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DETERMINATION OF CREEP PROPERTIES OF FROZEN SOILS BY MEANS OF THE BOREHOLE
. DILATOMETER RELAXATION TEST

Branko Ladanyi

Ecole Polytechnique, Montreal

Background: The Geological Survey of Canada, as part of its contribution to the
Energy Research and Development Program, is undertaking research into various
. aspects of envirommental constraints on energy transportation in northern Canada
posed by permafrost terrain. A component of this research includes interest in
the mechanical properties of permafrost soils, and in improved methods for

determining those properties in the field and in the laboratory.

Objectives: As stated in the Contract No. 5085.23233-7-1125 of 01-09- 87, this
study has the objective: "To investigate the usefulness of the borehole
dilatometer relaxation test (BDRT) as a method for in place determination of

creep properties of frozen soils".
Method: The study was required to include:

- An experimental portion, consisting of a series of full-scale borehole
relaxation tests in a test chamber, under well-controlled cold room conditions,
to be carried out with an artificially prepared frozen soil, such as frozen. sand.

The purposes of the experimental portion were:

1. To investigate and develop the most efficieﬁt testing method for medium-
and long-term creep parameter determination;

2. To modify, or propose modifications and improvement§ to the commercially
available dilatometer equipment, with a special reference to the automatic
recording syétem and the computer processing of data;

3. To compare the deduced creep parameters with those obtained from triaxial

compression and borehole dilatometer creep tests.
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A theoretical portion, that would contain:

A critical review of the available test interpretation methods;

- Application of these methods to the experimental data and the comparison of
the parameters obtained;

- Discussion of the effects on the parameters of the following: loading rate

in step-loaded tests, straiﬁ history, relaxation time, and lateral confining

pressure,

Deliverables: Semi-annual progress reports and a final report, containing:

A review of previously published data on the subject;

A detailed description of equipment, testing procedures and interpretation

methods;

Discussion on all subjects described previously, and

Recommendations for future research, if appropriate.
1.0 INTRODUCTION

.The uﬁderstanding of permafrost phenomena and the design of structures in
permafrost regions requires an adequate knowledge of the mechanical properties
of frozen soils and ice under field conditions. A conventional way of getting
this information consists in taking samples of frozen soils and testing them,
preferably in a field laboratory. Although it is in principle relatively easy to
obtain good undisturbed samples from most frozen soils, except from those
containing coarse gravel and rock debris, the field tests are often favoured
relative to the laboratory tests, because 1..the preservation of frozen samples

and their transport to specialized laboratories, which are still rather scarce,

‘are difficult and expensive, and 2. most of ice-rich permafrost soils have a

~complex large-scale structure of ice lenses and inclusions that can much better

be investigated by large-scale field tests than by testing samples in the

laboratory.
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For these reasons, several attempts havg been made in the last twenty years
to find appropriate field methods for testing frozen soils, either by adapting
known methods used in unfrozen soils, or by developing new ones, able to furnish

certain basic frozen soil parameters needed in the design.

Most fiéld methods, developed originally for testing unfrozen soils, can
also be used in frozen soils, provided the equipment is sufficieﬁtly strong to
deform and fail the more resistant frozen soil. However, although the equipment
may be of the same type as in unfrozen soils, different test procedures and data
processing methods are usually needed to obtain the frozen soil parameters. For
example, in field tests in unfrozen soils, mostly only short-term strength and
deformation properties, including compressibility, may be required. In frozen

soils, in turn, attention is concentrated on long-term creep behaviour and the

sensitivity of properties to temperature variation.

Although ‘various geophysical methods are able to furnish valuablé
information on the state and the extent of permafrost in situ, the present
investigation is limited only to the geotechnical field methods, designed to
measure in-situ mechanical properties of such soils. At present, there are two
such field methods that have been in use or under developﬁent for testing frozen
soils: the borehole dilatometer (or pressuremeter) test, and the deep static cone

penetrometer test.

This investigation deals exclusively with the former type of test, and in
particular when such a test is performed in the stress-relaxation mode. Although
the test equipment used in the study was essentially a version of the "Menard
Pressuremeter", the test has been called the Borehole Dilatometer Relaxation
Test, or BDRT. This clarifica£ion'is necessary to avoid a confusion with the Flat

Dilatometer Test used in unfrozen soils mechanics.
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2.0 REVIEW OF PREVIOUS WORK

In the last 20 years, several field studies, as well as cold room
investigations with the original field equipment, have been carried out by the
author and his collaborators. Until recently, these studies consisted essentially
in performing borehole short-term and creep tests with the Menard pressuremeter
equipment, with the purpose of deducing from them certain basic short-term and
creep parameters of frozen soils. The procedure used in thgse studies remained

basically the same as that described by Ladanyi & Johnston (1973, 1978).

The experience gained in this period has shown that the borehole dilatometer
(pressuremeter) test offers a good possibility for determining the creep
parameters of materials whoée creep behaviour can be descfibed by a generalized
power law, such as ice, frozen soil, rock salt and potash. Howevef, the same
experience has shown also that, because of the total injected fluid volume
limitation of the pressuremeter cell, Stagé-loaded creep tests, with several

stages as required for test interpretation, could furnish creep data only for

relatively short creep times and for a medium stress range. In addition, it was

also realized that the results of such stage-loaded tests with up to 1 hour creep
period per stage, can be seriously affected by the stress redistribution problem,
i.e., by the fact that at the end of each new loading stage, the
stress-redistribution from the previous stage is not yeg complete. This subject
was dealt with by Murat et al.(1989), who showed that a special data processing

and interpretation procedure is necessary for taking into account this effect.

On the other hand, a borehoie relaxation test does not suffer from the
aforementioned disadvantages. Firstly, in such tests, it is the strain which is
controlled, while the stress va:iation with time is observed, so that the volume
capacity of the cell is never inadvertendly exceeded, and, secondly, a borehole
relaxation test is basically a stress-redistribution test and its interpretation

is straightforward.
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The first such tests were performed by Ladanyi et al. (1978) in ice,
fbllowed by a series of such tests in a frozen silt at Inuvik, NWT (Ladanyli,
1982), and in a frozen sand in cold room (Eckardt & Ladanyi, 1983). More
récently, such borehole relaxation tests were carried out in the CRREL Permafrost
Tunnel in Alaska (Ladanyi et al. 1991 a) and at a Norwegian Geotechnical
Institute test site at Longyearbyen, Svalbard, (Ladanyi et al. 1991 b).
Theoretical treatment-of the BDRT-s was presented invLadanyi et al. (1978) and
in Ladanyi (1979) and Ladanyi & Huneault (1987). No literature record on
performing such tests in either frozen soils or ice, or in any other earth

material, has been found to date.

The results of the borehole dilatometer relaxation tests carried out for the
present study in a frozen sand under cold room conditions, will be shown and

discussed in the subsequent sections.
3.0 RELAXATION TESTING AND THEORIES
3.1 General

Relaxation testing is an impoftant alternative for investigating the creep
properties of a material. Quite generally, stress relaxation is a fundamental
process by which an effective measure of the state of stress within a solid can
be seen to decrease in time due to the conversion of elastic into inelstic
strain. A relaxation test can generally be viewed as the inverse of a creep test:
instead of maintaining a constant load and fecording‘strain variation with time,
an initial strain level is maintained and the decaying stress is monitored over
time. The importance of relaxation testing lies essentially in the poteﬁtial it
offers for verifying experimentally and independently a material flow rule, based

originally on creep testing.

Figure 3.1.1 (after Gangi, 198l) shows a general constitutive surface,

f(e, €, o) = 0, containing all typical stress, strain and strain-rate paths used
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in the tests. In the following, some typical relaxation solutions will be

’
reviewed, mainly for illustration purposes.

3.2 Uniaxial relaxation of a linear Maxwell material (after Findley et al.

1966)

The Maxwell material can be represented by a two-element rheological model,
consisting of a linear spring element and a linear- viscous dashpot element,
connected in series, as shown in Fig. 3.2 a. The stress-strain relations of

spring and dashpot are described respectively by

Ee

[3.2.}] g

[3.2..2] 0 = TNeg

where E is the Youhg’s.modulus and n is the coefficient of viscosity.
Since both elements are connected iﬁ series, the total strain is

[3.2.3) € = €, + €4

s

or the strain rate is.
[3.2.4) € = €, + €y
With [3.2.1] and [3.2.2] this becomes

[3.2.5] € =0/E +g/M
If the Maxwell model is subjected to a constant strain, ¢,, at time t = O,
for which the initial value of stress is ¢,, the stress response can be obtained

by integrating [3.2.5] for these initial conditions with the following result:
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[3.2.6] o(t) = o, exp(-Et/ n) = E ¢, exp(-Et/n)

where ¢, is the initial strain at t = O+, which refers to the time just after
application of the strain. Eq. [3.2.6] describes the stress relaxation phenomenon
for a linear Maxwell model under constant strain. This phenomenon is shown in

Fig. 3.2 c. The rate of stress change is given by the derivative of [3.2.6]:
[3.2.7] o= -(o, E/n) exp(-Et/ n )

Thus, the initial rate of change in stress at t = 0+ is o = - o,/tg, where the

term  ty = nN/E is called the relaxation time of the linear Maxwell model.
3.3 Uniaxial relaxation of a non-linear Maxwell material

Relaxation solutions for a non-linear Maxwell model, which is considered to

be able to properly represent the cfeep behaviour of ice and frozen soils, depend

~on the type of the non-linear creep function selected, and on whether the

time-hardening or the strain-hardening concept is assumed.

When a'power-law form, both in stress and in time, is selected as the
non-linear creep function, and the time-hardening concept is adopted, one obtains
the solution shown by Eq. A(12) in Appendix A. On the other hand, a solution
based on the strain-hardening concept, but based on the same power law, has been

obtained by Huneault, and is shown by Eq? 37 in App. B.

In addition, Appendix B presents also relaxation solutions for
time-hardening creep laws, where the non-linearity in stress is expressed by a
hyperbblic'sine function (Eq. 43 to 47 in App.B), and for an exponential function

(Eq. 52 in App. B).

For properly interpreting the results of relaxation tests performed in a

borehole drilled in a visco-elastic material, it is necessary to develop a




solution for relaxation of a thick-walled visco-elastic cylinder under internal
pressure. Such a solution was developed by Ladanyi (1979) in connectioﬁ with
borehole relaxation tests in ice. The solution was later further extenéed by
Ladanyi & Huneault (1987) to include an instantaneous non-linear response of the
material. The theory is valid for any material which shows a non-linear
Maxwell-typé of creep response, defined by a power law of stress, but it has a
linear-elastic response during elastic unloading in relaxation. The complete
theory of borehole reiaxationbis shown in Appendix A. The same theory will be
used in this réport as a basis of an advanced method for interpretation of
borehole relaxation tests, called the "Reference Stress Method", which will be

described in the following.
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3.4 Borehole relaxation data processing by the Reference Stress Method

The purpose of the borehole relaxation method described in this report is
to find the basic creep parameters in the creep portion of the total strain
equation(Eq. A3 in App. A).

[3.4.1]  eq o = (6o/B)® (04/00)™ £

where the subscript "e" denotes the. von Mises equivalent stress and strain
measure, and t is the time. The creep parameters to be determined from the
relaxation tests are the two exponents, B and n, and the creep modulus, o¢., valid

for an arbitrary strain rate, e,.

Clearly, the same creep parameters can also be determined by performing a
series of borehole cfeep tests, as shown by Ladanyi & Johnston (1973). However,
based on the~éxperience since that time, it is considered now that the borehole
creep tests present some definite disadvantages from both a theoretical and a -

practical point of view.

