0.0043303
0 .0049202
0. 0055099
0. 00688s6
0.0082604
0 .00924 t l
0.0 | 04 rBB
0.0 r 1 3994
0.0r23795
0.0007835
0. 001s669
0.002f1 369
0.0041 r07
0.0052838
0.0060657
0.0070425
0. 0082 l4 |

0.0 r 05554
0. 012504 7

0.0r44520
0.0 t639751
0.0183420
0.0r98956
0.0009700
0. 00 r:1395
0.003683s
0.00s0390
0.00678ri4
0.00i9404
0.00909!ì!ì
0.0rû6449
0.0t39240
0. 0 t68 128
0.0 r95057
0.0221103
0.02s2630
0.o27!44 1

3 .4029
3.0048
2.8007
2 .1 039
2 -5900
2 .4998
2 .47 35

2.3616
2.2891
2.2418
2. ì 99 |

2.t602
2.1245
3 .2285
2 .927 4

2 .1 057
2 .5291
2 .421 |

2 .3635
2.3080
2 .2589
2 . 1621
2 . 08l0
2 .0343
t.9822
1.94.3 1

1 .9073
3. r060
2.805ù
2.5321
2.3861
2.2111
2.2111
? I <f I

2.0854
l .9765
r .9029
| .8401
l .7852
| .7366
| .1012
3.0132
2 .1 123
2 .4 331
) 1<1'1 1

2.1681
2. t002
2.04 t0
1 cì11.ì

I .8562
1.1741
| .7098
1.6426
r .5975
1 .551?

1

2
q

6
B

10
12
14
19
24
29
34
39
44

1

2
4

6
B

l0
12
14
t9
24
29
34
39
44

1

2
4

6

I
l0
t2
l4
19
24
29
34
39
qq

746



DATÀ SET USERNÀME.SAS.LÀD CREATED BY LÀDFOH/S PROGRAM

TIME LOGTIME PI PRES S URE STRA I N RÀTE LNR LOC I,N R

I

2

4

6
I

10
12
14
t9
24
29
34
39
4S

I

2
4

6
I

10
12
14
19
24
29
34
39
44

1

2
4

6
I

r0
t2
14
l9
24

0.00000
0.30r03
0.60206
0.77815
0.90309
1 .00000
1.079r8
r.14613
't.27875
1 .38021
1.46240
1.53148
1 .59 r06
1.64345
0.00000
0.30r03
0.60206
0. 7 78 I 5
0.90309
1 .00000
1.07918
1.14613
1.27875
I .3802 r

1.46250
| .53 r48
1.59106
1.64345
0.00000
0.30 | 03
0.60206
0.778r5
0.90309
1.00000
1 .079 rB
r.14613
1.27875
r .38021

2.BssB3
2 .85394
2.850 l9
2.84709
2.84370
2.84094
2.839rr
2.83661
2 .821 65
2.82083
2.8 1555
2.80917
2.80315
2.79832
3 .29297
3.29t02
3.28740
3.283s3
3.27995
3 .27 695
3.21369
3.27045
3.26295
3.2555s
3 .2487 6
3.24204
3.23540
? ?ao??

3.72332
3.72108
3.71131
3.71270
3.70879
3.705 r5
3.70 r29
3 .691 45
3.68842
3.611l'9

2
2

2
)
2

2
')

2
2

2
I

2
2
2

3
3

3

3

3

3

3

3

3

3
3
3

3

3

3

l
3

3

3

3

3

3

3

3

.83771

.83771

.83771

.83771

.83771

.8371 t

.8377 t

.8317 1

.8377 1

.83771

.8377r

.83771

.837 7 1

.83771

.2t3t7

.27 317

.27 311

.27311

.2131'1

.21317

.21 317

.27 311

.21 311

.27 317

.27 317

.27 317

.21 31 7

.27 311

. 71 r68

. 7 I t68

. 71 t 68

. 71 168

. 7 I 168

. 7 I l68

. 7 I t 68

. 7 r l68

. 7 I t 68

. 7 I t68

0.09566
0.2 r 050
0.44038
0.63216
0.84330
1 .01620
1 . 1 3153
r.28543
r.86349
2 .307 68
2.6ss90
3.08225
3.48996
3.820s0
0.14984
0. 28 r04
0.52487
0.78773
1 .0320s
1.2390 r

1.46498
r .69 r l4
2.21966
2 .7 4930
3 .24207
3.73519
4.23041
4.68779
0.20031
0. 364 3 I

0.63785
0.98475
1.21122
1 .55 r68
1 .8547 4

2. 1381 r

2.83605
3.72000

0.09566s
0.114838
0. r r4938
0.095888
0.105570
0.0864s0
0.0s7669
0.07694 7

0. l r 561 3
0.088837
0.06964 5
0.085270
0.08154 I

0.066109
0.149842
0. r 3 r 198
0.121914
0.13r432
0.122160
0. r03476
0. r 129BB
0. r 13080
0. 105705
0.105927
0.098ss4
0.098745
0.098923
0.091477
0.200308
0. r63998
0.136712
0. r73450
0 .1 46236
0.137228
0.146532
0. r46684
0.139587
0. 1z6r99

0.000156,"
0.0021028
0. 004 394 I

0.0063017
0.008397('
0.0101107
0.0112518
0.0121124
0.0184634
0 .02281 46
0 .0262 t 25
0.0303571
0.0343044
0.0374933
0.0014973
0.0028065
0.00s23s0
0.0078465
0.0102676
0.0r21r39
0.0r45435
0.0167700
0.02 r 9s39
0.021 1219
0.0319062
0.0366770
0.0414337
0 . 04 58 1 2 3
0.002001r
0.0036364
0.0061s82
0.0097993
0.0 r2b913
0.0r53976
0.0182793
0.0211557
0 .021 9651
0.0155241

1.0 r35
2.67 t-2

2.157 r

2.2005
2.0r58
1.9i52
1 .9488
1 . B!ì37
1 .1 337
l . 64 rB
t .5815
|.5t1 t
| .4(¡4 j
1 .4260
2.8241
2 . 55 r8
2 .281 t

2. r053
1 .9885
I .9096
I . Bl73

| .6585
1 .5667
r . 4 96 r

r .4 356
I .3826
t.33fì0
2 .6181
2.41!l 3

2 . 1961
2.0088
r . Btì65
1 .8 r25
r . 7 380
1 .6746
r .5514
t.4ll1

r47



SOLUI-lONl 0F CREEP PARAlvl ETERS
MUI TI STAGT PfìESSURFMTTI_R TESI PTlOJ

0.1r.lu

Ll.tìlu

L
N

R
p
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oo
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0 .0u0I
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SUMMÀRY OF CREEP PÀRAME'|ERS B ÀND F

oBs PRES SURE TYPI.ì _MODEI,_ --DEPVÀR_ _-S I GMÀ-- LOGLNR I,OGTI ME LOGF FVÀ LIJ I.; D S L() PIÌ I,OGPI

H
Þ
(o

I

2
3

4

5
5
7

0.991 l8
t -46912
I .93666
2 .3927 6
2.83171
3.273t7
3 . 7 r 158

or,s
OLS
ct,s
OLS
OLS
CLS
ot,s

LOGLNR
LOGLN R

LOGLNR
LOGLNR
LTJGLNR
LC)GT,N R

T,OGLN R

0.0497186
0.0251 17 t

0.01979 r3
0.0r40t05
0 .025 401 4
0.0065782
0.0r45738

0.722 141
0.788059
0.840301
0.87579r
0.952433
0.905974
0.!ì09995

3 .2119
3.1745
3.0610
2. 98 l8
2.966s
2.8 t9 1

2 .7 162

0.00052 / lB
0.00066, ts
0.000869tt4
0.001042/6
0.00 t0B0 r5
0.00151667
0.00 r92205

o.722t41
0.788059
0.84030t
0.875791
0.9s24 3 3

0 .9059 7 4

0.909cÌ'15

0.001846
0. r67059
0.287053
0. 3 78898
0 .452967
0.514969
0.5615r I



SOLUülONl 0F CtìEEP PARAÌv{ EIERS
MIJI TI"STAGE. PRTSSURT,ÌVTIER TEST PTIOJ

(i .0 r 00

H 0 . u01 0
øF
o

0 .0001

il"1 r.(l
t,tìF :ì:ìLJlìt, t1t-'Éì
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ESTIMÀTES FROM LINEÀR REG. ÀNAL. OF LOCF VS LOGPI

DEP VÀRIABLD: LOGF I I.ITERCEPT

SUM OF MEÀN
SOUÀRES SOUARESOURCE DF F VALUE

83.61s

PROB'F

0.0003MODEL
ERROR
C TOTAL

1

q

6

0.2 t3313
0.0r2756
0.226068

0.2r3313
0.00255 il 36

ROOT MSE
DEP MEÀN
c.v.

0.050509
2.999570

1.68387

R- SQUÀRE
ADI R SO

0.94 36
0.9323

l-¡
U1
ts T FOR }IO:

PÀRÀMIITER = 0VARI ÀBLE DF
PARAMETER

ESTI MÀ18
S'IÀNDÀ RD

ER ROR PROB - ITI
VÀR I ÀBLE

T,A DEL

I NTERCEP
LOGPI

3. 31 28 1 I

0.92648s
0.0392t6
0.10r320

B4 -475
9.144

0.000 I

0.0003
I NTERCEPT

oBs .-1Y PE

OLS

MODEI,,

SUMMÀRY OF CREIiP PÀRÀMETERS

DEPVÀR- 
-S 

I GMÀ_ I.,OGF

r,oGF 0.0505088 I

FI ÀND N

NSLOPE

0.92648s

LOGF I

3.3 | 28

FI

r).000486619

J



VARIATION CF B WIT[-{ PRESSURT
MULTI-SIAGE PRISSUREMITER TEST PT1 OJ

0 .950

û .925

0 .90

0.87

0 .85
F
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I o.B2

0 " 800
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0 .75
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PLOT OF- STRAIN VS TIME AT EACI-{ PRESSLjRE
MULTI-STAGE PRESSURËMETER TEST PI?11
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TI ME LOGTI ME

DÀTÀ SET SAS.LAD CREÀTED BY LADFO PROGRÀM

PI PRES SURE STRÀ I N RÀTE LNR LOCLNR

4

6
I

10
12
14
19
24
29
34
39
44

4

5
I

10
12
14
19
24
29
34
39
44

I

2

4
6
I

10
12
l4
I9
2S
29
34
39
44

1

2
4

6
I

10
12
14
19
24
29
34
39
44

1

2
4
6

0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
1.27875
1.38021
1.46240
1.53148
1.59106
1.64345
0.60206
0.77815
0.90309
1 .00000
t .0791B
1.'l 4613
1.27875
1.38021
1 .46240
1.53148
1.59r06
.l .64345
0.00000
0.30103
0.60206
0.77815
0.90309
| .00000
1.07918
1.14613
1.27875
I .3802 r

1.46240
1 .53148
1 .59 r06
1.64345
0.00000
0.30103
0.60206
0.77815
0.90309
1 .00000
1.07918
1.r4613
1.27875
1 .3802 |