The output of any . stage-strained relaxation test, performed with a
sufficiently rigid dilatometer system (or corrected for finite rigidity),
represents a set_of stress relaxation curves, each of them starting from a
different aﬁplied borehole expansion strain ( Aa/a),. For hydraulic-type
dilatometers, like the Texam ﬁressuremeter used in this study, where the volume
expansion of the probe is recorded, the value of A a/a is related to the

specific volume expansion AV/V by the relation, valid for large strain
13.4.2] Aafa = 1 —(1 — Av/v)/2

For small strains, AMAa/a = 0.5 AV/V.
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For each experimental relaxation curve, the relaxing stress,

cavity wall starts from its initial value, p;,, given by Eq. A20, which, with

k = 1 and oy /¢, = E, becomes

[3.4.3] py, = (2/3)E( ba/a), = Gy( AV/V)

.where G, is the pressuremeter shear modulus determined from the loading slope

?
of a rapid loading pressuremeter curve (Fig. 3.4.1)

[3.4.4) G, = Ap;,/ A(AV/V),

For data processing, Eq. A36 can be written as
[3.4.5]  (Pio/Pie)* ™t -1 = Dtﬁ, where
{3.4.6] D = [(n-1)/n"](P;, /3)™ ' AE
Here, p,;, (Eq. A22) is the net pressure
[3.4.7]  Pio = Pio - Po
E is the Young’'s modulus of the material in unloading, and

[3.4.8] A= (&/B)® o.°®

10

The unloading modulus, E, should be determined by performing, in a short-term

pressuremeter test, several loading-unloading cycles within the region of

- relaxation strains covered by the relaxation test.

For finding the creep parameters, B, n, and o,, from the results of a stage

strained relaxation test (Fig.3.4.2), the method suggested in [Ladanyi, 1979]

consists.in plotting first the term on the left hand side of Eq.{3.4.5] against
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time in a log-log plot, as shown in Fig.3.4.3. This yields a family of nearly

straight ascending lines, whose slope is equal to B. However, for making this
plot, one must know, or guess in advance, the values of the total far-field
stress'po and of the stress‘exponent n. The former can be determined by putting
it approximately equal to the total overburden pressure (in the case of field
tests in permafrost). As for the value of n, one can take for the first trial

n = 2 or 3, to be improved in the next step.

In this fixst plot (fig.3.4.3), the values of D in Eq.(3.4.5) can be read
from the intersections of the lines with the ordinate at t = 1. When these
D-values are plotted against the corresponding initial stresses, p;, (shown

supefimpbsed in Fig.3.4.3), it is found that the new line has the slope
[3.4.9] n -1 = A(log D)/ A(log p;,)
which makes it possible to find an improved value of n.

Finally, when B and n have been determined in such a manner, the value of
the. creep modulus, 0., for an arbitrary value of éc, can be calculated from the
coordinates of any point S on the (D, P;,)-line, using Eq.3.4.6, giving (Eq. A40
with k=1):

[3.4.10] 0% = [(a - D/a 10k, /3)“‘1(E/DS)(éC/B)B

This makes it possible to write the creep portion, Eq. A3, of the total
strain equation Al. The instantaneous loading portion, Eq. A2 of Eq. Al is
determined from the p;, vs. (Aa/a), relationship found in the same pressuremeter

test.

11
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3.5 Borehole relaxation in a thick-walled cylinder:
As the cold-room relaxation tests described in tbis study were made in thick
cylinders of frozen sand, some corrections had to be introduced into the

foregoing formulas, in order to take into account the finite outside radius of

the cylinder.

It can be shown (Ladanyi, 1979) that, for a thick hollow cylinder with an

inside radius a and an ouside radius b, the following formulas apply.

The initial stress p;, corresponding to an applied elastic strain ( Aa/a), ,

should be calculated from:

[3.5.1] puo = (26/N( fa/a), = (G/N)( aV/V),
where the shear modulus

[3.5.2] G = E/2(1+v) =AApi,/ A(AV/V),

is obtained from the first straight-line portion of the pressuremeter curve,

corresponding to a quasi-instantaneous loading. Herein, for a plane strain case
[3.5.3] A = [1+ (1- 2V)(a/D)?]/[L - (a/b)?]

In the relaxation domain, it is found that, for a finite thick-walled cylinder,

the dimensionless time unit, t* (Eq. A24) becomes
[3.5.4] t* = E[(/3/a)(P;,)" ! A tB, where

[3.5.5] a=1- (a/b)?
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In addition,'in that case, the factor 2/k preceding the integral sign in Eq. A21,

should be replaced by 2/ak, which implies that all the four exact solutions shown

~ in App. A, to be valid for a thickwalled cylinder, should also be divided by a.

If the Reference Stress Method is used, it is found that for a finite

cylinder, the reference stress oy has the value (with k = 1):
(3.5.6] og = J3 n R/ AT (p - p) QalTP
where a’'is given by [3.5.5], and
[3.5.7] Q=ca"/[l - (a/b)?/®]®
Eq. A34 then becomes (with k = 1):
[3.5.8] Byp/Pso = (1 + [(n-1)/n"] ¢* @) 2/ (a=D)
where t* is given by Eq.3.5.4.
Eq.3.5.8 gives a good approximation for all values of n between 1 <n< 1.7,

when b/a > 5, as well as for any n-value, when b/a < 5. When b/a > 5 and n > 2,

it is found (Ladanyi, 1979) that a better approximation to the exact solution is

‘ obtained if in Eq.3.5.8 the term in square brackets is replaced by [(n-1)/n t.7y,

but this was not used in this report.

In the same manner, for interpretation of a relaxation test in a

thick-walled cylinder, D in Eq.3.4.5 becomes:
[3.5.9] D = [(n-1)/n"] Q(P,, /3/e)" ! AE

and the value of o, is then found from

13




[3.5.10] a? - [(n-l)Zn“] Q(E/Ds)(ﬁio.; /3/0)“'1(§C/B)B

with the same remark abéut the n-term in square brackets as before.
4.0 SOME APPROXIMATE METHODS FOR BOREHOLE RELAXATION DATA PROCESSING
4.1 Method based on the isochronous pressurémeter curves

Figure 4.1.1 shows the result of a step-strained borehole relaxation test,
carried out in a thick block of ice (Ladanyi et al., 1978). The test consisted
of 12 equal-volume-increment steps, each of them followed by a 16 min long stress
relaxation interval, with stress readings taken after 0.25, 0.5, 1, 2, 4 8, and
16 min. A very simple, but grossly approximate, method for interpreting such
borehole relaxation test results is by considering the curves in Fig.4.1.1 as a
set of isochronous pressure vs. borehole expansion curves that can be treated in

the same manner as ordinary pressuremeter curves. By using the interpretation

method for short-term tests described by Ladanyi & Johnston (1973; 1978), one can

then easily deduce from each of these curves: (a) the initial modulus of
deformation, E; (from the slope of the tangent passing through the true origin

0’', and the whole stress- strain curve up and beyond the peak point.

Figure 4.1.2 shows the resulting isochronous stress-strain curves. The
curves have a peak (q = g¢) at about ¢; = 1.5%, while the total failure of the
block occurred at about ¢, = 2.6%. The reéulting values of E, and q; are plotted

in Fig.4.1.3 as functions of time.

A similar method was also used for interpreting the borehole relaxation
tests carried out in frozen silt at Inuvik, NWT (Ladanyi, 1982, Figs. 4 & 5).
It is noted that this method does not furnish the creep parameters, but only

the effect of time on the deformability and strength of the tested material.

14




4.2 Method based on the aging theory of creep

Another simple, but not necessarily the best, way for deducing from borehole
relaxation test results the time-dependent deformation and strength parameters
of the material, is by considering that there is a unique and continuous surface
in space, relating stress with strain and timev(Fig. 4.2.1). This assumption is
known as the basis of the simplest type of the aging theory of creep based on
total strains. Although not very accurate, the theory is considered to be able
to furnish predictions which do not severely disagree with practice

(Rabotnov,1966) .

In borehole relaxation testing, the aging theory can be used ir two
different manners. In the first one, a step-strained borehole relaxation test
.is used to generate a series of time-dependent pressure-expansion curves, from
which the time-dependent moduli and strength parameters can be deduced by means
of a conventional pressuremeter curve interﬁretatidn method (e.g., Ladanyi,
1979). The second one consists in using the observed borehole relaxation curves
for finding the numerical values of some basic creep parameters of the soil. In
the aging theory, it is assumed that creep and relaxation are closely related,
so that a relaxation curve is nothing else but a creep curve under a continuously

decreasing stress, resulting in a constant value of strain. In other words,

15

according to this assumption, any constitutive creep equation can be transformed

directly into a relaxation equation by making the creep strain constant and equal
to the applied initial strain. In that theory, no consideration is given to the
fact that the applied strain may be partially elastic and that the material may
have a different behaviour in loading and in ﬁnloading. Nevertheless, in spite
of these drawbacks, the theory has been found many times in the past to be a
useful tool for generalizing the results of stress relaxation tests. For
example,.in unfrozen soil mechanics literature, this mgthod was used with success
by Lacerda and Houston (1973) for describing the results of relaxation tests,

carried out on three types of unfrozen soils in triaxial apparatus.
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The foilowing method for interpretation of borehole relaxation tests in
ice-rich frozen soils, which was first shown by Ladanyi et al. (1978), has been

found to be simple and easy to use in practice.

According to the aging creep theory; a creep process can be expressed by

a family of isocurves (Rabotnov, 1966), given by

[4.2.1] . ¢ (€) = o.¥(t)

16

where ¢(e) is a strain function, o is stress and ¥(t) is a time function. For

including the instantaneous response, it is required that ¥(0) = 1. According

to this creep theory, the stress relaxation is then given by

[4.2.2] o = ¢(e) /(L)

If, however, one wants to retain the same form of the time function as that
contained in Eq. 3.4.1 the condition ¥(0) = 1 cannot be satisfied, but should be
replaced by ¥(t') = const, where t’ is a very short time interval in which the
response of the structure is taken to be non-linear elastic. This assumption
implies that, at any point and time, the total strain is equal to the sum of a
pseudo-elastic strain, corresponding to t', ahd a creep strain, corresponding to
t', where t' is the real time. Adopting a similar strain measure as in Ladanyi
and Johnston (19730, one can then write for an expanding cylindrical cavity

(Ladanyi et al., 1978):
(4.2.3]  [In(V/V,)1Y/® = /% [(p, - p,)/a,](t" + £)B/"

For small strains, say for AV/V < 5%, and for plane strain, the large strain
measure 1n(V/V,) may be replaced by In(V/V,) = WV/V = Y = 2 ¢, where Y is the
engineering shear strain). From Eq. 4.2.3 it follows that the family of

relaxation curves is defined by
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_ _ In(v/Vv,)|i/n
[4.2.4] (pi po) = 0, [WE?] ,Where

[4.2.5] M=2(J/3/2)2*(2/n)"(&./B)"

If the relaxation curves are plotted against the real time t instead of (t'
+ t), as in Fig. 4.2.2, they come close to Eq. 4.2.4 only when t << t’. For
example, if one takes t’ = 0.1 min, at the end of any 15 min interval, t’ is less

than 0.7% of t, and the curves are sufficiently accurate for parameter

determination.

It will be seen from Eq .. 4.2.4 that, when such relaxation curves are
plotted in a log (p; - p,) vs log t plot with the strain ln (V/V,) as the

parameter, their slope at the end of interval gives the ratio

_ Alog(p; - p,)
Alogt

B v ,
4.2.6 == = — .4.2.2,
[ ] = 5 1in Fig.4.2.2

o

On the other hand, if at the same end of interval, where t = t ; = const.,
one plots log [In(V/V,)] vs log (p; - P,), as shown superimposed in Fig. 4.2.2,

the slope of the line gives:

_Alogl[ln(Vv/Vv,))] _h, -, ,
[(4.2.7] n= Alo5 (B, - B -:E in Fig.4.2.2.