1.462s0
1.53148
I .59106
'I .64345
0;00000
0.30r03
0.60206
0.77815

1.00081
1 .0008 r

I .00081
I .0008 r

1 .0008 r

1 .00081
1.00069
1 .00069
| .00069
1 .00069
1.00056
1.00056
1.25020
1.25020
1.25020
1 .2s008
r.25008
1 .25008
1.24996
1.24996
1.2498s
1.24984
1.24972
1.24972
1.49937
1.E9937
1.49925
1.49914
1.49914
1.49902
1.49902
1 .49890
1 .49879
1.49867
1.49856
1.49856
t.49844
1.49833
1 .74810
1 .74810
1.14799
1.74788
1.74776
1.74776
1.74765
1 .7 4754
1.t4753
1.74732
1.7q7 t0
1 .'t 4 699
r.74688
1.7461 1

r .996s6
r .99656
1.99645
r.99634

1 .0008 r

1 .0008 I

1 .00081
1.0008 r

r .00081
1 .0008 r

1.0008 |

1 .0008 I

1 .00081
1 .0008 r

1 .00081
1 .00081
1.25012
1.25012
1.25012
1.250 12
t.25012
1.25012
1.25012
1.25012
1.25012
1.25012
1.25012
1.25012
1.49904
1 .49904
1 .49904
1.49904
1.49904
1.49904
1.49904
1 .49904
1.49904
1.49904
t.4990s
l . 4 9904
1.49904
1.49904
1.14768
1.74768
1.74768
1.74768
1.74768
1.74768
1.75768
1.74168
1.74168
t.74768
1.14168
1.75768
1.7q768
1.74168
1 .99609
l .99609
1 .99609
r .99609

0.023617
0.023617
0.0236t7
0 .02361 7

0 .0236 1 7

0.023617
0 .047 237
0.047237
0.047237
0 .0 47 231
0.070860
0.070860
0.023600
0.023600
0.023600
0.047 195
0.047194
0.047194
0.070750
0.070750
0.094349
0.094349
0. 1 1795 r

0.1r7951
0.023565
0.023s6s
0.047133
0.070704
0.070704
0.09s236
0.094236
0. 1 17804
0.14r374
0.164906
0.188481
0.188481
0 .2120 | B
0.235590
0.02348r
0.023481
0.046990
0.070468
0.09398I
0. 09398 I

0. l r7465
0.140942
0. r64463
0. r87946
o.234943
0.258426
0.281951
0.30s438
0.0234r9
0.0234 r9
0.046864
0 .01 027 9

0.0118087
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0047240
0.0000000
0.0000000
0.0000000
0.0047245
0.0000000
0.0117998
0. 0000000
0.0000000
0.0r r7970
0.0000000
0.0000000
0 .0047 1 12
0.0000000
0. 0047 r 9B
0.0000000
0.0047203
0.0000000
0.023s6s4
0.0000000
0.0 r17839
0.01 17852
0.0000000
0.0 r 17663
0.0000000
0.0117837
0.0047140
0.0047064
0.0047r50
0.0000000
0.0047074
0.0047144
0.0234815
0. 0000000
0.0117540
0.01r7392
0.0 r r 7565
0.0000000
0. 0l 174 r 7
0.0117390
0.004 704 I

0.0046966
0.009399s
0.0046965
0.0047050
0.0046975
0.0234 tB6
0.0000000
0 .01 1-122'¡
0.01t7078

0.00023615
0.000236r5
0.000236r5
0.000236rs
0.00023615
0.000216ts
0.00041226
0 -00041226
0.o0041226
0.o0047226
0.00070835
0.00070835
0.00023597
0.00023s97
0.00023597
0.00047183
0.00047183
0.00047183
0.00070725
0.00070725
0.0009430s
0.0009430s
0.00 I r7B8 r

0.00 r lTBB l

0.00023563
0.00023563
0.00047 t22
0.00070679
0.00070679
0.00094192
0.00094192
0.00117734
0.00141214
0.00164770
0.00r88303
0.00188303
0.0021t?93
0.0023s312
0.00023479
0.00023479
0.00046978
0.00070443
0.00093937
0.00093937
0.001r7396
0.00140843
0.00164328
0.00187i70
0.00234668
0.00258092
0.0028 r 5s4
0.00304973
0.000234 r6
0.00023416
0.00046853
0.00070254

3 .6268
3 .6268
3 .6268
3 .6268
3 - 6268
3 .6268
3.3258
3.32s8
3 . 3 2 sB
3.3258
3.1498
3. 1498
3 .627 1

3 .621 1

3 .627 |

3 .3262
3 .3262
3 .3262
3. 1s04

- 3. js04
-3.0255
3.0255
2 .9286
2.9286

-3.6278
3 .6218
3.3268
3. r507

-3. r507
-3.0260
3.0260

-2-9291
2.8499
2 .7 831
1 1aC t

) 1)\1
2 .61 41
2 .6284
3 .6293
3 .6293
3.328 |

3.1522
3 .021 2

3.0212
2.9301
2. Bs r3
2 .1843
2 .7 264
a aao(

2 .5882
2.5504
2 .5 151
3.6305
3.630s
3.,1 293
3. r533

15s



DATA SET SAS.LAD CREÀTDD BY LADFO PROGRAM

TI ME LOGTI ME PI PRESSURE STRA I N RÀTE LNR LOGLNR

I
10
12
14
19
24
29
34
39
44

I

2

4

6
B

10
12
l4
19
24
29
34
39
44

1

2
4

6

I
10
12
14
19
24
29
34
39
4S

0.90309
r .00000
1.07918
1.146r3
1.27875
t.38021
1.46240
1 .53148
1.59106
1 . 64 34 5
0.00000
0.30103
0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
t.27875
1 .38021
1 -46240
1.53148
1 .591 06
1.64345
0.00000
0.30103
0.60206
0.77815
0.90309
r.00000
1.07918
1.14613
1.21875
1 . 38021
1.46240
r .53148
1.59106
1 .64 34 5

1.99623
1 . 9961 3
1 .99613
1.99602
1.99s81
1 .99560
1 .99s49
1 .99528
1.995r8
1 .99508
2 .2547 7

2.25466
2.25456
2.25446
2.25536
2.25426
2.25416
2.25406
2 .2537 6
2.25356
2 .253 46
2.25326
2.25307
2.25288
2.50259
2.50249
2.50239
2.50230
2.50220
2.50211
2.50192
2.50183
2.50164
2.s0136
2. 501 18
2.s0099
2.50081
2.50063

1

'|

1

1

'|

1

t
1

1

1

1

2
2
2
2
2
2

2

2
2
2

2
2

2
2
2
2

2
2
2

2
2
¿

2
2
.)

2
2

.99609

.99609

.99509

.99609

.99509

.99609

.99609

.99609

.99609

.99609

.254 1 6

.25416

.254 1 6

.254 1 6

.254 1 6

.254'l 6

.254't 6

.25q1 6

.254't6

.25416

.254 1 6

.25416

.2541 6

.25416

.50197

.50197

.50197

. 501 97

. 50197

.50197

.50197

. 50197

.50197

.50197

. 50197

.50197

. 50197

.50197

0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0

0
0

0
0

0
0

0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

093697 0.0117090
0.01 1 7 103
0.0000000
0.0117274
0.0093675
0.009369s
0.0045839
0.0093693
0.0046854
0.0046843
0.0233448
0.0233472
0.0116748
0.0116721
0.0116733
0.01.1 6746
0.0.1 1 656 r

0.0116770
0.0140107
0.0093334
0.00s6722
0.0093348
0.00933s2
0,0093372
0 .02321 20
0 .0232458
0.0.t 16045
0.01162s3
0.0116070
0.0116238
0.0232161
0.0116275
0.0092878
0.013938s
0.0092958
0.0092884
0.0092981
0.0092907

0.000936s3
0.00r r7049
0.00 r 17049
0.00r40474
0.0018723s
0.00233984
0.00257345
0.00304061
0.00327414
0.003s0756
0.00023342
0.0004 668 I

0.00070017
0.00093342
0.00 r 1666s
0.001 39984
0.00163261
0.00186574
0.Q0256472
0.00303009
0.00326296
0.00372807
0.004 r9299
0.00465779
0.00023209
0.00046447
0.0006964 3

0.00092874
0.001 r6064
0.00139282
0.0018s539
0.00208848
0.00255179
0.00324670
0.00370988
0.00s17241
0.00463s33
0.00s09761

1

2
1
I
1

_)

.0285

.93 r6

.9316

.8524

.127 6

.6308

.5895

.5170

.4849

.4550

.6319

.3309

. 1548

.0299

.9331

.8539

.781 1

.7291

. 5910

. 5 185

.4864

.4285

. 3115

.3318

.6343

.3330

. 157.f

.0321

.93s3

.8561

.7313

.6802

.5932

.4886

.4 306

.37 96

.3339

.2926

.117t18

.117118

.1 4057 2

.1874r0

.234257

.257 67 7

.304523

.327 950

.351372

.023345

.046692

.01 0042

.093386

.1.t6733

.140082

.163394
'. 186748
.255801
.303468
.326829
.373503
.4201 7 9
.46686s
.02321 2
.046458
.069667
.0929 1 7

.1.1 6131

.1 3937 9

. 18581 I

.209066

.25550s

.325 r98

.371677

.418119

.464609

.511063

2
2

2

2

3

3

3
3
2
2
2

2
2

2
2
2

2
2
3

3

3

3
2
2
2
2
2
2

2
2

2
2
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SOLUTIOT{ CF CREEP PARAMETTRS
MUI II S-IAGI PRTSSURTMITER TIST P1211

0 . 100

0.0r0

L
N

R

H
('r
-_¡

0 .001

0 .0001

l0

III"1E, MINUTES

r00

+ts+ 1.250116
......-.--+ '¿ ,254165

H4 1 .499041
+-|...l. 2"5Ul!li:;

t EtìtNll: PRF-SSiJRf .¡l-.-+.-+
{'{4

I .00ûuflS
I . !ì9tì035

PR[S:ìI.JRt IN [/PA

.<+ I .',747681



SUMMÀRY OF CREEP PÀRÀMETERS B ÀND F

OBS PRESSURE _TYPE MODEL DEPVÀR _SIGMÀ_ LOGLNR TOGTIME LOGF FVÀLUE BSLOPE LOGPI
H
(/l
co

'|

2
3
4
q

6
7

| .0008 I
1.2s012
r.49904
1.74768
l .99609
2.25416
2.50197

oLs
oLs
OLS
OLS
OLS
oLs
oLs

LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR
LOGLNR

0 .09227 63
0 . 0564 555
0.0480479
0.0509177
0.0s4 1995
0.0216577
0.0267775

0.525225
0.763r43
0.65862 r

0.743r95
0.7951r8
0.778940
0. B r5248

-4.0771
--4.1713
-3.7093
-3.7352
3.7556

- 3.6 | 66
3 - 6328

0.000083740
0.0000674 12
0.000 r 95294
0.0001840r0
0.000175549
0.00024r766
0.000232896

0.525225
0. 763 r 4 3

0.6s862 r

0.743r95
0. 79s l r B
0.778940
0.8r5248

0.0003sr
0.096950
0.1758r4
0 .242462
0.30018 I

0.352986
0.398283



SOLIJ il-lONl 0F CREEP PARA]vX El ERS
Mt]I I I' S-IA(;E PRESSURE M[TTR TEST PT2 1 1

0 .0lû0

H
(Jl
(o

0 .00 rr
F

0 . rìiiO I

fl u 10.0

PRt.S:itJRE., NPÊ



ESTIMATES TROM LINBÀR REG. ÀNAL. OF LOGT VS LOGPI

DEP vÀRIABLE: LOGF T NTERCEPT

SOURCE DF
SUM OF

SOUARES
MEAN

SOUARE F VÀLUE

1S-171

PROB>F

0.0121MODEL
BRROR
C TOTÀL

1

5
5

0.215073
0.073r40
0.289213

0.2 r 6073
0.0 r4628

H
o\o

ROOT MSE
DEP MEÀN
c. v.

0. r20946
-3.813978
-3.r7r13

R..SOUÀRE
ÀDJ R SO

0.7471
0.696s

VÀRI ÀDLE DF
PARAMETER

ESTI MATE
STÀNDÀRD

ERROR
T FOR HO:

PA RAMETER= O PROB :' IT I

VARI ÀBLE
LÀ BEL

I NTERCEP
LOGPI

4.112340
1.33280 r

0.090091
0.346783

45 .647 0.0001
0.0121

I NTERCEPT
3.843

oBs ?YPE MODEL

SUMMÀRY OF CREEP PÀRÀMETER N

DEPVAR- -SIGMA- LOGF NSLOPE

LOCF 0.120946 1 1.3328

T,OGF I

4.1 123

F1

oLs 0.0000772075



VAIRIATICN CF B WITI-J PRESSURT
MI.JI II_ S]AOF PRESSURLMIII_R Tt'SI PT2I I

0.8

0.7

t) .?

I

H

B 0.65

0.6

0.5

i) .50

l.rl t.2 1"4 l.ti
I'RESSI]RE, 11PÉI

.,) 2.42.0 2.6



Àppendix E

PREDICTiONS FROM ÀLL THE TESTS
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PT1O2
PREDICTED STRÀINS vS TIME USING FENPR,PTI02; STS=4; STP=4
C1=0.900 ; C2=0.000 IN B=C1*pt*tC2
SLOPE N = 1.750
VÀLUE OF Fl = 0.16428-03

PRESSURE = 0.98 MPÀ
CUMULÀTIVE INSTANTÀNEOUS STRAIN = O.
TI ME I NCREMENT = 5OO . O MI NUTES
TIME ÀT THE END = 16200.0 MINUTES
SLOPE B = 0.900
FIiPIÀvG(I)**N = 0.158D-03

l4 e;

TI ME
(MIN)

STRA I N
(e")

RÀTE
( e"/r4r N I

0.00
500.00

1000.00
1 500.00
2000.00
2500.00
3000.00
3500.00
4000.00
4500.00
5000.00
5500.00
6000.00
6500.00
7000.00
7500.00
8000.00
8500.00
9000.00
9s00.00

0.14
4.40
8.08

.t 1.58
14 .96
18.26
21.49
24 .61
27.80
30.89
33.9s
36.98
39.98
42.96
45.9r
48.8s
51 .76
54 .65
57.53
50.39
63 .24
66 .01
68.89
71.70

.7008-

.6768-

.6598-

.6468-

.6358-

.6268

.6198

.612E

.6068

.600E

.5958

. 5918

. 5868,

. 5B 3E-

.000e + 00

.8518-02

.7378 02

.5528

.5508

.579E' 02

.57 6E- 02

.5728 02

.5698 02

.5668 02

.5648 02

.5618 02

. 5598- 02

.5568 02

.5548-02

0
0
n

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0

02
02
02
02
02
02
02
02
02
02
02
02
ñ)
n)

0000.00
0500.00
1000.00
r 500.00
2000.00
2500.00
3000.00
3s00.00

14000.00
14500.00
15000.00
1 5500.00
16000.00

49
27
04
80
55
30
03
?q
46

14

80
B2
B5
8B
9l
93

02
02
02
02
02
02

5488
54 6E
54 4E
54 3E96.

PRESSURE = 1.99 MPÀ
CUMULÀTIVE INST^NTÀNEOUS STRÀIN = 0
TIME INCREMENT = 1 000.0 MINUTES
T¡ME AT THE END = 32000.0 MtNUTES
SLOPE B = 0.900
F1*PIAVG(I )**N = 0.54?E 03

STRA I N

12 "¿,

TIME

163

RATE



(urx ) (e") 1u"/ttuNI

0.00
1000.00
2000.00
3000.00
4000.00
5000.00
5000.00
7000.00
8000.00
9000.00

r 0000.00
1 1000.00
12000.00
1 3000.00
14000.00
15000. 00
16000.00
17000.00
18000.00
19000.00
20000.00
2 1 000. 00
22000.00
23000.00
24000.00
25000.00
26000.00
27000.00
28000.00
29000.00
30000.00
31000.00
32000.00

0 .12
27 .56
5 t .32
73.87
95 .67

116.92
137.75
158.23
174 .42
1 98.36
218.07
237.60
256.94
21 6 .12
295.16
314 .06
332.84
351.49
370.04
388.49
406.84
425.10
443.21
461 .35
41 9 .36
497.30
515.16
532.96
550.68
568.3s
s85.9s
603.50
620.99

0.0008+ 00
0.2748-01
0.2388-01
0.225E''01
0.2 I 8E-0 1

0.2138-0r
0.2088-0 I

0. 2058- 0 1

0. 202E-0 1

0.1998-01
0.1978-01
0.195E-0r
0.1938-01
0.192E-01
0. 1 908-0 1

0. 1 898-0 1

0.1888-0 1

0.187E-0.f
0.1858-01
0.1848-0.1
0.1838-01
0.183E-01
0. 1 82E-01
0. 18 1E- 01
0.180E-01
0.179E-01
0.1798-0r
0.1788-01
0.1778-01
0. 1 778-0 1

0. 1 76E-0 1

0.1758-01
0. l75E-01

PRESSURE = 2.99 MPÀ
CUMULÀTIVE INSTÀNTÀNEOUS STRÀIN = 0.42 c"

TIME INCREMENT = 50.O MINUTES
TIME ÀT THE END = 1280.0 MINUTES
SLOPE B = 0.900
FlrPIAvc(l)**N = 0.1128 02

TI ME
(MIN)

STRA I N
(e")

RÀTE
1*"/.rr N )

0.00
50.00

100.00
1s0.00
200.00
250.00
300.00
350.00
400.00
4s0.00
500.00
550.00
500.00
650.00
700.00
750.00
800.00
850.00

0
4
7

10
13
16
19
22
24
27
30
33
35
38
41
43

.42

.19

.46

.5'7

.s6

.49
?Ê

0.0008*00
0.7558-01
0.6548- 0 1

0. 6208- 0 1

0,6008-01
0.58s8-0 1

0.5738-01
0.5648-0t
0.5s58- 0 1

0.5498 0r
0.542E 0r
0.5378 01
0.5328-01
0.5288- 0 1

0.524E. 0 r
0.5208-0r
0.5 r 7E- 0 r

0.5138 01

95
69
40
09
75
39
01

.61
46. t9
48.76

r64



900.00
9s0.00

1000.00
r 050.00
1 1 00.00
1 1 50.00
1200.00
1 250.00

5¡.31
53.85
56.37
58. BB
61.38
53.87
66. 3s
68.81

0.5108-0r
0.5078- 0 I
0.s058-0r
0.502E-01
0.5008- 0 1

0.4988-01
0.4958-0r
0.493E-01

PRESSURE = 4.17 MPÀ
CUMULÀTIvE INSTANTÀNEOUS STRAIN = 0.44 g.

TIME INCREMENT = 5.0 MINUTDS
TIME ÀT THE END = 170.0 MINUTES
SLOPE B = 0.900
F1*PIÀVG(I )**N = 0.2008-02

TI ME
(MIN)

STRÀI N RÀTE(e") 1u"/utNl

0.00
5.00

10.00
1s.00
20.00
25.00
30.00
35.00
40.00
{5.00
50.00
55.00
60.00
65.00
70.00
75.00
80.00
85.00
90.00
9s.00

100.00
105.00

0.44
1 .29
2.03
2.73
3.40
4.06
4.71
5.34
5.97
6.58
7.20
7.80
8.40
9.00
9.59

10.17
10.75
'I 1.33
11.91
12.48

.0008|00

.1 7081 00

.147E.00

.140E+00

.1358+00

. 1 32Er 00

. l 298+ 00

.1278+00

.1 25e+00

. 1248+ 00

.1228*00

.121E+00

.1208.00

. 1 1 9E.00

.1188+00

.ll7E+00

.1168.00

. 1 16E+ 00

.1158+00

.l14E+00

. l 14E+00

. I 138.00

. 1 1 38100

.112e.00

. 1 1 2n,00

.1118.00

. 1 1 18.00

.1108*00

. 1 108,00

. 1 108.00

. 109E, 00

. r09E,00

.1088.00

.1088.00

. l08Ei 00

.61

.18
74
30
85
40
96
5l
05
60
14
69
23

3
3
4
4

5
5
6
6
7

I
I
9
9
0

0
0
0
0

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

10
15
20
25
30
35
40
45
50
55
60
6s
?0

.00

.00

.00

.00

.00

.00

.00

.00

.00
00
00
00
00

1

20.76

16s



PT1O3
PREDICTED STRÀINs vs rIME UsING FENPR'PT103; sTs=3t sTP=4
c1=0.734 ì C2=0.193 IN D=CltPr*iC2
SLOPE N = 0.930
VÀLUE oF Fl = 0.48668-03

PRESSURE = 0.98 MPÀ
CUMULAT¡VE INSTÀNTÀNEOUS STRAIN = O

TIME INCREMENT = 500.0 MINUTES
TIME AT THE END = 16200.0 MINUTES
SLOPE B = 0.731
F1*PIÀvG(r )rrN = 0.4788-03

14 e"

TI ME
(ulN)

STRA I N
(e")

RÀTE
1ø"/,u x )

0.00
500.00

1000.00
1 500.00
2000.00
2500.00
3000.00
3s00.00
4000.00
4500.00
5000.00
5500.00
5000.00
6500.00
7000.00
7500.00
8000.00
8500.00
9000.00
9s00.00

10000.00
10s00.00
1 1000.00
1 1 500.00
12000.00
1 2500.00
13000.00
| 3500.00
14000.00
14500.00
1 5000.00
1 5s00.00
16000.00

0.14
4.53
7 .59

10.17
12.51
14.71
16.79
18.17
20.68
22.53
24.32
26 .01
27.77
29 .44
31.07
32 .67
34.25
35.78
37.30
38.80
40.28
41.74
43.18
44.50
46.00
47.39
48.77
50. l3
51.48
52.81
54. 13
55.44
56.74

0.0008.00
0.8988-02
0.5938-02
0.5158-02
0.4698-02
0.4398-02
0,4158-02
0.3978*02
0.3828-02
0. 3598- 02
0.359E-02
0.349E-02
0.34 1 E-02
0.3338-02
0.3268-02
0.3208-02
0.314E-02
0. 309E-02
0.3048- 02
0.3008-02
0.2968-02
0 .2928- 02
0.2888-02
0.2848-02
0.2818-02
0.2788-02
0.2758-02
0 .27 2E-02
0 .2698- 02
0.2678-02
0.2648 02
0.2628-02
0.2608-02

PRESSURE = 1.99 MPÀ
CUMULATIVE INSTANTANEOUS STRAIN = 0.12 9"

TIME INCREMENT = IOOO.O MINUTES
TIME AT THE END = 32OOO.O MINUTES
SLOPE B = 0.838
FlrPIAvc(I )rrN = 0.9238 03

TI ME STRÀI N
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(MIN) (e") ( ç;,/¡nI N )