When B and n are known, the value of o, (for a given éc) can be determined from

any point k on thelline In (V/V,) vs (p; ‘.Po), by using Eq. 4.2.4

17
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[4.2.8] 0. = (P; =Po) x W/tlf)_

4.3 A graphical method based on the flow theory of creep
As mentioned in the foregoing, a relaxation test consists in rapidly
increasing the strain in the sample to a given level, and then keeping it

constant while letting the mobilized stress relax with time. In a uniaxial

compression test, this condition can be expressed by

[4.3.1] € = ¢ 1,pi T €1,¢x

where ¢, is the total strain, while ¢; ,; and € ., are the pseudo-
instantaneous (elastic + plastic) and the creep strain, respectively. As, during
relaxation, ¢; = const., the time rate form of Eq.4.3.1 is

[4.3.2]  €,p5 + €1.cp = O

Siﬁce, for a linear-elastic material,

[4.3.31 €4 ,4 = €11 = 01/E,

it follows that él,cr can be determined.from

[4.3.4) € o = “€5 55 = . - o, /E.

In other words, this relationship makes it possible to determine from a set

~ of relaxation curves [0, = f(t) with ¢, as parameter], a set of corresponding

curves [o; = f(él_cr) with ¢, as parameter], from which one can determine a set
of rate-dependent stress-strain curves [o, = £( ¢,) with él,cr as parameter] by
means of a simple graphical construction. The method is based on the flow theory

of creep, and is directly related to Fig. 3.1.1.

18




The interpretation method consists in first plotting the set of experimental
stress-relaxation curves, each of them corresponding to a different initial
constant strain ¢, . By determining the slope, o 1 = do;/dt, at different points
of each relaxation curve, one gets from [4.3.4] the relationship o; = £(
él,cr’ €,), which represents a family of curves in a él,cr vs. o, plot, with
€, as parameter. By intersecting these latter curves with o; = const. lines,
mékes it possible to deduce the corresponding él'cr vs. €, curves, with o; as
parameter. Any given section of the last curves with a line él’cr = const.,

yields a rate-dependent stress-strain curve of the material.

The method, which is theoretically equivalent to the exact solution shown
earlier, does not require a knowledge of the analytical form of relaxation
curves, but its use is easier if the experimental relaxation curves are expressed

.by simple analytical expressions.

If the same method is applied to an expanding cylindrical cavity, the

following replacements of terms in the preceding equations should be made:

[4.3.5] o, —> p;
[4.3.6] €& —> (u/a)= -(1/2) M0/V
[4.3.7] € .p —> (4/a)e; = - Pi/26G,,

and the resulting curves are not stress-strain curves, but constant- strain-rate
pressuremeter curves, from which the stress-strain curves can readily be
determined by the conventional pressuremeter interpretation method (e.g., Ladanyi

& Johnston, 1973, 1978).

3t Iz mewed, nevertheless, that the above described application of the
uniaxial compression method to the case of a borehole relaxation test, is only
an approximation, because, at the wall, there is also some stress redistribution

occurring during relaxation, which is not taken. into account in the application.
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4.4 Correction for loading system rigidity

If the loading system of the dilatometer (e.g., Texam Pressuremeter System)
is not completely rigid, but extends slightly during a borehole relaxation

period, this should be taken into account in the evaluation of test results.

The correction for system rigidity can be made similarly as that described
by Bressers (1978) for a uniaxial relaxation test. The basic borehole relaxation

equation for a completely rigid system can approximately be written as
[4.4.1] (4;/a)g; + (u/a)ey = O

(which is actually strictly valid only for a skeletal point located at a distance
of about 2a from the borehole axis, inside the material.) If the system is not

completely rigid, Eq.4.4.1 becomes.

(4.4.2) (L.li/a)el + (‘li/a)c: = ‘(‘:"i/.a)s'yst.em‘

For the dilatometer cell of length L and diameter 2a, the volume increase

corresponding to u; is
{4.4.3] AV, = 2ma L u
By performing a calibration test, which consists in inflating the cell in

a thick-walled steel tube, one can find from the slope of the line of injected

fluid volume, V, vs. the applied pressure, p;, the system rigidity, s

[4.4.4]) s = AV,/ bAp;, from which
[4.4.5] AV, = p,/s, and

[4.4.6]) w, = AV,/2ral = p,/2ra L s

20
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Since, (u;/a)e; = p;/26G, Eq.4.4.2 can be written as

|
'

[6.4.7] (O;/a)ee = - (P1/2)(1/G + 1/ALs) = - (p;/2G')
where A = a?r is the cross-sectional area of the borehole. The effective

unloading shear modulus is then
[4.4.8] G' = G/(1 + G/ALS)
Noting that G = E/3, one gets the corresponding effective Young's modulus:

{4.4.9] E' = E(1 + E/3ALs)

The corrected modulus E' should be used in Eq.3.4.4 instead of the measured

unloading modulus E.

When using the Texam Pressuremeter Sysﬁem, one finds that s = 6.5 cm® /MPa,

and AL 2025 cm®, which gives: 3ALS = 39485.5 MPa. For a typical unloading

modulus E = 600 MPa, this gives a correction of about 4.5%, i.e., E' = 591 MPa

instead of 600 MPa.
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5.0 BOREHOLE RELAXATION TESTING
5.1 Introduction

Although only cold-room borehole relaxation tesfing was included in ‘this
contract, it happened that during the contract period two field studies of the
same test were also made independently, one of them in a frozen silt in the CRREL
Permafrost Tunnel at Fox, near Fairbanks, Alaska, and another in a frozen silty
sand at Longyearbyen, Svalbard (Spitsbergen). It is noted Fhat the former was
financed by a strategic NSERC grant, and the latter partly by an individual NSERC

grant, and partly by the Norwégian Geotechnical Institute, Oslo.

As these two field studies had a gfeat value in investigating the practical
side of the testing procedure, a brief report on their performance and results
will be presented here,'in addition to the results of cold-room tests made

specially for this study.

5.2 Description of equipment and testing procedure in the field

The pressuremeter used in this investigation was the TEXAM monocell
pressuremeter equiped with an NX-type probe (Fig.5.2.1). It consists of a
pressure-volume control unit connected to the probe by a reinforced plastic

3

tubing. The system has a volumetric capacity of 1200 cm®, whereas admissible

pressures range from O to 10 MPa.

The probe consists of a steel cylindrical core over which rubber membrane
élgeve is fitted. The membrane is protected by an extensible jacket made of
overlapping metal strips. The assembly is made leakproof by 0 rings and plastic
vulcolan collars which are held in place by two end-nuts. The pfobe has a
deflated diameter of approximately 7 cm and an active length of 45 cm. In a tight

borehole the pressuremeter can increase the borehole radius by 40%.
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For low-temperature testing, a mixture of ethylene-glycol and water for

filling the probe and the hydraulic circuits is normally used.:

The standard control unit contains precise pressure gauges, while the volume
of injected fluid 1is controlled by monitoring the displacement of the

pressuremeter piston head by means of a displacement gauge.

In field tests, the boreholes are drilled by a compressed air drill rig,

able to drill 3 inch (76 mm) diameter holes.

- After insertion of the probe into the borehole, a quantity of fluid is
injected until initial contact between the probe and the borehole wall is
_established. If the tests performed are volume (or strain) controlled, no
compressed gas supply is necessary; Usually, only two types of tests are made:
Fast (of short-term) tests with equal volume injection at each stage every 2 min,
and slow (or relaxation) tests in which, after an equal volume injection, the
'system is closed and the pressure is allowed to relaﬁ during a certain period of

time.
5.2.1 Short-term tests, preceding relaxation tests

The main purpose of short-term dilatometer (or pressuremetér) tests is the
determination of the whole stress-strain curve of the soil (which can be done by
using, e.g., the method described by Ladanyi & Johnston, 1973, 1978), necessary
to serve as a basis for planning and performing the subsequent stage-strained

relaxation tests.

In this study, the short-term strain-controlled tests, consisted in

injecting into the probe a fluid volume of 19.3 cm®

every 2 min and taking
readings at 0.5, 1 and 2 min. This corresponds to a shear strain rate of about
5%10°° min"!. In a multi-stage borehole relaxation test, the avearge loading rate

is clearly much slower, depending on the length and number of stages.
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In order to determine the short-term data, the raw pressuremeter test
results have to be processed in a well-defined manner, described also in Ladanyi

& Johnston, 1973, 1978.. The procedure consists of the following steps.

1. A short-term pressuremeter test gives as a result a relationship of the form

(Fig.5.2.2):

[5.2.1] V, . £(p,)

where V,  is the injected fluid volume, and p, is the corrected pressure,

calculated from

[5.2.2] Pc ™ Pnm 'qi(vm) tqp2

where p, is the recorded pressure, q; is the membrane resistance correction,

and q,, is the piezometric pressure, equal to the hydrostatic pressure of the

‘column of water between the probe and the measuring system at the ground surface.

The value of gq, is determined by a calibration test in the open air at the
surféce, and at the test temperature.
2. The pressuremeter curve V, = f£(p.) is then plotted: and its true origin is
determined, by considering (Fig.5.2.2) the value of the original lateral ground
pressure to be p, = YD, where D is the depth of the probe below the ground
surface, and vy is the total unit weight of the soil. This method clearly implies
that the value of K, (total) = 1, which is usually assumed in the case of tésts
in frozen soils, because of the creep behaviour of pore ice. Usually, the true
value of K, is of only é minor importance in the tests, performed at a relatively
shallow depth because of the high strength of the testéd frozen soil.

The origin of the pressuremeter curve.at p, = P, gives also the value of
w = Vpo, i.e., the volume that had to be injected before the membraﬁe started

expanding the borehole (Fig.5.2.2). The initial volume of the hole is then
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[5.2.3] Vo = Vopp + Vao

where V... = 1270 cm® for the probe used in the tests. The current volume of the
hole is

[5.2.4] V = V, + AV

o

where AV denotes the volume increase of the hole, given by

[5.2.5] AV = YV, - Vg,

The true pressuremeter curve.represents then the relationship AV = £(p)

between the volume increase of the hole AV, and the corresponding net applied

pressure

[5.2.6] p = P, - Po

As shown in Ladanyi & Johnston (1973, 1978), from any two consecutive points
on such a pressuremeter curve it is possible to determine the coordinates of a
point on the plane-strain stress-strain curve of the tested frozen soil, by using

the expressions:

[5.2.7] 2Py = Pi4q)
q. . (01 = 03), .
i,1+1 DI ntev/v s @)

= (&1 - €3) H U/, + @V/0) )

(5.2.8] i+l 1,1+l

In addition, one can also calculate the values of total principal stresses

(5.2.9] o1 = 1(p
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[5.2.10] O3 = 01 -4y g

from which a portion of the failure envelope and eventually the tensile strength
of the soil can be determined. (Note: for getting a regular stress-strain curve,

it is recommended to smooth-up the pressuremeter curve by plotting it in a (p,

log &V/V) plot).

As mentioned, all pressuremeter results are considered to be valid for
plane-strain conditions. For transforming them into the axial symmetry case, the

von Mises flow law is assumed to apply, giving data equivalent to triaxial test

conditions,
[5.2.11) (o, - 03)a=(/3/2) qi,i+l
[5.2.12] €1,a =(1/v3) Yy 141

As a result, the pressuremeter shear modulus, calculated from

[5.2.13] G, = Op/ A AV/VY

is related to the axial symmetry modulus of deformation, E, (with v= 0.5) by

[5.2.14] E, = 1.5 G,

Figure 5.2.2 shows a set of typical isochronous pressuremeter curves
obtained in connection with a multi-stage borehole relaxation test, carried out
in the CRREL pressuremeter tunnel in Alaska (Ladanyi .et al., 1991). The
calculation and plotting of these pressuremetér curves,'apd the corresponding
initial stress-strain curve (Fig.5.2.3) is essential as a starting point for the

interpretation of borehole relaxation results. The location of subsequent
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relaxation stages on the stress-strain curve has certain important consequences
for relaxation tests interpretation. Figure 5.2.4 shows a set of relaxation
curves obtained in the same test, the interpretation of which will be described

later.
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5.3 Description of the cold-room test set-up
5.3.1 Test container

The relaxation tests in cold room were carried out in a cylindrical tank,
89 cm diam. and 46 cm deep. To prevent frozen soil from adhering to the container
&all, fhe latter was greased and covered with an air- bubble plastic membrane.
Another role of the compressible plastic membrane was to prevent a build-up of
lateral pressure both during freezing and during borehole relaxation testing,

simulating the effect of an infinite medium.