0.00
1000.00
2000.00
3000.00
4000.00
s000.00
6000.00
7000.00
8000.00
9000.00

1 0000.00
1 1 000.00
1 2000.00
13000.00
1 4000.00
1s000.00
16000.00
17000.00
18000.00
1 9000.00
20000.00
21000.00
22000.00
23000.00
24000.00
25000.00
26000.00
27000.00
28000.00
29000.00
30000.00
31000.00
32000.00

0 .12
30.31
54.10
75.94
96.62

1 16 .47
13s.69
154 .38
172.66
1 90.56
208. 14
225 .45
242.50
259 .32
275.93
292 .35
308.59
324.68
340.60
356.39
372.04
387,57
402.98
418.27
433 .46
448.54
463. s3
478.43
493.23
507.95
522 .59
537. 15
551 . 64

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0

.000Er 00

.3028 01

.2388 0l

. 2188- 0 1

.2078--01

.1988-01

.1928-01

.1878-01

.1838'01

. t?98-01

.1768-01

.'l 738-01

.170E-0r

.1688-01

.1668-01

.164E 0l

.r628-01

.1618-01

.1598-01

.158E-01

.1578-01

.1558-01

.1548'01

..1 538-01

.1528-01

. 1 518- 01

. 1 508-01

..1 498-01

.148E-01

.1478-01

. I 468-01

.1468-01

.1458'-01

PRESSURE = 2.99 MPÀ
CUMULÀTIvE INSTÀNTÀNEOUS STRÀIN = O.42 "¡
TIME INCREMENT = 50.0 MINUTES
TIME AT THE END = 12BO.O MINUTES
SLCPE B = 0.907
FIrPIÀvc(I )**N = 0.1358-02

TI ME
(MIN)

STRÀI N RATE(e"l 1r"/ur H )

0.00
50.00

100.00
150.00
200.00
250.00
300.00
350.00
400.00
450.00
500.00
5s0.00
600.00
650.00
700.00
750.00
800.00
850.00

0 .42
5. 10
9.19

13.09
16.87
20.55
24.17
27.74
31 .25
34.73
38. 17
41.58
s4.96
48. 31
51 . 64
54.94
58.23
61 .50

0.0008+00
0.9368-01
0. B 198' 01
0.780E 01
0.7558 01
0.7388-01
0.7248-01
0.71 3E' 01
0.703D-01
0.6958- 0 1

0.6888' 0 1

0.6828-01
0.6768-01
0.6718'01
0.6668 0 1

0.6618- 01
0.6s7E-0r
0.5538 0l

r67



900.00
950.00

1000.00

64.75
67.98
71 .19
75.40
77.58
80.76
83.92
87.07

0. 6508- 0 1

0.6468-01
0.6438-01
0.640E 0 1

0.637E-01
0.6358-0 I
0.632E-01
0.6308- 0 I

1 050
1100
I 150
1200
1 250

00
00
00
00
00

PRESSURE = 4.17 MPA
CUMULÀTIVE INSTÀNTANEOUS STRÀIN = 0.44 g"

TIME INCREMENT = 5.0 MINUTES
TIME ÀT THE END = 170.0 MINUTES
SLoPE B = 0.967
FliPIAvc(I )**N = 0. l84E-02

TI ME
(MIN)

STRÀ I N
(e")

RÀTE
1r"/,lr N )

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
60.00
65. 00
70.00
75.00

0 .44
1.31
2 .14
2.96
3.77
4.57
5.36
6.15
5.94
1.72
8.51
9.28

10.06
10.83
11.61
12. 38
13.15
13.91
14.68
15.44
16 .21
16.91
11.73
18.49
19.24
20.00
20 .16
21 .51
22.27
23.02
23.77
24.52
25 .28
26.03
26.17

0.000E+00
0. 1748.00
b. I 55eroo
0. 1 538+00
0. 1628.00
0. 1 6oEj 00
0.159E+00
0. 1 588+ 00
0. 1 578+00
0. | 57Er 00
0..1 568+00
0. 1 568+ 00
0.155e+00
0. I 558+00
0. 1 548+00
0. 1 548+00
0.1548+00
0. 153Er 00
0. I 538+ 00
0. 1 538* 00
0.1538+00
0. 1 528+ 00
0.1528|00
0. t528100
0. 152E4 00
0. 1518 j 00
0.151E'00
0.1518+00
0. 15 f E+ 00
0.151E+00
0.1508r00
0.1508+00
0. 1508{ 00
0. 1 50Er 00
0. 1 50E.00

80
85
90
95

100
105
110
115
120
125
130
135
140

00
00
00
00
00
00
00
00
00
00
00
00

.00
145.00
150.00
1 55. 00
160.00
16s.00
170.00

168



PT2O I

PREDICTED STRÀIN VS TIME USING RESULTS FROM PT2OI
c1=0.725, C2=0.203 ¡N B=ClrPIr*c2
SLOPE N = 0.775
VÀLUE oF F1 = 0.49308-03

PRESSURE = 0.98 MPÀ
CUMULÀTIvE INSTANTANEOUS STRÀÌN = 0.14 e"

TIME INCREMENT = 5OO. O MINUTES
TIME AT THE END = 16200.0 MINUTES
SLOPE B = 0.722
F1*pIÀvc(I)**N = 0.4858-03

TIME STRÀI N RÀTE
(MrN) (e,) 1u"/utrtl

0.00
500.00

1000.00
1500.00
2000.00
2500.00
3000.00
3s00.00
4000.00
4500.00
5000.00
5500.00
6000.00
6500.00
7000.00
7500.00
8000.00
8s00.00
9000.00
9500.00

10000.00
1 0s00.00
r 1000.00
1 1500.00
12000.00
12500.00
13000.00
1 3s00.00
14000.00
14500.00
15000.00
15500.00
16000.00

0
4
7

9
11
13
15
17

14
45
25
67

0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0

.0008*00

.8638 02

.560E-02

.48SE-02
, 4 SDE- 02
.4 1 0E- 02
.3888 02
.3708 02
. 3s6E- 02
.3448-02
.3338- 02
.3248- 02
.3168-02
.3098 02
.302E. 02
.2968- 02
.2918--02

.88

.93

.87

.72
19. 50
21 .22
22.88
24.50
26.08
27.62
29 .14
30.62
32 .07
33.50
34.90
36.29
37.65
39.00
40.33
41 .64
42.93
44.21
45.48
46.7 3
47.97
49 .20
50.41
5't .62
52 .81

-28
.28
.2"t
.27
.26
.26
.26
.25
.25
.25
.25
.24
.24
.24
.24
.23

6E-02
1E-02
7E 02
3E-02
9E 02
5E-02
2E 02
9E 02
6E 02
3E 02
0E-02
BE.O2
5E-02
3E-02
lE 02
9E 02

PRESSURE = I.99 MPÀ
CUMULÀTIVE INSTÀNTÀNEOUS STRÀIN = O

TIME INCREMENT = lOOO.O MINUTES
TTME AT THE END = 32OOO.O MINUTES
SLoPE B = 0.834
FIiPIÀvc(l )i*N = 0.8408-03

12 "¿

STRA I NTI HE

169

RATE



0.00
1000.00
2000.00
3000.00
4000.00
5000.00
5000.00
7000.00
8000.00
9000.00

r0000.00
1 1000.00
12000.00
13000.00
r4000.00
15000.00
16000.00
17000.00
18000.00
19000.00
20000.00
21000.00
22000.00
23000.00
24000.00
2s000.00
26000.00
27000.00
28000.00
29000.00
30000.00
31000.00
32000.00

226 .18
24 0. 5B
254.82
268.90
282.83
296 .63
310.30
323.85
337.29
350.63
363.86
377.00
390.05
403.01
415.88
428 .68
4 41 .41
454.06
4 56. 64
479.15

.0008.00

.2668- 0 1

.208E 0 |

.r9lE 0r

. lBOE 01

.1738 0l

. l67E 0 I

.1638 01

. l59E 0 r

.156E 0l

. t538 0l

. l50E 0l

.1488 0l

.1468 0l

.1448 01

.1428 0l

.t4lE 0l

. l39E 0 |

.1388' 0l

.1378-01

.136E 0l

.1348'01

.1338 0l

.1328 01

.l3lE-01

.1308-01

.130E 01

.t298-01
- l28E' 01
.1 278- 0 1

.1278-01

.1268-01

. 1258 0l

(MrN)

TI ME
(u¡N)

(%)

STRA ] N
(e.)

1 er.,zllt H )

RATE
(e"/M|N)

0.12
26.7 6
47.60
66 .69
8s.7s

r02.04
t18.77
l 35.04
150.93
166.49
181.76
196.79
2rr.58

0
q

7
11
14
17
20
23
26
29

0

0
0
0
0
0

0
0
0
0

0
0

0
0
0
0

0
0
0

0
0

0
0
0
0
0
0

0
0

0
0
0
0

PRESSURE = 2.99 MPÀ
CUMULÀTIvE INSTÀNTANEOUS STRAIN = 0.42 ea

TI ME I NCREMENT = 50.0 MI NUTES
TIME AT THE END = 1280.0 MINUTES
SLOPE B = 0.906
Fl*PIAvG(l )rrN = 0. I l5E 02

0.00
50.00

100.00
150.00
200.00
250.00
300.00
3s0.00
400. 00
450.00
500.00
550.00
600.00
650.00
700.00
7s0.00
800.00
850.00

.42

.40

.88

. tI

.39
-52
.58
.60
.58
.53

0.0008.00
0.796E-0 r

0.6958-01
0.662E 0l
0.6418-01
0.6268-01
0.6148-01
0.6048 01
0.5968 0 1

0. sB9E 0 I
0.5838 01
0.5778'01
0.5728 01
0. s688 01
0.5648'01
0.5608 0 1

0.5568 0 I

0.553E 01

32.45
35.33
38. 19
41.03
43.85
46.65
49.43
52.20

r70



900.00
950.00

r 000.00
1050.00
I 100.00
1 r 50.00
1200.00
r250.00

54.9s
57.68
60.4 1

63.12
6s.8 l
68.50
71.18
73.84

0
0
0
0
0

0
0
0

.5508' 0 1

.5478-01

.5458 0 1

.5428-01

.540E 0 |

.5378 01

.535E 0l

.5338-01

PRESSURE = 4.17 MPÀ
CUMULATIvE INSTÀNTÀNEOUS STRAIN = 0.44 e;

TIME INCREMENT = 5.0 MINUTES
TIME ÀT THE END = 170.0 MINUTES
SLOPE B = 0.969
FIiPIÀVG(I )**N = 0.149E'-02

TI ME
(MIN)

STRÀIN RÀTE
( e" ) 1e"/ul x )

0.00
5. 00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
60.00
65.00
70.00
75. 00
80.00
85.00
90.00
95. 00

100.00
10s. 00
1 10.00
1 15.00
120.00
125.00
r 30.00
1 3s.00
140.00
145.00
150.00
155.00
160.00
16s. 00
170.00