In order to keep open the hole into which the pressuremetef probe had to be
introduced, a steel tube 7.3 cm diam. and 76.5 cm long was installed in the
container centre. To prevent its adhering to the soil, and to facilitate its
extraction after freezing, the tube was previously greased and covered with a

thin plastic sheet.
The experimental‘set-up is shown schematically in Fig. 5.3.1.

5.3.2 Preparation of frozen sand

The sand used in the tests was an angular quartz sand, originating from the
region of Joliette on the North Shore of St.Lawrence River, about 150 km east of
Montreal. After a mechanical sieving for eliminating its coarse-grained portion,
the sand was poored into the tank, with taking care to keep it in a relatively
loose state. Figure 5.3.2 shows a typical grain-size distribution range of the

tested sand.

The sand mass in the tank was then saturated from below through a vertical

. copper tube, perforated at its lower end (Fig.5.3.3). The saturation was achieved

by repeatedly inserting the tube into the sand at several places. The satuxation

proceeded slowly in the upward direction, so that the air could escape without




driving up fine sand particles. The water used for saturation was previously

distilled and de-aerated.

After the sand saturation, the container was insulated from outside and from
above by a thick glass-wool cover and envelope. The central steel tube sticking
out from the sand was also insulated, in order to limit the heat transfer. During

freezing, the freezing front remained hor;zontal and propagated vertically from
below upwards, which eliminated the formation of ice lenses and the build-up of

internal freezing pressures.

The container was then placed in the cold room at a temperature of -5°C, and
was left to freeze. A complete freezing of the sand sample was generally achieved
in about a week. After freezing, the tube serving to prepare the central hole for

the test was pulled out carefully, taking care not to damage the hole walls.

The relaxation tests were then carried out following the usual procedure,
to be described later. At the end of each test, measurements of water content and
density of frozen sand were carried out on samples taken from the container.

Their average values in the tests were:

Water content: »Q =20 %
Bulk density: p = 1870 kg/m®
Dry density: pg = 1560 kg/m® .

5.4 Relaxation test results in cold room

In this testing program, six separate dilatometer tests, each containing 8
relaxation stages were carried out, with the length of each stage varying between
40 min and over 24 hours. In order to investigate the effect of the method of
loading on the results, each of the six multi-stage relaxation tests was
performed in a slightly different manner. The following gives a brief déscription

of the performance of each test.
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Test R1

In this test, with 8 relaxation stages, it was attempted to control the
initial stress, p;,, so that in each successive stage, the p;, value would be
about 1 MPa higher than that in the preceding one. This required clearly the
injection of increasing volumes of fluid at each successive stage. Also, the
length of stages was varied from about 1 hour at low pressures to 8 hours at
higher pressures. In this test, the loading time was as short as possible, i.e.,

the loading rate as fast as allowed by the Texam Pressuremeter loading system.
Table 5.4.1 presents the general loading sequence of this test, and
‘Fig. 5.4.1 the test results in a linear plot. The test took about 7.days to

perform.

Table 5.4.1. Test Rl: Loading sequence

Stage Total injected volume Time of relaxation
cm® © min
R11 320.76 60
R12 353.96 60
R13 379.63 120
R14 411.28 368
R15 454 .14 284
R16 495.05 - 490
R17 542.33 490

R18 585.98 490
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Test R2

- This test was carried out in a manner similar to the preceding on (R1l),
i.e., by attempting to control the initial pressure at each stage. Table 5.4.2
shows the loading sequence in this test, and Fig. 5.4.2 the obtained relaxation

curves in a linear scale. The test lasted about 7 days.

Table 5.4.2. Test R2: Loading sequence

Stage Total injected volume | Injection time Relaxation time

cm® min min
R21 566.45 2 4320
R22 586.13 1.33 219
R23 603.5 2 270
R24 626.27 2.33 941
R25 662.37 3 272
R26 703.86 5 1176
R27 756.76 5 1456
R28 828.56 6 480
Test R3

In this test, with 8 stages, instead of initial pressure, the injected
volume was controlled, by injecting at each stage an additional amount of 60 cm®.
At the same time, the rate of injection was kept as constant as possible, varying
onlylbetween 2 and 3 min, as allowed by the loading system. Table 5.4.3 shows for
this test the loading sequence, and Fig. 5.4.3 the observed relaxation curves.

This test lasted about 4 days.

Table 5.4.3. Test R3: Loading sequence

Stage Total injected volume Injection time Relaxation time
cm® min min
R31 660 2.5 976
R32 720 2 180
R33 780 3 180
‘R34 v 840 3 1424
R35 900 2.5 180
R35 960 2.5 960
R37 1020 2 204
2 150

R38 1080




Test R4

In this test, with 7 relaxation stages, the fluid injection was controlled
in such a manner that 120 cm® was injected at each of the first two stages, and
60 cm® per stage for the rest of the stages. The loading injection rate varied
from 2 to 4 min. The test lasted about 3 days. Table 5.4.4. shows the loading

sequence, and Fig. 5.4.4 the resulting relaxation curves.

Table 5.4.4. Test R4: Loading sequence

Stage Total injected volume  Injection time Relaxation time
cm® min min

R41 400 2 40

R42 520 3 1156

R43 v 640 4 100

R44 700 2.3 100

R45 760 2.5 1112

R47 880 2.5 120

Test RS

When calculating the results of previous tests, it was found that most
relaxation stages were performed in the region of large initial strains, i.e.,
close to the peak and beyond the peak of the stress- strain curve of the soil.
For that reason, it was decided to limit in this test the initial strains, so
that all the relaxation stages would remain within the ascending portion of the
stress-strain curve. This was achieved by increasing the strain in much smaller
3

steps of only 20 cm

‘test, and Fig. 5.4.5 the resulting relaxation curves.

per stage. Table 5.4.5 shows the loading sequence in this
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Table 5.4.5. Test R5: Loading sequence.

Stage Total injected volume Injection time Relaxation time
cm® V min min
R51 560 - 1114
R52 580 0.67 80
R53 600 1 90
R54 620 1 90
R55 640 1 80
R56 . 660 1 90
R57 670 1 1037
"~ R58 700 1 ‘80
Test R6

This test was made in the same manner as Test RS, i.e., by injecting 20 cm®
of fluid per stage. The loading rate in each stage was 60 sec, and the length
of each relaxation period was 30 min. The purpose of this loading sequence was
to simulate the method used currently in the field borehole relaxation tests.

Figure 5.4.6 shows the resulting relaxation curves.

5.5 Relaxation tests interpretation by the Aging Theory 6f,Creep

In order to determine from the relaxation test results shown in Section 5.4
the corresponding creep parameters in the general creep equation 3.4.1, two

previously described methods will be used and their results compared.

The first one is the apﬁroximate method based on the "Aging Theory of
Creep", described in Section &4.2. As mentioned there, this method consists in
plotting in a log-log plot all the relaxatioh lines in a given stage-loaded test.
Then, the value of the ratio B/n is found from the average slope of the curves,
énd the values of n and o, are deduced by replotting on the same graph the

relationship:- log(p; - p,) vs. log(lnV/V,) at a selected time, t,.

Since in the majority of both borehole creep and relaxation tests performed
until now (e.g., Ladanyi & Eckafdt, 1983) it was found that the creep behaviour °

at small strains differs from that at large strains, (or, in other terms, before




and after the soil has attained its peak strength), it was decided to determine

separately the creep parameters for these two regions of strain.

The following Tables 5.5.1 to 5.5.6 present the results of calculation by
this method for six performed multi-stage tests, Rl to R6. For each test, and

for each relaxation stage, the following values are shown:

For each test:

- The value of V

mo ?

determined as in Fig.5.2.2, by assuming that p, = O.
For each relaxation stage:
- The value of the initial strain A/V = In(V/V,).

- The values of A and B/n in the equation
[5.5.1] P; - P, = AtB/m
which is a simplified form of Eq.4.2.4.

Finally, Table 5.5.7 shows, -for the six series of relaxation tests, the

deduced creep parameters, n, B and o,. Figures 5.5.1 to 5.5.6 show the

¢ "

corrected relaxation lines, used for the determination of creep parameters.

Table 5.5.1: Test Rl. Aging Creep Theory interpretation. (V ., = 310 cm®)
Stage N/ % A . B/n
(kPa, min)
R11 0.68 0.081
R12 _ 2.71 0.122
R13 4.22 0.141
R14 6.02 0.162
R15 8.36 0.151
R16 10.48 0.153
R17 - 12.82 ©0.144
0.142

R18 - 14.82

34



Table 5.5.2: Test R2. Aging Creep Theory interpretation. (V,, = 515 cm®)

Stage AV/V % B/n
(kPa min)
R21 2.80 1887.35 0.08234
R22 3.83 2922.22 0.10014
R23 4.74 3745.70 0.11540
R24 5.87 4534.78 0.13745
R25 7.62 5254.24 0.14459
R26 9.56 5868.55 0.15280
R27 11.93 6499.80 0.15839
14.94 7048.55 0.15809

R28

Table 5.5.3: Test R3. Aging Creep Theory interpretation. (V,, = 640 cm®)

Stage AV/V & A ' B/n
(kPa, min)

R31 1.03 2244 .40 0.04270
R32 4.02 2936.97 0.10355
R33 6.83 5220.23 0.17199
R34 9.48 6351.65 0.19297
R35 1198 6451.61 0.17736
R36 14.35 6648.14 0.17212
R37 16.59 6856.93 0.16505
R38 18.72 6998.42 - 0.16107

Table 5.5.4: Test R4. Aging Creep Theory interpretation.(V,, = 490 cm®).

Stage AV/V % . A B/n
(kPa, min) :

R41 (Not used. Contact with soil uncertain)
R&42 1.67 1154.25 0.19790
R43 7.65 6007.58 . 0.18686
R44 - 10.66 6523.23 0.17466
R45 13.30 6966 .84 0.16817
R46 15.79 . 7319.31 0.16364
R47 18.14 7526.79 0.15280

Table 5.5.5: Test R5. Aging Creep Theory interpretation.(V,, = 540 cm®)

Stage AV/V % A B/n
(kPa, min)
R51 1.09 547.02 0.07746
R52 2.16 _ 1240.47 0.04890
RS53 3.21 1851.17 0.06155
R54 4.23 2357.05 0.07418
R55 5.23 2791.30 0.08456
R56 6.22 3113.26 0.08622
: R57 7.78 3395.47 0.08880
: R58 8 0.07670

.12 3429.26




36

Table 5.5.6: Test R6. Aging Creep Theory interpretation. (V,, = 430 cm®)

Stage

R61
R62
R63
R64
R65
R66

Table

/N % A B/n
(kPa, min)
0.58 888.67 0.09032
1.73 1600.06 0.07173
2.86 2800.85 0.10695
3.95 3810.13 0.13076
5.03 4437 .56 0.14158
6.08 4798.35 0.14435

5.5.7: Tests R1 to R6, Average creep parameters deduced from the tests by

meamns

of the Aging Creep Theory interpretation method.