0
1

1

2

3
3
4

5
5
6
7

I
I
9
0
0
1

2
2

3
3
4
5
q

6
7

7

B

I
9
0
0

.44

.15

.83

.50

.16

.81

.46

.t1

.75

.40

.04

.68

.31

.95

.58

.21

.84

.47

.10

.13

.35

.98

.60

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0

.000e+00

.1428+00

.1368*00

. 1348r 00

.1328*00

.131Dì 00

. 1 308+ 00

. 1308.00

. 1 298 r 00

.1288'00

. 12BE+00

. l28e¡ 00

.1278+00

.1278+00

. l27E+00

. I 268+ 00

. 1 268+ 00

.126er00

. 1 26E+00

. 1258100

. 1 25E+ 00

. 1 25E¡ 00

. 1258.00

.1258+00

.1248*00

. t 248,00

. 1 24Er 00

.124E+00

.124E+00

.1248r00

.1248,00

.1238r00

.1238+00

. I 23e+00

. 1238{ 00

22
85
47
09
71
33
9s
57
18
80

21.E2
22.03

17T



PT21 1

PREDICTED STRÀINS VS TIME USING FENPR, PTZ1 I i STS=3; STP=4
C1=0.590; c2=0.384 IN B=c1*PI*rc2
SLoPE N = 1.333
VALUE OF F1 = 0.77218-04

PRESSURE = 0.98 MPÀ
CUMULATIVE INSTÀNTÀNEOUS STRAIN = 0
TIME I NCREMENT = 5OO. O MI NUTES
TIME AT THE END = 16200.0 MINUTES
SLOPE B = 0.585
FIrPIÀvc(I )**N = 0.7528_04

14 "-"

TI ME
(ulN)

STRÀ I N
(e")

RÀTE
(e"/MrN)

0.00
500.00

1000.00
1s00.00

0
0
0

0
0
0
0
1

1

1

'I

1

1

1

't

I
1

1

1

I
1

1

1

1

I

2

2
2
2

2
2

.14

.43

.57

.68

.78

.81

.96

.03

.11

. 1't

.24

.30

.36

.42

.48

.54

.59

.64

.69

.74

.'t 9

.84

.89

.93

.98

.02

.07

0.0008+ 00
0.5728-03
0.2868 03
0.2308-03
0.1998 03
0.1808-03
0.1658 03
0. I 548-03
0..t 458-03
0. 1 3BE-03
0.1328'03
0.1268 03
0 .1228-03
0.1178-03
0. 1 1 4E-03
0.1r08-03
0. 1 078-03
0.105E-03
0.1028-03
0.998E- 04
0.9778 04
0.957E-04
0.9388-04
0.921E-04
0.9048-04
0.8898-04
0.8748- 04
0.8608 04
0.847E-04
0.8358 04
0.8238- 04
0.81 1E-04
0.8018 04

2000
2500
3000
3500
4000
4500
5000
5500
6000

00
00
00
00
00
00
00
00
00

6500.00
7000.00
7500.00
8000.00
8500. 00
9000.00
9500.00

10000.00
10500.00
11000.00
1 1500.00
12000.00
12500.00
13000.00
13500.00
r4000.00
t4s00.00
15000.00
15500.00
16000.00

11
15
19
11
)-1

3l

PRESSURE = I.99 MPA
CUMULÀTIVE INSTANTÀNEOUS STRÀIN = O

TI ME I NCREMENT = 1 000.0 MI NUTES
?IME ÀT THE END = 32OOO.O M]NUTES
SLOPE B = 0.768
FIrPIAVG(I )**N = 0. t93E 03

12 ea

TI ME STRA I N

772

RATE



(r.n H ) (ea) ( e"/Mr N )

0.00
1000.00
2000.00
3000.00
4000.00
5000.00
6000.00
7000.00
8000.00
9000.00

10000.00
1 1000.00
12000.00
13000.00
14000.00
r 5000.00
16000.00
17000.00
18000.00
19000.00
20000.00
21000.00
22000.00
23000.00
24000.00
2s000.00
26000.00
27000.00
28000.00
29000.00
30000.00
31000.00
32000.00

0
4

6
9

.t 
1

13
15
17
19
21
23
24
26
28

-12
.02
.77
.20
.44
.56
.58
.53
.41
.24
.02
.16
.46
.13

0
0

0
0

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
n

0
0
0
0

0
0
0
0
0
n

0
0

.000e.00

.3908 02

.275E' 02

.2438- 02

.2258-^02

.21 28 - 02

.2028-02

. 1 948 ,02

.1888-02

.1838 02

.1788 02

29.78
31 . 39
32 .98
34.55
36. 09
31.62
39.13
40 .62
42.09
4 3 . 55
44.99
46.42
47.84
49.24
50.64
52.02
53.39
54.75
56. 10

.174
-170
.t67
.154
.161
.159
. 157
.155
. 153
.151
. 149

E 02
E-02
E 02
E-02
E-02
E-02
E-02
Þ_n?

E-02
E-02
E-02

.1 478- 02

.1468-02

. .l 448- 02

. 1 438- 02

.1428 02

.1408*02
1 398-02
1 388-02
1 378-02
1 368-02
,| 35E-02

PRESSURE = 2.99 MPA
CUMULÀTIVE INSTANTÀNEOUS STRÀIN = 0.42 g.

TIME INCREMENT = 50.0 MINUTES
TIME AT THE END = 1280.0 MTNUTES
SLOPE B = 0.898
Ff*PIÀVG(I )i*N = 0.3328-03

TI ME
(MIN)

STRÀ I N
('¿)

RÀTE
(-"arl¡ll H )

0.00
s0.00

100.00
150.00
200.00
250.00
300.00
350.00
400.00
450.00
500.00
ss0.00
600.00
650.00
700.00
750.00
800.00
850.00

0 .42
r .54
2. 50
3 .42
4.30
5.17
6.01
6.84
t -66
I .47
q ,7
0.06
0. B4
1.62
2.39
3. 15
3.91
4 .67

0.0008+00
0.2238-01
0.193E-0r
0.1838 01
0.1778'01
0.1728-01
0. r 69E- 01
0. r658-0r
0. 154E- 0 r

0.162E-01
0.1608-01
0.158E-01
0.1578 0l
0. l55E'01
0.1548-01
0. 1538- 0 r

0.152E-01
0.1518-01

r73



900.00
9s0.00

1000.00
1050.00
1 100.00
1 150.00
1200.00
1250.00

15.42
'16 . 17
16.91
11.65
18.38
19.12
19.84
20.57

0.1508-01
0.1498-01
0.r498,01
0.1488-01
0.1478-01
0. r468 01
0.1468-01
0.1458-01

PRESSURE = 4..I 7 MPA
CUMULÀTIVE INSTÀNTÀNEOUS STRÀIN = 0.44 9"

TIME INCREMENT = 5.0 MINUTES
TIME AT THE END = I7O.O MINUTES
SLOPE B = 1.021
FIrPIÀvc(I )r*N = 0.518E-03

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
55.00
60.00
55.00
70.00
75.00
80.00
85.00
90.00
95.00

100.00
105.00
1 10.00

0
0

0
1

1

1

2
2
2
2
J

3

3
4

4
4

5

5
6
6

6
7
7

7
7

B

B

B

9
9
9
9

10

44
71
9B
26
5S
83
11
39

00
00
00
00
00
00
00
00
00
00
00
00

0
q

10
15
20
25
30
?q
40
45
50

15
20
25
30
35
40
45

TI MD
(MIN)

STRÀ I N
(e")

RATE
(e"/MLN\

.68

.96

.25

.54

.83

.11

.40

.69

.98
)1

.56

.8s

.14

.43

.73

.02

.31

.60

.89

.19

.48

.77

.01

.36

.66

.95

.24

0.000e+00
0.5368-01
0.5518-01
0.5578-01
0.5618-01
0.5648-0 t

0.5678-0 r

0.5698-01
0.570E-01
0.5728-0 I
0.5738-01
0. 5748- 01
0.5768-01
0.5778-01
0.5778-01
0.5788-01
0.5798 -0 1

0.5808- 0 |

0.5818-01
0.sB1E-0r
0.5828-01
0.583E-01
0.5838 01
0. 584E- 0 1

0.5848-0r
0.5858.-01
0.5858 0 r

0.586E- 0 r

0.5868-0r
0.5878-01
0.5878 0 t
0.5878-01
0. sBBE 0 r

0.s888 01
0.5898 0 1

1

1

I
I

1

1

1

150
r 55
160
16s
170

174



PTMLM
PREDICTED STRAINS VS TIME USING FENPR ÀLL 45 MtN; STP=4(=2 FOR 2 MPÀ)

C1=0.472: C2=0.351 IN B=Cl*PI*rC2
SLOPE N = 1.377
VALUE OF Fl = 0.39828-03

PRESSURE = 0.98 MPA
CUMULÀTIVE INSTÀNTÀNEOUS STRÀIN = O

TIME INCREMENT = 5OO.O MINUTES
TIME AT THE END = 16200.0 MINUTES
SLOPE B = 0.459
F1*PIAvc( I )i*N = 0.3878 03

l4 e"

TI ME
(MIN)

STRÀ I N
(e¿)

RATE
1"-"/.rtH )

0.00
s00.00

1 000.00
1500.00
2000.00
2500.00
3000.00
3s00.00
4000.00
4500.00
s000.00
5500.00
6000.00
6s00.00
7000.00
?500.00
8000.00
8500.00
9000.00
9500.00

10000.00
10500.00
1 1000.00
11500.00
12000. 00
12s00.00
13000.00
1 3500.00
14000.00
14500.00
15000.00
1 5500.00
16000.00

0.14
0.85
1.13
1.33
1 .50
1 .66
1.79
1.9r
2.03
2 .14
2.24
2 .33
2 .42
2.51
2 .60
2 .68
2.75
2.83
2.90
2.97
3.04
3.11
3.17
3 .24
3.30
3.36
3 .52
3.48
3.54
3.59
3.65
3.70
3.76

0.000s+00
0.1438-02
0.5478-03
0.4138-03
0.3448-03
0.3018-03
0.270E-03
0. 247E-03
0.2298-03
0.2148-03
0.2028-03
0.1928-03
0.1838-03
0.1758-03
0.1688-03
0.1618 03
0. | 56E-03
0.1518-03
0.146E-03
0.1428 03
0.138E 03
0.1348-03
0.r3rE-03
0. 1 2BE- 03
0. r25E-03
0. 1 228-03
0.1208-03
0.r17E-03
0. 1 1 5E-03
0. r 1 3E- 03
0. r1tE 03
0. r 09E' 03
0.1078-03

PRESSURE = 2.00 MPA

CUMULATIVE INSTANTÀNEOUS STRÀIN = O.2I 9"

TIME INCREMENT = 1000'0 MINUTES
TIME ÀT THE END = 32OOO.O MINUTES
SLOPE B = 0.602
F1*pIÀVG(I )riN = 0.103E 02

RÀTETT MD STRA I N

175



(MIN) (e") ( e"/Mr N )

0.00
r 000.00
2000.00
3000.00
4000.00
5000.00
6000.00
7000.00
8000.00
9000.00

10000.00
'I 1000.00
12000.00
13000.00
14000.00
1s000.00
16000.00
17000.00
18000.00
| 9000.00
20000.00
2r000.00
22000.00
23000.00
24000.00
25000.00
26000.00
27000.00
28000.00
29000.00
30000.00
31000.00
32000.00

0.21
6.83

10. 25
13.03
15.45
17 .65
19.67
21.56
23 .3s
25.05
26 .67
28 .24
29 .7 4

3l .20
32 .62
33.99
35.33
36.63
37 .91
39. 16
40.38
41 .58
42 -75
43.90
45.04
46. t5
47.25
48.33
49 .40
50 . 4 5
51.48
52.51
53.51

.0008.00

.6628 02

.3438 02

.2188 02

.2428 02

.2t98 02

.202î,02

.1898 02

.1798 02

. r 70E-02

.1638 02

. l56E- 02

.l5lE-02

0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0

1 468 -02
t4 tE 02
1 378' 02
l34E 02
1318 02
l2BR 02

.1258-02

.1 228- 02

. t 208 -02

.1 t7E-02

.1r5E-02

. 1 r 3E 02

.1128"02

.l l0E 02

.108E 02

. l07E 02

.105E- 02

.1048 02

. l02E'02

. 10 1E 02

PRESSURE = 2.99 MPÀ
CUMULATIVE ]NSTÀNTANEOUS STRÀIN = 0.42 9"

TI ME I NCREMDNT = 50 . O MI NUTES
TI ME ÀT THE END = I 28 O . O MI I.¡UTES
SLOPE B = 0.693
FIrPIÀvc(I)r*N = 0.1808 02

TI ME
(MrN)

STRÀI N RATE
( e" ) (e"/MtN\

. 0008+ 00

.542E-01

.334E

.2848-

0.00
50.00

100. 00
150. 00
200.00
250.00
300.00
3s0.00
400.00
450.00
500.00
550.00
600.00
650.00
700.0t1
750,00
800.00
850.00

.13

. B0
a1

.50

.69

. B0

. 86

.88

.85
?Q

.71

.59

.46

.31

. t3

.94

.14

.2038

. t95E

. r88E

. r838

.1788

. I 7 3E

. t69E

. l65E

. l62E

. t59E

0
3
q

6
7

B

9
10
1t
12
r3

42 0
0
0
0
0

0
0
0
0

0
0
0
0
0
0
0
0
0

2568
2378-
2238-
2128,

0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0

t4
l5
l6
17
r8
IB
19

I76



I
I

900. il0
950.00

r 000.00
1050.00
1 100.00
1 I 50.00
r 200.00
t 250.00

20 .52
2t.29
22.04
22.19
23.52
24 .24
24 .96
25-66

0.1498 0

0.1478 0

0. 1 458-0
0. t 4 3E- 0
0.t4lE 0

0. l 56E
0. l54E
0.l5lE

0l
01

PRESSURD = 4.17 MPÀ

CUMULÀTIVE INSTÀNTÀNEOUS STRÀIN = O

TIME INCREMDNT = 5.0 MINUTES
TIME ÀT THE END = 170.0 MINUTES
SLOPE B = 0.779
Fl*pIÀvc(I )**N = 0.2848-02

44 e¡,

TI ME
(MIN)

STRÀI N RATE
( e" ) 1ø"/r.rr N )

0.00
5.00

10.00
15.00
20.00
25.00
30.00

0.0008.00
0. 1 998+ 00
0.1438+00
0.1278+00
0. 1 18E+ 00
0.1118+00
0.1078+00

50.
EE

60.00
65.00
70.00

.44

.44
IE
?Q

.38

.93

.47

.98

.48

.96

.43

.90

.35

.79

.23

.66

.09

.50

.92

.968

.945

.924

.906

.889

.874

.861

0
I

2
2

35
40
45

00
00
00
00
00

00
00
00
00
00
00
00

3
3
4

4

5
q

6
6
7
7

I
I
9
9
9
0
0
1

1
.l

2

2

3
3

3
4

..1 038100

. 996E- 0 I

0
0

0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

F

E

E
E
E
ú
E
E

E

0

0
0
0
0

û
0
0

0

0
0
0
0

0l
-01
0l

-01
-01

01
0l

-01
0l
0l
01

,l

1

1

I

I
I

175
80
B5
90
95

100
10s
1 10.00
1r5.00
120.00
125.00
130.00
135.00
140.00
145.00
r s0.00
155.00
160.00
1 65.00
170.00

4B
36
26

I
I
B

I
I
7
7
7

7
7

7
't

32
.73.t?
.52
.91
.30
.68
.06
.44
.81
.18

158
068-
97E
B9E
8lE-

.7478

. 7418

.7368

.7308

.7 258

.7 208

.7158

0l
01

73E
668
608
538

14 . 55
14.91
15.28
15 .64
rs.99

177
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Àppendix F

MOÐIFIED LÀDÀNYI METHOD (UT,U)
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F.1 MLM WITH p"1202A, pT203 , pr204 ÀND pr212

r79



PLOT OF STRAINX VS TIM E AT EACIJ PRESSIJRE

LEGEND : PRESSURE rF+--$ 0 .9501538

SINGI-E -STAGE PRESSUREMITER TESTS

2û 25

TII1E, IlINUTES

.¡---r--+. 2 .00281 4

30 35 40

{"-¡---+ 2 .933668 *+

6

5

4

S

T
R

R3
I
N

I

Ooo
I

7
¿

0

0 5 l0 15 45

4 . t68327

PRISSURL IN MPA



TI ME LOGTI ME

1

2
4

I
14
l9
24
29

0.00000
0.30 r 03
0.60206
0.90309
1.r4613
1:27875
1.38021
't .46240
1.59106
1.64345
0.00000
0.30103
0,47712
0.60205
c.69897
0.77815
0.90309
0.95424
1 .00000
r.07918
1.14613
1.20412
r.23045
1.27875
1.32222
1.38021
1.41497
1 .462s0
r .53 r48
1 .59106
r.64345
0.00000
0.30103
0.60206
0.778r5
0.90309
1 .00000
1.07918
1.14613
1.20412
1.25527
1.27875
1.30103
1.34242
1 .38021
1 .46240
1.53148
1 .59 r 06
1 .64345
0.00000
0.30r03
0.60206
0.778r5
0.90309
1 .00000
1.07918
1.14613
1.20412
1.25527
1.30103
1.34242
1.38021
1.41497
1.46240
I .53148
1.59t06
r.64345

39
44

1

z
3

4

5
6
I
9

10
12
14
16
17
19
at

24
26
29
34
39
44

1

2

4

6
I

10
12
14
15
18
19
20
22
24
29
34
39
44

I

2
4

6
I

10
12
l4
16
18
20
22
24
26
29
34
39
44

181

DATÀ SET USERNAME.SAS.PTI CREÀTED BY ÀCTH/S PROGRAM

PI PRESSURE STRÀ I N RÀTE LNR LOGLNR

.0

.0

.0

.0

.0
"0
.0
.0
.9
.9
.9
.9
.0
.0
.0
.0
.0
.0

.9257 3

.92451

.928 4 2

.92526

.92511

.92s95

.92480

.00765

.01004

.00989

.00s23

0.0004662
0.000699s
0.0009326
0.00il6s3
0.00t3984
0.0016311
0.001864 1

0.0020967
0.0030272
0.0032595
0.0002385
0.0004769
0.0007148
0.0009s30
0.001r908
0.00r4289
0.0016667
0.0019047
0 .0021 423
0.0023799
0.0026178
0.0028s53
0.0030931
0.0033304
0.0035678
0.0038054
0.0040427
0.0045174
0.0049915
0.0054654
0.005939s
0.0021242
0.0036788
0.0060t93
0.0079780
0.009s458
0.0r13r71
0.0126930
0.0r40705
0.0152506
0.0164 317
0.0170225
0.0175134
0.0r87953
0.0199775
0 .0221 407
0.0247011
0.0270631
0.0288312
0.0028764
0.005201 3

0.0089011
0.0122283
0.0151682
0.0r81137
0.0208630
0.0238120
0.026364s
0.0289168
0.03r4684
0.0338216
0.0361736
0.038s246
0.0422447
0.0473237
0 .0523947
0.0574569

.3314

. 1552

.0303

.933s

.8544

.7875

.'t 295

.6785

. 5190

.4868

.6225

.321 6

.1458

.0209

.9241

.8450

.7781

.7 202

.6691

.6234

. 58 2 I

.5444

. s096

. 4115

.4476

.4 196

.3933

.3451

.3018

.2624

.2263

.67 28

.4343

.2205

.098I

.0202

.9463

. B 964

.8517

.8 167

.1853

.7 690
ac¡a

.7 259

.6995

.6548

.6073

.5676

.5401

.54 t2

.2839

.0506

.9126

.Bt9l

.7 420

.6806

.6232

.5790

.5388

.5021

.4708
-s416
.4r43
.31 42
.3249
.2807
.2401

0.950 r 5
0.950 1 5
0.95015
0.950 1 5
0.95015
0.950 r 5
0.95015
0.95015
0. 950 t s
0.95015
2 .0028 1

2.0028 r

2.0028 r

2. 00281
2.0028 1

2.0028 r

2.0028 r

2.00281
2.00281
2 .0028 1

2.00281
2.00281
2.00281
2.00281
2 .0028 1

2.00281
2 .0028 1

2.00281
2.00281
2.00281
2.00281
2 .99367
2.99361
2.99361
2.99367
2.99367
2.99367
2.99367
2.99367
2.99367
2.99361
2.99367
2.99367
2.99367
2.99367
2.99367
2.99367
2.99367
2.99367
4. r6833
4.16833
4.16833
4 . 168 3 3
4.16833
4.16833
4.r6833
4.16833
4.16833
4.16833
4.16833
4 . r68 3 3
4.16833
4. r6833
4. r6833
4.15833
4.16833
4. r6833

0.04663
0.06997
0.09330
0. r r 660
0. r 3994
0.1632s
0. 18658
0.20989
0.30318
0.32648
0.02385
0.04770
0.07150
0.09535
0.11915
0.14300
0.1668r
0. 1 9065
0.21446
0.23827
0.26212
0.28593
0.30979
0.33360
0.35741
0.38127
0.40509
0 .4527 6
0.s0039
0.54804
0.59572
0.21265
0.368s6
0.60374
0.80100
0.95915
1 . 13814
1.27739
1 .41700
1 .53675
'I .65675
1 .7 1682
1.77694
1.89731
2.01785
2 .2387 7

2.50087
2 .7 4326
2.92508
0.28805
0 .52149
0.89409
1 .23034
1.52838
1 .82788
2.10822
2 .4097 7

2,67 151
2.93389
3. 1 9687
3.44001
3.583s8
3 .927 63
4.31491
4.84614
5.37916
5.91396

.00225

.00199

.9889s

. 9854 9

.98033

.9760s

.0026s

.99883

.99s87

.99293

.99041

.98790

.98664

.00539

.00289

.00040

.9958s

.99050

.98558

.981 91

.1 I 420

.10905

.10095

.0937 1

.08748
, 13 r 23
. 1 25SS
.1 1927
.11395
. r 0855
.12340

46626
23340
1 t 667
05824
03890
04 66 I

04667
04662
09329
04661
23837
23848
23801
23845
23806
23842
r 1906
2384'7
23808
I r 905
11923
1 1908
23851
11906
11908
07950
r1910
15891
09s27
09s29
09536
12629
55912
17591
98626
79076
89498
69623
69805
59875
s9998
60075
60119
60 r84
6027 0
44 r 84

0s09
0495
048I
0467
0453
0439
0426
0 412
9398
9385
9371
93sB
1344

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0. I

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

3

3

3
2
2
2
2
)
2
2

3

3

3

3
1

2

2
'2
'2
-2

1

2

2
2

2
2

-2
-2
-2
-2
-2

1
1

1
1

.1
1

-l
-1
-1

1

1

.1
-1

1

-l
I

I

2

2
2
1

I

I

I

I

I

I

I

I

I

I

I

1

I

I

127 I
025 t

r331
1317
r 304

1856
r375
0896
314
211
110
009

2
I
2

6

0'.052422
0.048477
0.036365
0.288021
0.23343s
0. r 86300
0.168127
0. r49020
0.149748
0.140170
0. 150778
0.1 30868
0. 131 r 93
0.13r490
0. r 2 r568
0. 121787
0-12202t
0. 129 r l5
0.105233
0. r06604
0. r 0696 l