Test NN/ % n ; B | O,
. . (MPa5 for
; € = 107° min™?!)
<6.00 1.50 | 0.21 10.36
R1 ‘ !
>6.00 2.19 f 0.32 3.29
) <5.00 0.86 0.086" 186
R !
>5.00 2.47 0.37 3.06
<6.83 1.30 0.18 64.12
R3
. >6.83 4.24 0.73 1.00
I <7.85 0.94 0.18 44 .85
R4 : - .
L >7.85 2.95 0.50 1.87
i
| <5.23 1.22 0.08 36.75
RS |l
;. >5.23 1.96 0.16 7.02
] ! <3.95 1.13 0.113 61.11
R6 © | )
[ >3.95 2.18 0.305 1.18 i
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5.6 Relaxation tests interpretation by the Reference Stress Method

As mentioned in Section 3.4, the Reference Stress Method, which is derived
from the exact solution of the thick-walled cylinder relaxation problem, is
theoretically much more advanced than the preceding Aging Creep Theory. The main
difference between the two is that the Aging Creep Theory lumps together all
stréins in a total strain formulation, while the Reference Stress Method
separates properly the instantaneous from delayed (or creep) strains. Because of
these two different concepts, the two interpretation methods will necessarily
furnish different values for the creep parameters. However, in application to
practical problems, any of them may be able to lead to satisfactory predictions,
provided they are applied in a 1ogical manner, taking into account their basic

assumptions.

The use of the Aging Creep Theory for relaxation test interpretation, as
described in Section 3.4, requires the knowledge of both the loading and the
unloadiﬁg deformation modulus. The loading shear modulus, G,, can be obtained
from the initial linear portion Qf the pressuremeter cﬁrve by means of Eq. 5.3.3,
but for finding .the unloading Young's modulus, E, a separate short-term
pressuremeter test with one or more loading-unloading cycles should be performed

in the same material.

The experience from previous pressuremeter tests and from laboratory
triaxial test results with the same frozen Joliette Sand, shows that the
unloading modulus is approximately 2.5 times higher that the loading modulus,

leading to the conclusion that E should be equal to about 600 MPa.

The value of the initial stress, p;,, necessary in the theory, can be
obtained in two different ways, i.e., either from E§.5.3.3., or by extrapolating
each relaxation line back to a very short time, say, 0.0l min. Generally, the
second method is found to be more reliable, facilitating‘cOnsiderably the test

interpretation. As explained in Section 3.4, the test interpretation by this




method cannot proceed directly, but requires a trial.and error approach. The

procedure proceeds as follows:

(a) A probable initial value of n is assumed, e.g., n = 2 or 3.

(b) For each relaxation stage, the relationship (Eq.3.4.5):

[5.6.1] (Pio/Pie)® Y - 1 = £(t)

is calculated and represented in a log-log plot against time, as shown in
Fig.5.6.1_for Test R2. From the slope of the resulting ascending lines, an
average value of B is determined.

(c) At a fixed time t,.the value of D = f[(ﬁio/ﬁit)“'1 - 1] is calculated or read
directly from the plot, (as in Fig.3.4.3), and plotted on the same graph as a
function of p;,. The slopé of this new line gives a calculated value of (n-1).

(d) The previous calculation steps are repeated with this new value of n, until
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a satisfactory agrement between the assumed and the calculated n-value is

reached.
(e) Using the n and B values so determined, and after selecting a convenient

1

value of ¢, (e.g., 107% min™! in this study), the value of the creep modulus

o, can be calculated from the coordinates of any point S on the line D = f£(P;,).

This is achieved by means of Eq.3.4.10,which is repeated below:
[3.410 0@ = [(n-1)/0"](Pyo,s V3)P7F (E/Dy)(ec/B)°

(f) As all the'tests were made in a thick-walled cylinder and not in an infinite

medium, the corrected value of o, can be obtained from Eq.3.5.10, or

[5.6.2] oX - o} (Ya™"1)

c,corr c

where a and @ are defined by Egs. 3.5.5 and 3.5.7, respectiveiy.
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The results of such a semi-graphical calculation are shown in Table 5.6.1

and in Figs. 5.6.1 to 5.6.9.

Table 5.6.1: Tests R2 to R6. Creep parameters determination by means of the

Reference Stress Method

1

Tests N/ % ~ n ’ B ; g,

, ! - MPa (for
1
|

'€, = 107% min™!);

R2 <4.74 1.44 0.168 58.21

>5.87 2.83 0.379 ? 7.00

R3 <6.83 1.24 0.220 18.53 é
>9.48 Y 0.620 | 2.79

R4 >7.85 i 3.03 0.420 ? 5.90

RS <5.23 | 1.59 0.152 : 35.90 |
>5.23 1.23 0.155 g 92.32

R6 © <3.95 1.60 0.193 37.32

>3.95 1.39 0.191 55.97

[ S—




5.7 Comparison of results obtained by two different interpretation'methods

As mentioned in the foregoing, the two selected interpretation methods
differ in their basic principles and assumptions, so that they are not expected
to furnisﬁ cloégly similar values of creep parameters. However, as it will be
seen in Table 5.7.1, they nevertheless show a similar trend as for the difference

in the parameters between small and large strain domains.

Table 5.7.1: Tests R2 to R6. Comparison of creep parameters obtained

respectivement by:

1: Aging Creep Theory, and 2: Reference Stress Method

Tests Strains n B o., MPa
(for ¢, = 1073 min™?)
1 2 1 2 1 2

R2 Small 0.86 | 1.44 | 0.086 | 0.168 186 58.21
, Large 2.47 {2.83} 0.37 0.379 3.06 7.00
R3 Small 1.30{1.24 | 0.18 | 0.22 64.12{ 18.53
Large 4.24 14,36 | 0.73 |0.62 . 1.0 2.79-
; R4 Large 2.9513.03 | 0.50 |0.42 1.87 5.90
] R5 Small 1.22 |1.59 | 0.082 0.152 36.75 | 35.90
A Large 1.96 |1.23 | 0.16 | 0.155 7.02 | 92.32
R6 Small 1.1371.60 | 0.113 ] 0.193 61.11 | 37.32
K Large 2.18 11.39 | 0.305|0.191 1.18| 55.97
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If only the average values of the parameters are compared according to the
two methods, one gets from Table 5.7.1:

Table 5.7.2: Average values of parameters obtained in this study at T = =5 °c

A. Aging Creep Theory: (Tests R2 to R6)

¥
Epeneinii

Ry

[

n B 0., MPa
Small strains: 1.09 0.128 78.57
Large strains: 2.76 0.413 2.83
B. Reference Stress Method: (Tests R2 to R6)

n B o., MPa
Small strains: 1.47 0.173 37.49
Large strains: 2.57 0.353 32.80




6.0 DISCUSSION AND COMPARISON WITH PREVIOUS RESULTS

In the list of objectives at the beginning of this report, it is stated that
" this study should "compare the deduced creep parameters with those obtained from

triaxial compression and borehole dilatometer creep tests"”.

Although the experimental program of this investigation has been limited
only to the performance of borehole relaxation tests under cold- room conditions,
some other independent previous studies have made it possible to compare the
results obtained with the same (or similar) frozen sand, when uéing different

testing methods.

For example, it is noted that the same frozen sand (Joliette Sand).was used
previously in a series of triaxial compression tests by Lauzon (1985), while a
complete series of pfessureméter creep tests was carried out with the same frozen
sand under cold-room conditions by Eékardx during 1980/80 (Reported in:AEckardt,

1981, 1982, Eckardt & Ladanyi, 1983, Ladanyi & Eckardt, 1983).

In other words, there exists a very good basis for the comparison for the

same testing material and conditions.

On the other hand, there are also some very good data in the literature on
the creep behaviour of various other frozen sands (e.g., Sayles, 1968, Meissner

& Eckardt, 1976), which can be used to compare certain creep parameters,

Finally, the field study in Longyearbyen, described briefly in Appendix D,
which was made in a dense frozen silty sand, can also be used as a basis for

comparison under field conditions.

"It is clear, however, that any comparison has a sense only if it takes into
account the sand density, the degree of ice saturation, and the testing

temperature. Although one cannot do much about the first two effects, the
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‘temperature effect can be taken into account approximately in the comparison, by
making the usual assumption that the creep exponents n and B are not sensibly
affected by temperature in the considered temperature range, while the value of
the creep modulus can be reduced to the same temperature range by using the

empirical formula (e.g., Ladanyi, 1972):
[(6.1] Oy - g.,(1L + 6/6,)"

where o,, and o,, are the values of the creep modulus at temperatures of
§ = -T°C and extrapolated to § = 0°C, respectively, and w is an empirical

exponent, usually equal to 1 for frozen sands.
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As a start for the comparison, the average values of creep parameters -

obtained in this study, at a temperature of -5°C, and shown in Table 5.7.2.A, are

repeated below.

Table 6.1. Creep parameters obtained in this study (Joliette Sand, -5°C)

n B ' o, , MPa
Small strains: 1.09 0.128 78.57
Large strains: 2.76 0.413 2.83
(Note: For creep modulus: ¢, = 107° min"!, everywhere)

Tests by Eckardt (1981)

During 1980/81, Eckardt (in a l-year post-doc study) carried out in the same
sand in cold room a series of borehole creep and relaxaton tests using the Menard
pressuremeter. The sand was prepared essentially in the same manner as in this
study, but the tests were made at a temperature ofvabout -2.0 to -2.5 °C, and
there was also a provision for applying in the test tank a lateral pressure of
up to 300 kPa. The results of that study were presented in an internal repqrt

(Eckardt, 1981), two papers (Eckardt & Ladanyi, 1983, Ladanyi & Eckardt, 1983),



and a discussion (Eckardt, 1982). The investigation included short-term tests and

stage-loaded creep and relaxation tests.

Three important conclusions were drawn from that study: First, that creep
behaviour of frozen sand differs at small andat large strains (see Ladanyi &
Eckardt, 1983, Figs..3 & 4), Second thatAstréssuredistribution affects the
stage-loaded creep teét results (see Ladanyi & Eckardt, 1983), and Third, fhat
the effect on the creep rate of the lateral confining pressure of up to 300 kPa
may be considered as negligible (Eckardt, 1982, Fig.4). The average value of
creep parameters, deduced from stagé-loaded'borehole creep tests with 30 min per

stage, are shown below.

Table 6.2. Creep parameters obtained by Eckardt(1981) (Joliette Sand, temperature

correction made from T = -2.1°C to -5°C)

n B o,, MPa
Small strain 1.0 0.52 22.51
Large strain 3.2 0.90 1.70

Compared with the values in Table 6.1, the latter values show clearly a very
similar trend in all the three creep parameters. As for their absolute values,
it is well knowﬁ in the metal creep literature, that, becausé of very different
test conditions in creep and relaxation tests, they usually do not give exactly

the same values of creep parameters. (See also a comparison in Ladanyi, 1982).

Tests at longyearbyen, 1990

In the Summer of 1990, the author carried out at Longyearbyen, Svalbard, a
series of borehole dilatometer relaxation tests with the same Texam Pressuremeter
System as in this study. The tests were made in boreholes drilled into a dense
frozen silty sand at depths varying from 3 to 5 m, and at temperatures between

-2.3°C and -3.2°C (For more details, see Appendix D).
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Average values of creep parameters obtained in such a manner for that frozen

material are listed below.

Table 6.3. Creep parameters for Svalbard Silty Sand (Temperature correction made

from -2.725°C to -5°C)

n B 0., MPa
Small strains 1.15 0.140 - 32.1
Large strains v 2.15 0.305 3.7

Again, although the sand was different, one can see that the trend and the
values of creep parameters are very similar to those found in the present study.
Finally, it may be of some interest to compare the creep parameters obtained
by borehole creep and relaxation tests with those deduced from triaxial testing
of frozen sand spegimensvby various authors. (In this case, only the values of
creep exponents can be compared). Table 6.4 shows some typiéal results of such

studies.

Table 6.4, Creep parameters deduced from triaxial compression tests. carried out

on some frozen sands

n B
Ottawa Sand 1.28 0.45 :
(Sayles, 1968)
Manchester Fine Sand 2.63 : 0.63
(Sayles, 1968)
Karlsruhe Silt{ Sand 2.00 0.40
(Meissner & Eckardt, 1976)

Again a similar trend and similar values of creep exponents are found.for
different frozen sands, when compared with the results of the present

study.
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7.0 CONCLUSIONS

The objective of this project was "To investigate the usefulness of the
borehole dilatometer relaxation test (BDRT) as a method for in place
determination of creep properties of frozen soils". In general, it is considered

that this objective has been attained, because, as shown in this report:

(1) A series of borehole relaﬁétion tests under cold-room conditions, together
with two independent field studies with the same method and equipment, has made
it possible to examine the performance of the available testing equipment (Texam
Pressuremeter System), and to develop an optimum testing method, requiring a

minimum loss of time for getting all necessafy information.

(2) A comparison of several theoretical approaches and interpretation methods,
some of which specially developed for this project, has made it possible to

select two most promising ones, and to compare their results.

(3) The values of creep parameters found by the borehole dilatometer relaxation
tests, compare very well with those found by some other testing methods,

including triaxial compression and borehole creep testing.

(4) No particular modification of the Texam Pressuremeter System has been found
necessary, but an electronic system for monitoring of pressures and volume
variation of the probe during the test has been developed, realized and tested

in the field and in the laboratory.

(5) When the BDRT-s are performed as described in this study, which is considered
to be an optimal practical method, the results are found not to be seriously
affec;ed.by loading rate, strain.ﬁistory and relaxation time. However, the effect
of the lateral coﬁfining pressure, especially in tests in frozen sands, may

require some additional theoretical and experimental investigations.



Fhom e e

Finally, this report has presented a review of the most important findings
made during this investigation. However, additional information, such as details
on the monitoring system and the related computer programs are available on

request.
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JOLIETTE FROZEN SAND

Fig.5.5.1. TO Fig.5.5.6

INTERPRETATION BY THE AGING CREEP THEORY
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JOLIETTE FROZEN SAND

Fig.5.6.1. TO Fig.5.6.9.

INTERPRETATION BY THE REFERENCE STRESS METHOD
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APPENDIX A

From OMAE 1987, Houston, Vol.IV, pp. 253-259.

USE OF THE BOREHOLE DILATOMETER STRESS-RELAXATION TEST FOR
~ DETERMINING THE CREEP PROPERTIES OF ICE

B. Ladanyi and P, Huneault
Department of Civil Engineering
Ecole Polytechnique de Montreal

Montreal, Quebec, Canada

ABSTRACT

Field and laboratory tests carried out in the last
15 years have shown that the borehole dilatometer (pres-
suremeter) test offers a good possibility for determi-
ning the creep parameters of materials whose behavior
can be described by a generalized power law, such as ice,
frozen soils, rock salt and potash [7 - 15], While, ini-
tially, mostly stage-~loaded creep tests were performed,
it was soon recognized that, because of the time limita-
tion and stress redlstrlbutlon problems in the former,
borehole relaxation tests may offer certain practical
advantages. For the latter type of tests, three diffe-
rent interpretation methods were proposed in previous
papers by the senior author. Of these, two earlier ones
were based on the aging creep theory(9, 10], while the
last one [7], theoretically more advanced, was based on _
the flow creep theory. This paper presents a more general
version of the latter solution, able to take into account
the fact that the response of the host material may be
different in loading and in unloading, as it is usually
the case. It is considered that this new theory and in-
terpretation method will lead to an improvement in the
determination of creep parameters of ice from borehole
relaxation tests,

NOMENCLATURE

a = radius of borehole

A = symbol defined by EqA(11l)
B = time exponent in EqA(3)

D

= symbol defined by EqA(38)
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basis of natural logarithms (2.71828...)
modulus of elasticity of ice in unloading
secant deformation modulus of ice in loading

integral defined by EqA(23)

mIl :

stress exponent in EqA(2)

exponent in EqA(25) '

stress exponent in EqA(3)

pressure applied on the borehole wall

initial pressure mobilized by rapidly expanding
the borehole by Aa (Eq.A20) :

- value of 1 after relaxation time t

it

= net pressures defined by EqA(22)
= total lateral far-field stress in ice

= radius
exponent in EqsA(25)andA(26)
time : : .
dimensionless time parameter defined by EqA(24)
= current volume. of the loaded portion of the
borehole
= parameter in EqsA(25) andA(26)
increment
normal strain
= reference strain rate, related to GC‘

I

= Von Mises equivalent strain

= reference strain in EqQA(13), related to Ok

= r/a

= stress at the rate éc

= Von.Mises equivalent stress

= initial value of o_ defined by EqA(13) .
= relaxed value of Oy after time t

= instantaneous stress at € = €

= principal stresses in radial and circumferen-
tial direction
= Reference Stress defined by EqA(33).




Subscripts:
i = instantaneous
c = creep

Dot above symbols denotes the time rate.

THEORY OF THE BOREHOLE RELAXATION TEST

As shown by Spence and Hult [20], in a kinematically

determinate case, i.e., in which the strains and displa-
cements are uniquely related, such as in a simple com-
pression test, or in the expansion of hollow cylinders
and spheres in incompressible materials,'the solution

of stress relaxation problems can be obtained by stating
that at any point of the structure, the total displace-
ment, equal to the sum of elastic and creep displace-
ments at that point, should remain constant with time,
or, alternatively, that the sum of elastic and creep
displacement rates should be zéro. Using this method,
and assuming a power-law creep equation of Andrade type,
these authors [20] have obtained both exact and appro-
xXimate solutions for stress relaxation in a hollow sphe-
re, Following the same procedure, the senior author [7]
has extended their solutions to the problem of stress
relaxation around a cylindrical cavity in an infinite
medium under plane strain conditions.

In the two above mentioned papers [7, 20], it was
assumned that the instantaneous response of the material

is ideally elastic, with the same values of the modulus
of elasticity in loading and unloading. The experience
with performing borehole creep and relaxation tests in
frozen soils and ice [1, 8], shows, however, that, inva-
riably, the behavior in loading is different from that
in unloading, the former being quite often non-linear
and the latter linear. The reason is clearly that, un-
der normal field conditions, the loading is in fact not
quite "instantaneous', but takes several minutes, which
is sufficient to include some transient creep effects.

A3



In other words, as shown in [2, 18, 19 and 21], the res-
ponse of ice in loading is a function of the loading
rate, and so is also its apparent modulus of deformation.

For that reason, it was felt that for a more cor-
rect interpretation of borehole relaxation tests, a
solution able to take into account this fact will be
necessary. One such solution, assuming a non-linear
pseudo-instantaneous response in loading, and a linear
response in unloading during relaxation, is shown in
the following. :

In the following, two different kinds of solutions
will be shown successively: First an '"exact" solution,
and then an approximate one, based on the Reference
Stress Method. As the latter is necessary for field
data processing, its degree of approximation will be
checked against the results obtained by the exact solu-
tion for some typical values of creep parameters.

EXACT SOLUTION

For a non-linear visco-plastic material, such as
frozen soil or polycrystalline ice, (or some other rheo-
logically similar materials, e.g., rock salt and potash),
the total strain attained after a given time under con-
stant stress, can be expressed by

= g + € A(1)

e . e,pi e,c

where €q pi is the pseudo-instantaneous (not necessari-

]

li linear-elastic) portion of the total strain, and

€ o is the creep strain. The subscript "e' denotes

3
here and hereafter the Von Mises equivalent stress or

strain.

A non-linear pseudo-instantaneous response can be
expressed by a power law of the form

| - k o A(2)
Ee,pi sk(ce/ok)

A4



and a similar power law form can be used also for ex-
pressing the creep strain accumulated during the time
t, at a constant stress O [4, 6]:

= (¢ /BP0 /o )" | A(3)

ec

In Eq.(2), - Gk is tbe value of Ge at Se,pi = Ek’

and k is the exponent expressing the non-linearity of
the response. (Note that for k = 1, .Ok/ek = E, and
EqA(2) reverses to the Hooke's law).

EquationA(3) can also be written in a rate form,
based .on the time-hardening assumption:

& dz—:e’c/d"r = Ecwe/oc)n A4)

e,c
where T denotes the time function
= t% , and | | A(5)
€ /8" . | A(6)

M1 A

In these equations, B and n are the creep exponents,

while G denotes the value of G at e ,c = E .

In unloadlng it is simply assumed that only the
elastic portion of the total strain can be recovered,
so that:

/\ [ = .
Le, = Aoe/E A(7)
where E is the Young's modulus.

In a kinematically determinate case, such as the
expansion of a cylindrical cavity in an incompressible
medium, the relaxation formulation requires that the
total strain rate is everywhere zero:

€ .+ £ = g = 0 : : A(8)

e, i Te,c e
or, explicitly, using Eqs.(3) and (7),

5 /E + F(t) 02 = 0 A(9)




where B-1
F(t) = ABt  ~ , and A(10)

. B -n
A = (eC/B) g, - - A(11)

When EqA(9) is integrated between t = 0 and ¢,
it gives [7]:
| 01 -1/ (n-1)
= -+ —
cet/oeo [1 (n - 1)E O o A t] | A(12)
where, according to EqA(2), for an applied constant
strain Eeo

/k

: 1
0, = ok(seo/ ek) A(13)

and E is the modulus of elasticity in unloading.

EquationA(12) is a general relaxation equation -for
non-linear loading and linear unloading case. The corres-
ponding relaxation equation for a cylindrical cavity in
an infinite medium under plane strain conditions, is
obtained by satisfying the radial equilibrium equation:

+ 9 0 A(14)

where Oi_andCI denote the radial and circumferential
stress, respecgively, at the radial distance r from the
cavity axis.

~ Since, for plane strain,
O, = (/3/2)(0r - Ge) , : A(lS),
EqA(l4) can be integrated to give:
Or(r,t) = -(2/V3) .Z Ge(r,t)(dr/r) + C(t) A(16)

where a denotes the cavity radius. With the boundary
conditions: for r = a, C(t) = Gr(a’t) = pit, and for

r =, Or(m,t) = P> Eq. (16) becomes:

Ab




- .
p.. = p + (2/V3) [ o (r,t)(dr/x) ACL7)
1t 0 r=a e

Substituting in EqA(1l7) for o (r,t) the value given by
EqA(12), and considering that, for a non-linear Lamé's
theory, with the Poisson's ratio equal to 0,5 [12]:

0,(5,0) = 0_(2,0) (/)% * = (/3/0) (o - p,) @/ Fa8A
giving for t = 0, at the cavity wall (r = a):
a, = (/B/k)(pio = po) A(19)

where, Pig = pi(a,O) is the value of the initial stress

| produced by expanding the hole by Aa , given by

- 1/k

Py, = Oy (K/V3)[(2/€,/3) (hala) _ ] , A(20)
one gets finally,

Eit/gio = .(2/k)I , where A(21)

P, =P._ —D_,

_1t it o A(22)

Pio ~ Pio " P
and I denotes:

1 | do 2DA

= L/ (n-1)
o=1 p[}Z(nfl)/k + - DR ]

In EqA(23), p = r/a, and

ex = E[p, /31" A ¢ A24)

where A is given by EqA(1l).

It will'be seen that the integral I has a general

form: -

po-  f_—dv A(25)
m S
1 y(y + o)
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. . . m
which, after substituting y = w, reduces to

I = l;/' _f_éﬂ____. = l.l* 4 A(26)
m : s m
1 w(w + a)

where, m = 2(n-1)/k, o = t*(n—l)/kn—l,'and s = 1/(n-1).

Solutions of integrals of the type I* can be
found, e.g., in Gradshteyn and Ryzhik [3]. When I* is
known, the relaxation equation (21) becomes:

p.. /b, = QI = I#/(a-1) o AE@D

it
_ This integration gives the following expressions
for pit/pio , for different values of the exponent n:

For n = 1.5:
- - 2 . . . _l
pit/pio = (8k/t*“)[1In(l + t*/2/k) - (1 + 2vVk/t*) ~JA(28)
For n = 2:
13- /5. = Eo1na o+ 5 A(29)
it'Pio T % K ' »
For n = 3:
2
- - k //k + 2t* <+ 2t%
P, /P, = S7&= 1ln A(30)
1t " 10 2v2t / k? + 2rx - /Z_t—*
For n = 4: -
————plt B - V3 [ﬂ‘ arc tan( /3 Vk3 + 3ex >]
- - 3 - S — —_—
Py 3V3t* 3 3 + 3tk + 2930

| y——— 3
-3 1n ( o+ 3es - /3t*>
2 ‘

k

A(31)
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Fig. 1. Calculated Stress-Relaxation Curves:

EX = Exact Solution;
RS = Reference Stress Approximation.
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Fig. 2. Calculated Stress-Relaxation Curves:

EX = Exact Solution;
RS =
k=2,

2, n=2, 3, 4.