L
N

K

0.100

0.0r00

û.û0r

u .0001

SOLUTION OF CREEP PARAN4ETERS
SINGLE-STAGI PRESSUREMTTER TESTS

10

T I ME , Il INUTES

{--{----$ 2 .OO2B14

I

Þ
æ
tJ

I

100

tl

2

I

t EGEND: PRESSURE +<| 0.9501538

PRFSSURE IN MPA

{{4 2 .993668 4 . t6832'7



SUMHARY OF CREEP PARÀMETERS B ÀND F

OBS PRESSURE TYPB MODEL DEPVAR
-S 

I GMA- LOGLNR LOGTIME LOGF FVÀLUE

H
æ
(¡¡

I

2

3
4

0.95015
2.00281
2.99367
4.16833

oLs
oLs
OLS
OLS

LOGLNR
LOGLNR
LOGLNR
LOGLNR

0.0523470
0.0337618
0.0 r 20656
0.0046r52

3.334s
-3.5383

2 .64 17
2.5290

0.00046293
0.00028955
0.00228 | 94
0.00295810

0.022206
0. 30154 I

0 .47 6204
0.619962

0.469400
0.8238t5
0.68 r 353
0.787593

BSLOPE

0.469400
0.8238r5
0.681353
0.787593

LOGPI



I

H
cos
I

F

0.010

0 .001

SOLUTI0N CF CREEP PAFìAÌv'lETtRS
SINGLE-STAGE PRESSUREMETER TESTS

1.0

PRESSIJRE, MPÊ

u.l

,l

Cr .0001
10.0



ESTIMÀTES FROM LINEAR REG. ÀNÀL. OF LOGF VS LOGPI

DEP vÀRlÀBLE: LOGF

SOURCE DF

MODEL
ERROR
C TOTÀL

ROOT MSE
DEP MEAN
c.v.

VARI ÀBLE DF

I NTERCEP
LOGPI

I NTERCEPT

1

2
3

SUM OF
SQUÀRES

0.453505
0.297865
0.751371

0 . 385918
-3.010858

--12.8175

PÀRÀMETER
ESTI MÀTE

-3.494250
1 .405620

MEAN
SOUARE

0.453505
0.148933

R_SQUÀRE
ADJ R-SQ

STANDÀRD
ERROR

0.337595
0.80551 1

F VALUE

3.04s

T FOR HO:
PÀRAMETER= O

PROB>F

0.2231

PROB > ITI

0.0092
0 .223 1

P
Co
úr

0.6036
0.4054

10.350
I .745

OBS TYPE MODEL

OLS

SUMMÀRY OF CREEP PÀRÀMETERS F I

DBPVÀR- 
-S 

I GMA_ LOGF

LOGF 0. 3859 1 8 r

ÀND N

NSLOPE

1.40562

I NTERCEPT

VÀRI ÀBLE
LÀBEL

LOGF I

3.4943

FI

0.000320442



VARIATION OF WITI-{ PRESSURTB
SINGLE-STAGE PRESSUREMTTER TESTS

1.r)

0.Bu

û.7

o.1

H
æ
o\ B

0.6

0.6

0 .55

0 .5û

0.Éì r.Û

0.45

t.4 ii

PRESSIJRE, 11PÊ

3.0 3.4 3.8 4.2



F.2 LfLÌ4 Wrrlj PT202À, PT2O3 ÀND PT2O4

187



PLOT OT STRAilN VS TIME AT EACH PRESSTj RE

6

SINGI E-STAGT PRESSUREMTTER TESTS

15 20 25 30

TIIlE, IlINUTES

0 . S501538 -¡--:r---{- 2 .933668

E
L)

4

S

T

R

Ê3
I
N

2
7.

I

ts
Oo
0o

I

0

0 5 l0 35 40

+---r---.+ 4 . 168327

45

I.EGEND: PRE SSURE

PRESSI.JRT IN MPA



DÀTÀ SET USERNÀME.SAS.PTf, CREÀTED BY ÀCTH/S PROGRÀM

PI PRESSURE STRÀI N RÀTE LNR LOG LN RTIME LOGTIME

1

2
4

I
14
19
2s
29
39
44

1

2
4

6
I

IO
12
l4
15
18
19
20
22
24
29
34
39
44

1

2
4
6
I

10
12
14
r6
18
20
22
24
26
29
34
39
44

0.00000
0.30103
0.60206
0.90309
1.146r3
1.27875
l .38021
1.46240
r .59106
r.64345
0.00000
0.30103
0.60206
0.77815
0.90309
1 .00000
1.07918
1.14613
1.20412
1.25527
1.27875
1.30103
1.34252
1.38021
1.46240
1.53148
1 .59106
1.64345
0.00000
0.30103
0.60206
0.778 15
0.90309
1 .00000
l .07918
l . 1461 3

1 .20412
1.25527
1 .30103
1 .3q242
1 . 38021
1.41497
1.46240
1.53148
1.59106
1.64345

0 .9257 3

0,92457
0 .92842
0.92526
0.9251 1

0 .92495
0.92480
1.00765
1.01004
l .00989
2.9889s
2.98549
2.98033
2 .97 605
3.0026s
2.99883
2.99581
2.99293
2 .99041
2 .987 90
2.98664
3.00539
3.00289
3.00040
2.99585
2.990s0
2.98ssB
2.98191
4,11420
4.10905
4 . r 0095
4.09377
4.08748
4.13123
4.12545
4,11927
4..1 1395
4. 10866
4. 12340
4. r 1856
4 .1137 5
4. 10896
4.13142
4 .121 l8
4.11102
4. 10096

0.9501s
0.950 I 5
0.9s0 l5
0.950 I 5
0.950 1 5
0.95015
0.95015
0.95015
0.95015
0.9501 5
2.99367
2.99367
2.99361
2.99361
2.99367
2.99367
2.99367
2.99367
2.99367
2.99367
2 .99367
2.99367
2 .99367
2.99367
2.99367
2.99367
2.99361
2.99361
4.16833
4.16833
4.16833
4.16833
4.16833
4.16833
4.16833
4. r6833
4.16833
4.16833
4. t6833
4.16833
4.16833
4.16833
4.16833
4.16833
4.16833
4.16833

0.04653
0.06997
0.09330
0. 1 1660
0. 13994
0.15324
0. 1 86s8
0.20989
0.30318
0.32648
0.21265
0. 36856
0.60374
0.80100
0.959 1 5
r . 1 3814
1.27739
1 .41700
1 .53675
1.65675
1 .7 1682
1.77694
1.89731
2.01785
2.23877
2.50087
2.7 4326
2.92508
0.28805
0.52149
0.89409
1 .23034
1.52838
1.82788
2 .1 0822
2 .4097 7

2.67 151
2.93389
3. 19687
3.4400 |

3.68358
3 .921 53
4 .31 597
4.84614
5.37916
5.91396

0.046626
0.023340
0.01 1667
0.00s824
0.003890
0.004661
0.0c4667
0.004662
0.009329
0.004661
0.212629
0.15s912
0. 1 17591
0.098626
0.079076
0.089498
0.069623
0.069805
0.059875
0.0s9998
0.060075
0.0601 l9
0.060184
0.060270
0.044 184
0.0s2422
0.048477
0.036365
0.28802 I

0.233435
0.186300
0.168127
0.149020
0. 149748
0.140170
0. 150778
0. l30B68
0. l3l 193
0.131490
0.121s68
0 .121787
0 .1?2021
0. 1291 15
0.106233
0. 106604
0. r06961

0.0004662
0.000699s
0.0009126
0.0011653
0.00 I 3984
0.00!6311
0.00 1864 I

0.0020967
0.0030272
0.0032595
0 .002 t 2s2
0.0036788
0.0060193
0.0079780
0.00954s8
0.0113171
0.0126930
0.0140705
0.0152506
0.0164 3 l7
0.0170225
0.0176134
0.0187953
0.0199776
0 .022 1 401
0.0247011
0.0270631
0.0288312
0.0028764
0.0052013
0.008901 l
0.0\22283
0.0 r 51682
0.0181 137
0.0208630
0.0238120
0.026364s
0.0289168
0.0314584
0.0338216
0.0361736
0.0385246
0.o422457
0.0473237
0.0523947
0.0574569

3.3314
3. 1552
3.0303
2.9335
2 .855 4

2.1815
2.1295
2 .61 85
2. s 1 90
2.4868
2 .61 28
2 .43s3
) ))nq
2.0981
2 .0202
r.9463
1.8964
1 . 85l7
1 . B r67
r .784 3

l .7690
1.1552
1.7259
r .699s
r .5548
1 .6073
1.5676
r .54 0 r

î È¡ t a

2.2839
2.0506
1 .9126
1.8191
\ .1 420
I .6806
1.6232

-l .5 j90
, 1 .5388

I . 50 2 1

1.4708
-1.4516
-1.4r43

| .37 S2
,1.3249
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SUMMARY OF CREEP PARÀMETERS B AND F

ã oBs pREssuRE 
-TypE- -M9DEL- -DEPVÀR- -sIGMA- LocLNR LocrlME L6GF FVALUE

0.00046293
0.00228194
0.0029s810

BSLOPE LOGPI

0 .022206
0.476204
0,619962

1

2

3

0.950 I 5
2.99367
4 . r 68 3 3

oLs
oLs
OLS

LOGLNR
LOGLNR
LOGLNR

523470
r 20656
045 r52

0.469400
0.681353
0.787593

-3.3345
-2.6q17
- 2 .5290

0.469400
0.681363
0.787593

0.0
0.0
0.0
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ESTIMÀTES FROM LINEAR REG. ANÀL. OP LOGF VS LOGPI

DEP VÀRIÀBLE: LOGF I NTERCEPT

SOURCE DF

MODEL
ERROR
C TOTÀL

ROOT HSE
DEP MEAN
c.v.

VARIABLE DF

I NTERCEP
LOGPI

oBs -TYPE-
OLS

SUH OF
SQUÀRES

0.371129
0.00276645

0.380496

0.052597
-2.83s056

- 1 .85524

PARAMETER
ESTI MÀ18

-3.296690
1 .289530

-MODEL-

MEAN
SQUARE

0.377729
0.00275645

R-SOUÀRE
ÀDJ R-SQ

STANDARD
ERROR

0.049829
0. I t0358

F VÀLUE

1 35.539

PROB>F

0.0543

PRoB > lrl

1

1

2

0.9927
0.985s

H
(o
(¡¡ T FOR HO:

PÀRÀMETER=O

I NTERCEPT

VÀRI ABLE
LABEL

LOGF I

3.2967

-55.160
I 1 .685

0.0096
0.0543

SUMMÀRY OF CREEP PÀRÀMETERS F-I ÀND N

-DEPVAR_ -SIGMÀ- LOGF NSLOPE

LOGF 0.0525971 -1 1.28953

F1

0.00050502 1
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THE DEFORI'IATION PROPERTIES OF WARM UNDEROCEAN PERMAFROST

DonaId ShieIds, M.A.S.C.E.*,. Leonard Domaschuk*,
HerberË Fensury**, and RoberÈ Kenyon**

AbsËract

Two quasi-conventíonal incremenËa1 pressuremeËer tesEs t¡ere
carried out on Ílârì-rnâde speclnens of tL¡arn t (-3tC) f.rozen, saturated
sand. InsEead of each increment of pressure lasting one minuter as is
Ehe case in Èhe conventional pressuremeEer tesÈ, each increment \./as

maintaÍned for 45 ninutes. The resulÈs of Èhese tr^to tesÈs l¡ere used
to determine the creep parameters b, n and o^ which are required for
Ladanyi's t,heory for the long term creep behaf,iour of frozen soil.