Reference Stress Approximation.
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EX = Exact Solutionj
RS = Reference Stress Approximation.
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Fig. 4. Calculated Stress-Relaxation Curves:
EX = Exact Solution; |
RS Reference. Stress Approximation.
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The above exact solutions, valid for the region of
n-values which are of most interest for frozen soils
and ice (n = 1.5, 2, 3, 4), enable to predict the rela-
xation behavior around a cylindrical cavity in a mate-
rial whose general behavior under instantaneous loading,
elastic unloading and creep has been previously experi-
mentally determined. For the values of n other than
1.5, 2, 3, and 4, an interpolation is necessary.

_ Figures 1 to 4 show a set of dimensionless relaxa-
tion curves calculated from Eqs A(28) toA(3l), for k = 1,

2, 3, and 4. The curves relate the relaxation ratio

P t/pio with the dimensionless time t*, defined byA(24).

REFERENCE STRESS METHOD SOLUTION

Since the foregoing exact solution yields a diffe-
rent analytical expression for each different value of
n, it does not lend itself well for solving the inverse
- problem, i.e., that of finding the values of creep para-
meters from the borehole relaxation data. For the latter

purpose, it is proposed to use an approximate solution,
based on the well-known Reference Stress Method. (E.g.,
Mackenzie [16], Spence and Hult [20]).

The Reference Stress, 0_, is the stress at a cha-
racteristic locus in certain structures undergoing creep,
where the stress remains constant (or nearly so) during
the stress redistribution after loading.The existence
- of such a locus, whose position is independent of n -
value, has been observed in rectangular beams under
uniform bending, and in expansion of thick-walled cy-
linders and spheres. According to Mackenzie [16],
reference stress for a hollow pressurized cylinder in
forward creep can be found by equating the stationary
interior displacement rate, da/dt, for the actual n
to the same quantity for n = 1. For a cylindrical cavi-
ty, expanding under plane strain conditions, in a mate-
rial characterized by a power-law creep, Eq}KB), with
n=*k =1, this gives:

All
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n
da/a ) (Q)rﬁl < _2_>n pi = pO -
dt 2 (n Or
k
@) (e
R
where A = (& /B)B B tB-l. From EqA(32) the Reference
Stress is: ¢
_ k, n.1/ (n-k) _

Op = V3(k /n") (p; - p) A(33)
Substituting in EqA(12) for Oeo the value or GR giveh
by EqA(33), yields: |

| | _ -1/ (n-1) .
b /Py = [1+ (-Dexfa™ @D/ @ ) | A(34)

" valid for any value of k # n. For k = n, the last term
in the brackets in EqA(34) becomes indeterminate, but it
can be shown that it tends to the value:

(n-1)/ (a-k) e
x5/a?) | > (me) @D A(35)
(k =+ n) ‘ _
where e = 2.71828... is the basis of natural logarithms.

Dashed lines in Figs. 1 to 4 show the approximate
relaxation curves calculated from EqsA(34) andA(35).
Comparison with the exact solution leads to the conclu-
sion, expressed also in the previous paper [7], that the
agreement 1s good for low values of n, but the discre-
pancy increases steadily with increasing n - values.
Also, for large t* values, the Reference Stress Solution
shows systematically a faster relaxation than the exact
solution. Finally, it is also found that an increasing
non-linearity of instantaneous response (a larger k -
value) leads to an increased relaxation time, which,
at first sight, seems to be contrary to the expectations.
This result, however, is the consequence of assuming a
power- law (Eq.Al3) for the instantaneous response.This
law, for constant values of parameters (0, ,€, ) and an
increasing k, defines in fact a material “of = increa-
sing rigidity.
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Abstract

Relaxation ‘testing is an important aiternative for investigating the creep properties of a
material. The solution for the strain-hardening form of the power law is derived and compared to
the solution for the time-hardeniﬁg form of the same power IaW. Relaxation solutions for the
exponential and hyperbolic creep are also ’presented. confirming the affinities between the
power, exponential and hyperbolic sine creep laws for the proper stress levels.

Introduction

Stress relaxation is a fundamental process by which an effective measure of the stress
state within a solid can be seen to decrease in time due to the conversion of elastic strain into
inelastic strain. Evéms unseemingly related as the tuning of a guitar, a loose bolt or a faulty
gasket may have in common the stress relaxation. Designers in the fields of nuclear power,
prestressed concrete and even foundations in permafrost, but to name a few, eventually have to
take into consideration stress relaxation effects albeit to varying degrees.

In relation with creep, integral forms for relaxation are given in Findley et al. (1976)
whereas related phenomenological theories are discussed in Rabotnov (1969) and Boyle and
Spence (1983). Various experimental aspects of stress relaxation testing are to be found in
ASTM (1979).

A relaxation test can generally be viewed as the inverse of a creep test: instead of
maintaining a constant load and recording strain levels in time, an initial strain level is maintained
and the décaying stress monitored over time. The importance of relaxation testing lies
essentially in the potential it offers for verifying experimentally and independently a material flow
rule based solely on creep testing. Intuitively, if a mathematical formulatioq models adequately
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€ = QoM(EEP | ‘

both creep and relaxation, it is well on its way to reliably modelling intermediate states for the
material. The following attempts to provide additional tools for probing non-linear and time-
dependent material behaviour by means of the relaxation test. Specifically, we concentrate on
the popular time- and strain-hardening formulations as well as the exponential and hyperbolic
creep laws,

Time-Hardening Versus Strain-Hardening
Creep testing consists of recording the strain over time of uniaxial specimens submitted
to constant stress. A form of creep law that has widely been fitted to such experimental data, for

~ various materials, is a power law in both stress & and time t

e =Kotb | (1)

where € is the creep strain and

K>o,
n=1,
0<b51, v))

are the creep parameters. Deriving the latter with respect to time t for a constant stress state
yields the so-called "time-hardening" creep equation

£¢ = Ko? btb-1, 3)

The "strain-hardening” form for (1) is then obtained by substituting t from Eq. (1) into eq. (3), i.e

bt ]

C))
where, in terms of the parameters given in eq. (2),

Q=bK"W™ >y,
m =n/b >1,

p=(b'-1)/b <0. (5)
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Under constant s&ess, eqs. (3) and (4) are equivalent. If the effects of the stress variation
rates on creep are negligible, applying egs. (3) and (4) to a vanable stress condition
generally leads upon integration to different cumulative values e’ Exccpuonally, for

(b =1) or (p = 0), egs. (3) and (4) are equivalent regardless of the stress history over
time.

To complement the creep testing, we may wish to apply egs. (3) and (4) to a

relaxation test characterized by maintaining a zero total strain-rate over time. Upon
submitting, for example, a uniaxial specimen to an initial stress level G, the test plattens
may be fixed in a stationary position and stress levels recorded in time. Under these
conditions, total strain-rate & approaches zero(!)

t‘>‘=8'°+',s'°=0 , | 6)

-c ‘e - tot ‘e . .
where € and € arethecomponentsof € and € refers to the elastic strain-
rate portion
~€

&£=06E - | @

with E denoting the Young's modulus. Hence, from egs. (3), (6) and (7), the relaxation
of a time-hardening specimen follows

Ko™bt>! + (6/E) =0 (8)

whereas, from egs. (4), (6) and (7), the relaxation of a strain-hardening material must
satisfy

Qo™EP + (6/E) =0. . ©)
Spence and Hult (1973) relate the time-hardening solution to eq. (8) in the form

A =[1+@-1)c3-t -V | | (10)

(1) for a relative (test machine/specimen) stiffness ratio >> 1
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with
x(® = o(t)/co (11)

and t* denoting the transformed "time"

t' =EKt® ' . (12)
under the boundary condition
(c=00) @ (t=0). , (13)

" The purpose of the following is to define strain-hardening relaxation for a material that
creeps according to eq. (4) and compare it to its time-hardening counterpart €q. o).
Rabotnov (1969) discusses the relaxation of a strain-hardening law éssociated with an
exponential function of the stress.

Whereas expression (8) is explicit in the stress O, expression (9) is implicit in the
same. Thus, noting the Bernouilli differential equation form of eq. (4), we first obtain for
the strain-hardening creep strain g°

()2 =(1-p) f Qo™dt+Cy

(14) .
where C, is an integration constant. Imposing for virgin specimens the condition
(Sc = O) @ (t = 0) ‘ . (15)
then (C, = 0) and
111 -p)
8°={(1 -p)f Qo™ dt}
(16)

which when combined with eq. (9) yields

B4




BS

o | |
6+Achomdt} =0 f' ‘
? an

with

A=EQ[(1 -p)QF
B =p/l-p) | s

Expression (17) is the explicit fundamental law for relaxation of a strain-hardening
material and may be solved as follows. Denoting

Vv Efcm‘dt
. | - (19

then

v=0" " | o (20)
* and eq. (17) transforms to

o =-AvvB ’ 1)
the solution of which is

= -A B+1
o=grV tC 22)

where Cz is a second integration constant. Expanding eq. (22) using eq. (19) now gives

: +1
c="A_ @’ﬂt}B +C,
B+1 23)

for which, from eq. (13), we get (C2=00). Thereafter




B+1 - 1/(B+1) -
[Bst) o™= o

and retaking the derivatives on both sides of eq. (24), with respect to t, along with eq.
(18), yields

;__L =-E I'PQ

o™(G,-0)P (25)
or
o M t
f (Go‘g) do = -EI*M Q f dt
o)
Go 0 (26)
with, from eq. (5), - .
- M=-p20- '(27)
Denoting
o}
@MEJ (0= 45
m G‘n ?
Co (28)
egs. (5), (12) and (27) now give
1
oM B
m M+ 1 | ' (29)

where, for example and in particillaf (Gradshteyn & Ryzhil; (1965)),

@xon — o-l'm - Gl'm
1-m




ot =9 "00) | ol™g, _ oy S
" 2-m (2-m)(1-m) (2-m)(1-m)
of = O "(000) +20"“’(co-c)0'o 26" "3 203™
" (3-m) (3-m)2-m)  (3-m)(2-m)(1-m) " G-m)(2-m)(1-m)
(30)
o _o!"™(c,-0f 30! ™(g-0f oo (3 - 2)01"“’(00-0)0%
" (4 - m) (4 -m)(3 -m) (4 -m)(3 -m)(2 - m)
(3.2t} (3-2)d4-m
(4 m)(3-m2-m)(l1-m) 4-m)(3-m)(2-m)(l-m)
Here, we may verify that
_ | gl'm i Mo M-1
Q‘E\n( (M-m+1)_(coc)M+(M-m+1) O €3))
with this recursion formula ultimately leading to
_ H (k - m) vl-m
Gui=| a3 (0} "o e Mo
r=0 Il (k-m)| II -m)
k=0 k=1 (32)
under the usual notation
=M M-1) (M-2) ... (1) ' _ (33)

=1

I fy) =£(0) - (1) - £(2) - (s - 1) - £(s)

y=0

Rcixm'oducirig the dimensionless form (11), eq. (32) transforms to
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cgrh-l-mw i
@::= = ( ) xl.m

I &-m) !
k=1

Iz
’.:
N
"2
:
+
[a—

(34)
Turning now to the binomial series

(a+xf'= )3 [ xkan-k
k=0

{ﬁ} = n

we have for a component of eq. (34)

| M-r
(1 _x)M-r___ 3 (Mir)xz(_l)iM-r)-z :
220 (36)

such that expressions (29), (34) and (36) finally combine to give the relaxation equation
for a strain-hardening material as

M-r
% kr=]:o(k ) MZI‘ (1)2(M D-2 Xl-m+z
r=o M+1 . z=0o M-r-2)!Z!" I
1(1='IO (k-m)
M+1
+ (t*) :VI+1 i M+11 =0
1 -m
(M+1).Go l-[ (k_m)

k=1 ' 37

Expression (37) is a polynomial of degree (m-1) in x(t) = o(t)/ Go, The relaxation |

solution [{(t) ] is that root bracketed between the values 0 and 1 for particular values of g, ,
t*, M and m. The numerical solution of eq. (37) is straightforward. Newton-Raphson
combined with bisection are the methods of choice (Press et al. (1986)). The singularity
of the root between the valucs ofQand 1 a.nd hence of the solution, can easily be verified
by further bracketmg
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For comparison purposes, the time-hérdcning relaxation solution as given in eq.
(10) can be transformed to the notation prevalent in eq. (37) as

t)= P Ay *
) [1+ M+1 °(° ' (38)

From a previous discussibn of egs. (3) and (4), eq. (37) should reduce to eq. (38) for
(M = -p = 0). That such is the case can easily be verified.