Ladanyi's theory was then used to predict che creep strain during
four long term constant pressure pressuremeter Ëests on the same !¡ar¡D
frozen.sand. 0f the four tests, which were carríed out aË Pressures
of I , 2, 3 and 4 MPa, Ladanyi I s theory showed promise in only one
case, namely Ehe test at Ehe highesf Pressure (4 MPa). One reason why
Ëhe t f it' Iras good at 4 M.Pa was Ehe short duration of this constant
pressure test in comparison t¡Íth the others; Èhe 4 MPa constant
pressure Ëest reached the limít of scrain for Èhe pressuremeÈer in
only 170 rninutes, that is to say t,hat Ëhe test lasÈed only four Eimes
longer Ehan Ëhe incremental test, whereas Èhe other Eests lasËed from
27 to 667 times longer than the incremental test.

InËroducÈion

ln 1980 rhe oil and gas Índustry in Canada idenrified three
t unknowns' of engineering concern for Èhe future development of the
BeauforË Sea petroleum reserves. One of these unknor¡ns r.¡as the long
term deformatÍon ProPerties of undersea warm Permafrost. (The other
Èwo were l) ice scour depth and frequency and 2) the behaviour of gas
hydrates. ) The paper wilt address the problem of permafrosC
behaviour.

Arrificial islands or aÈolls will be buitt in che Beaufort Sea Eo

serve as production pJ-atforms for the recovery of oil and gas.
Directional drilling wilI be used to develop as many as Èwenty
(inclined) production wells from one island. A real concern facing
the petroleum industry is the magniÈude of the settlement Ehe islands
wÍ11 undergo durÍng theír working lives. A realistic assessment of
the probable set.tl-ement is requÍred if rhe weIl casings are to be

designed to wiËhstancl the resulting deformation and stresses without
fracture. tufany of tlte islands will be built over warm (-2o to -3"C)

*Professor, **Gradua Èe S tudent , CÍvil Engineering DeParCment '
University of ManiËoba, t"Jinnipeg, Ifanitoba R3T 2N2.
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permafrost; very littIe Ís known about the long Èerm (creep)
deformation behaviour of chis material.

In the case of gas wells, seËtlemenÈ wilt be due (mainly) Èo che
Iong term deformation of. the permafrost under relatively constanc
tenperature condiËlons. In che case of oil wells, the natural warmch
of the oi1 will add che complicaEion of thaw-settlement Eo the sÈress
induced, creep deformaËion setÈlement. tJe at Manitoba are investi-
gaËing the constanc temperature creep deformacion properÈies of warm
permafrost with financial supporÈ from the NaÈural Sciences and
Engineering Research Council of Canada under Èhe SErategic Grants
Program.

lwo approaches are being taken: l) laborat,ory triaxial tesÈs to
measure bulk and shear creep deformat.ion properÈies and 2)
pressuremeter tests Èo measure creep parameters in SiÈu. Given the
difficulty of recoveríng and testing representatlve specimens of warm,
mar].ne permafrost. fn situ tests of the pressuremeter type will

method has to be found for theprobably be used fn practice. A
prediction of long-Èerm creep characteristics from short.-Èerm
pressurementer data. As far as we know, only one attemPt in this
regard has appeared ín the literature. In this paper r'te exanine this
attempt, being staÈe-of-the-art because of íts uniqueness, in light of
our own tesC resulËs. Our pressuremeËer creep-tests l^tere performed on

warm frozen sand of a kind found under the Beaufort Sea.

State-of-the-Art - Ladanyi's Theory

A method for determining the creep parameEers of frozen soil has
been suggested by Ladanyi and Johnston (1973) ,(1978). A recent paper
<lescribing the pressurenet,er t.esË in frozen sand is Èhat of Ladanyi
and Eckardt (t983). According to above-nentioned PaPers the total
strain aÈtained on an ice-rich frozen soil, afÈer a given time, under
a constant stress, \.¡as given bY

E = e(i) * 
'(c) 'eee

where e(i) is the instantaneous portfon of the ÈoÈal strain
is the time dependent creeP strain, which is expressed by a

equaËion:

(c) o

[t' )'
c

and
power

(l)
(c)

E

IåW

e.t c \D= tb j b
E t (2),

I

e

where the subscripË e denotes Ëhe von Mises equivalent stress and

strain, o is the reference stress at tl¡e arbiÈrarily selected straitt
raEe å,"b and n arc creep ParameËers and t is Ehe Èinre.

ThE creep expansion in a cylindrical cavity under plane strain
conditions, at a consËant stress p = Pi-Po, applied duríng sEage i,
was Ítr the form:

b
) t.Q.n (r / r i-l F

L97

(3)



hrhere p. is che internaL pressure on the cavicy wall, p^
laceral tpro"sur. acting at infinity, r is the cavity radiusÏ
Èhe cavity radíus at t=0 ic. at the sÈarE of a given constant
creep stage, and F is def ined as:

n+I b

is the
r. is1-I

P res su re

F-t
b

e
c I

J

n
ß
-2

2--P. (4)
no

c

in which o
c

Here m is
the ratio
sample.

o andm=l 2/n (s)m c

Ehe correction factor for Èhe size of Èhe sample and a is
of the inner cavity radius to the ouÈside radius of the

Using Èhe semi-graphical method described in Ëhe
references, the values of creep pararleters b, n and o
from a multi-stage creep tesË, by plottíng the resu
pJ-ot, f irstty I tn(r/r_. , ) J versus time and then
Pressure p.

I

Two independenr
Ladanyits theory was

c

TesË. SeËup and Tescing Procedure

Figure I shows Ehe seËup of Èhe test equipmenÈ and the frozen
sand specimen. A uniform quarÈz-carbonaEe medium grain sand was used
Ín all the Cests. The sand q¡as poured uniformly into Ehe mold,
saËurated from the botcom upward with tap water, and frozen one
diurensionally at a charober t.emperaÈure of -20oC. l.Ihen freezing was
complete, t,he chamber temperature was raised co -3oC. The specimens
had an average dry unit weight of I4.3 kN/m3.

The pressuremeËer tests lrere carried out with an OYo ELASTMETER

-i00 pressuremeter. The insErument is a monocellular borehole
extensometer r¡hich uses a calíper to neasure changes in borehole
radius. A hole r.ras bored in the cenËre of che specimen using a
modified CRREL-type hollow barrel auger. The 76.2 nm diameter
cuÈting-head of the auger produced a smooth-walled cylindrical cavity
of 78 co 79 mm in dÍarneÈer. The pressuremeter s¡as then inserted in
the hole.

During a tesc, the pressuremeter applied a gÍven constant
pressure to the inner waIl of the thick frozen sand cylinder. The
pressure was held constanË for a given length of time during which the
change in radius of the probe was recorded. For a multi-stage Ë.est,
ac the end of Ëhe specified time interval (45 minutes), Ëhe pressure
úras increased Ëo another level and readings were taken once again of
radius change. A more.detailed descripEÍon of sample preparation and
tesËing procedure can be found in Shields et al (1984).

Creep Paranreters Obtai¡red Using Ladanyi I s Metlrod

above mentioned
were deterrnined

ts in a log-1og
(F) versus the

and
f <¡ r

nrulti-stagc loading tcsts r.tere performed
applied Èo the results. The rotal strains
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each loading stage of both tesÈs PT.'201 and PTl03 can be found in
Figures 2 and 3 respectively. Following the Ladanyi and Johnston
( 1978) procedure Ëlre creep data lrere processed wich pseudo-
insÈanËaneous sÈrains to Èinre t=l minute, subEracted from the total
strains in deEermining creep parameters b, n and d^. The values of b
for rescs PT20I and PTl03 hrere obtained from the cplocs in Figures 4

and 5, and an n value was obtained from the plot. in Figure 6.

For PT20l, the b

ace
.9I I ,

valued ¡
= l0-' fange_

min
rom 0.439 to 0.951, n

. For PTI03, Ëhe b

and o lras 1.39
c

MPa

r¡as 1.70 and

Io was 1.29 lfPa
2Il to 0

values
ac e

c

ra n8e
= l0-ct rom-

-tmÍn

c
0 n r{as 1.07

The of b values are shown plotted against pressure in Figure 7

The best fit line is given by:

b Ll(0.374 + 0.101 p + t .zL9 /p) (6)

Predicted Versus Actual Long-Term Test Strains

In equation 3,

Ft b

to (e 1.0) x L}O"A (7)

since
s tra in

^=l+
is the

r/r.
and 6r

t /r.
a-l

charige^
I + e^ where €^ is Ëhe circumferential
radiuS. Predi&ed total strain for any
can be r¡rítLen as:

(8)

(at I nin)
procedure.

l-n
pressure level and at any EÍme

where
that

f, = e + E^ËoEaI ci u

E _ . is the cumulative pseudo-insEantaneous strain
wascrsrrbtracted from Ehe creep data for Ehe evaluation

Using equations 4, 6, 7 and 8

against acËual strains for pressures
8, 9, l0 and ll respecËively.
DiscussÍon of Results

pred ic ted
of l, 2, 3

strains I{¡ere
and 4 MPa Ín

plot Eed
Figure s

This is a straightforward test of Ladanyi's ¡nethod for the creep
of frozen soil. The procedures suggesced by Ladanyi and Johnston and
by Ladanyi and EckardE on how to run incremental pressuremeter tests
to measure the creep parameters b, n and O^ were follor¿ed rigorously.
These parameters were Ëhen used to predicttthe creep deformation .over
time of four, independent, consEant pressure pressuremeter !esEs. The
sand, sample preparation, and temperature conditions úrere identical
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for both the incremenÈal tests and constant pressure Èests. I'igures
8, 9, l0 and ll give the resul-t.

Referring Èo Ëhe four figures, ic is seen thac for three of the
four consCant pressure tesCs, the predicted creep strain was wide of
the mark. Only aÈ Èhe highest stress level (4 MPa) were Ëhe predicted
and actual resulEs close. In engineering Eerms 4 MPa represenËs a
very high stress since Ít is equivalent Èo the vertical tot.al stress
aË 200 metres depth in Ehe ground. The resulcs in Èlre I ro 3 Mpa
range are . of greaËer engineering interest , tha E is to say in the
pressure range where agreemenc u¡as poor.

One reason why the predicted curve fits the actual test resulcs
at 4 MPa is the relatively short time thac the corresponding
incremental test result had co be extrapolaËed. The incremental test
lasted 45 ninutes whereas the 4 MPa test lasted only I70 minutes.
When the 45 minute results had to be exÈrapolaEed (extended) to
thousands of minut.es (see for example the constant pressure Èest at 2
MPa whÍch ran for 291000 minutes), Ëhe fft was poor.

Conclusion

Ic has been shom chat the Ladanyirs method q¡as
predicc Ëhe long term creep behaviour of a warm frozen
basis of short term (forty-five minutes) Èests.

not able to
sand on the

the
the
oYo

thic k
InE.
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PRESSUREMETER TEST PT IO3
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