The time- and strain-hardening relaxation solutions are compared for those ranges
of parameters given in Table (1). The n values cited span a broad range of materials

including but not limited to most structural metals, ice, permafrost, rock salt, etc.

TABLE 1: EQUIVALENCIES BETWEEN CREEP PARAMETERS, EQS. (5) AND (27)

m VAL : M VAL
n :
b 2 3 4 S5 _6
/4 |8 12 16 20 24 3
13 |6 9 12 15 18 2
12 |4 6 8§ 10 12 1
1 2 3 4 5 6 0

Although the relaxation is a function of the initial stress level Oo as given in egs.
(37) and (38), this feature has effectively been subtracted from Figures (1) to (4) by first
isolating from eq. (38) a value of t* for a given value of.X(t) and inserting the same into
eq. (37). Thus Figures (1) to (4) are master curves, independent of Co..

As shown in Figure (1), time-hardening and strain-hardening relaxation are equivalent for
b=1, regardleAss of the value of n. In Figures (2), (3) and (4), strain-hardening
relaxation is shown to be an altogether slower process. Further, the lower the value of the
parameter b, the greater the difference between strain- and time-hardening relaxation. The

B9




g

influence of the parameter n in strain-hardening relaxation is more complex: for strain-
hardcning'x(t) values greater than about 0.5, the greater the value of n, the slower the
process whereas for x(®) < 0.5 , the higher n values lead to an accelerated relaxation.

Based on Figures (1) to (4), it can be said that:

i)  the time-hardening formulation yields an upper-bound to the relaxation process

occurring in a strain-hardening material,
ii)  relaxation testing has the potendal of differentiating between ume- and strain-
hardening creep.

For various materials, the hyperbolic sine creep law has been shown to depict
faithfully the dependence of creep strain-rate on stress:

& =K"(sh o)* f(t)

more

(39)

where K" is a constant and f(t), an appropnate time function. Then, from egs. (6) and

(7), hyperbolic relaxation is characterized by

K" (shol f(t) + S/E=0

or

_do  _ EK"
f Ghof EK ff(t)dt + G

with Cj as the integration constant. Denoting

t* = EK" f f(t) dt

(40)

(41)

(42)

B 10




B1l

and consxdenng egs. (11) and (13), we find in parncular, for hypcrbohc relaxation,

(Gradshteyn and Ryzhik (1965))
n=L
1%
() = 2-argth| —2"
o exp(t*) 43)
=1 * -2
e X(®) = L-argth [(t* + cth(c)?)] s
ned h(c) h(c.)
che) 1 g)_ . SMG) 1 S
2sh¥(0) * 2 In m(Z) e 2sh¥(o,) " 2 ln(m(—éo-\)) 45)
n=4: }
P = . t* 1 3
cth(c) 3 cth? (o) t* + cth (o) 3 cth (0o) )
- <h(0) ,3ch(o) ( g)) . B _ch{oo)
4sh* (o) "3 sh? (0') 8 4sh*( 0'0)
d'l(co) -0—3—1I1 Co

For (n 2 3) the complexity of the solutions increases and the quantity X ® must be extracted
numerically. In lieu of this approach, alternate solutions can be found by taking eq. (39) to
limiting levels of stress O. '

. _
For higher stress le‘vcls (C> Y ) where G remains to be defined, eq. (39) reduces to the
exponential form

& = K' exp (no) f(t) - 48)
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with
K'=K"/2™ (49)
From egs. (6) and (7), exponential relaxation is then given as

K'exp (no) f(H+6/E=0 (50)

or, from eq. (42),

do  _.
fexp(no) K" +Cs

Cq beihg an integration constant. Finally, combining eq. (51) with the egs. (11) and (13)
leads to the exponential relaxation solution '

G

ti= -1 In 1 K t*
X no, |exp (nGo) KT ' ' (52)

Otherwise, for sufficiently low stress levels (o< o) where OF is a reference value, only
the linear terms of a Taylor series expansion of the hyperbolic law (39) may be required in
order to arrive in effect at ' '

& =K" 6" (1) | 53)

Expression (53) is essentially the power law form (3) discussed previously and hence all
the elements of the time-hardening relaxation solution (egs. (10) to (13)) apply here for
(K" = K) and (f(t) = btd - 1).

The accuracies related to approximating hyperbolic by exponential or power law relaxation N
- are of course dependent on the limits o2 and 6~ . In relation to the steady state creep of

metals, Garofalo (1965) proposes (G =12) for the cxponcnnal law and (0‘L 0.8) for




the power law. These limits also seem appropriate for relaxation but should be qualified

as follows:

- for X(t) > 0-5, the exponential and power law approximations should perform
adequately for (Go> (c" =12)) and (00 <(ct=0.8)) respectively,

- for X(V) <0.5, the power law approximation may give the best overall performance
regardless of the initial stress value Oo due to the decaying nature of the stress
associated with the phenomenon itself.

Conclusion

The relaxation solution associated with the strain-hardening form of the creep power law
has been obtained and has been shown to be an altogether slower process than the
relaxation due to the time-hardening form of the same power law. The relaxation for the
hyperbolic and exponential creep have also been given and for the appropriate stress
levels, the analytical forms for the power law and exponential relaxation may be sufficient
for approximating hyperbolic relaxation.
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PRESSUREMETER STRESS RELAXATION TESTING IN A PERMAFROST TUNNEL

B. Ladanyi*,F. ASCE, B. Touileb® and P. Huneault**

.ABSTRACT: In the spring of 1988, a geotechnical testing program was

‘carried out in the U.S. Army CRREL Permafrost Tunnel, located at Fox,

near Fairbanks, Alaska. In all, some thirty cone penetrometer tests

and twenty two pressuremeter tests were performed at the site. After
describing the results of the load-controlled cone penetrometer tests
in a previous paper (Ladanyi and Huneault, 1989), this paper covers
only the results of strain-controlled pressuremeter relaxation tests
and focuses on the related data processing and interpretation.

INTRODUCTION

In May of 1988, geotechnical testing was carried out over a period
of two weeks in the Fox Tunnel facility excavated in pérmafrost and
situated near the city of Fairbanks, Alaska.

Both cone penetrometer and pressuremeter tests were performed and
monitored through use of a custom-designed data acquisition system. The
main objectives of the tests were to obtain data for determining the
various creep parameters of the frozen soil which then typically could
be applied in a foundation design scheme. Very rarely have penetrometer
and pressuremeter tests been carried out in parallel and in such well-
controlled conditions, potentially allowing for comparisons,

fundamental in nature to be undertaken. The in-situ testing also. .

allowed fine-tuning of the experimental procedures which proved to be
quite flexible, effective and cost-efficient, and of the data
acquisition system, enabling practically non-stop testing over a ten
day span.

The pressuremeter tests were short-term or long-term in duration.
The long-term tests were either pressure controlled (creep tests) or
volume controlled (relaxation tests). The cone penetrometer tests were
load controlled. In all, thirty cone tests and twenty-two pressuremeter
tests were performed.

i
. |
Northern Engineering Centre, Ecole Polytechnique, Montreal, Canada,l
Box 6079, Station A, H3C 3a7. :
Rousseau, Sauvé, Warren Inc., 500 boul. René-Lévesque W, Montréal,
Canada, H2Z 1W7.
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A brief report of the results of the cone penetration tests and
their interpretation in terms of creep parameters of frozen soil was
presented in a previous paper (Ladanyi and Huneault 1989). The present
paper deals only with the pressuremeter tests, the results of which are
evaluated and compared with those deduced from the cone penetrometer
and some laboratory tests. :

SITE DESCRIPTION AND BACKGROUND STUDIES

The Fox Tunnel Permafrost Research Station is unique to the North
American continent in that it offers researchers a very well controlled
and preserved natural permafrost environment. Very few other test sites
similar in nature and vocation exist throughout the world. A detailed
description of the site can be found in Ref. (171, [18] amnd [19].

The tunnel is located at a site in the town of Fox, Alaska, about
22 km North of Fairbanks, in a region of discontinuous permafrost with
a normal depth of seasonal thaw of approximately 0,6m. The tunnel was
originally constructed to evaluate various methods of tunneling into
frozen ground, and was excavated in a near vertical 15m thick silt
escarpment. Ever since, and for some twenty-five years now, the tunnel
has been used as an underground laboratory for conducting experiments
related to the permafrost environment. Figure 1 from [20] shows only
a section of the tunnel along the inclined blind shaft ("winze"), where
all the tests were made.

The tunnel passes through sections of frozen silt that are believed
to have been originally deposited on the uplands by winds during the
late Pleistocene or in more recent geological time. Stratification is
evident as a result of included sand, gravel and in some case organic
material. The silt is underlain by gold-bearing gravels. These gravels
repose on bedrock, a schist, the upper portion of which is usually
weathered.

Small lenses and other formations resulting from ice segregation
occur in the silt, as well as more massive structures such as large ice
wedges and transparent ice masses. The creep typical of permafrost is
quite evident in a tunnel room where measurement poles have been
twisted and deformed by creep closure. Results of in-situ creep closure
measurements in the frozen silt and gravel can be found in Thompson and
Sayles (1972). Analyses of laboratory unconfined uniaxial creep testing
of remolded Fairbanks silt has been carried out by Thompson and Sayles
(1972), Haynes (1978), Zhu and Carbee (1983) and Rein (1985) while
Sayles (1985) investigated the behavior of a strip footing resting on
the frozen Fairbanks silt. Huang et al. (1986) describe soil samples
from the tunnel as having a 68% silt composition with a bulk unit
weight ranging from 1,42 to 2,08g/cm® and a moisture content from 32
to 139%, leading to a dry unit weight fluctuating from 0,63 to
1,39g/cm®, the void ratio and the porosity averaging 2,3 and 31s%,
respectively. The samples taken from the test location in the present
study show a uniform silt without visible ice lenses with water
contents varying from 96% to 130%, and dry density of less than lg/cmd.
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From thermocouple readings, the air temperature at the test site was
-1,5°C * 0,5°C whereas frozen silt temperature, lm deep into the winze
wall, was -2,3°C + 0,5°C.

TEST SET-UP AND PROCEDURE

The pressuremeter used in this investigation was the TEXAM mono-
cell pressuremeter equiped with an NX-type probe. It consists of a
pressure-volume control unit connected to the probe by a reinforced
plastic tubing. The system has a volumetric capacity of 1200 cm®,
whereas admissible pressures range from 0 to 10 MPa.

The probe consists of a steel cylindrical core over which a rubber
membrane sleeve is fitted. The membrane is protected by an extensible
jacket made of overlapping metal strips. The assembly is made leakproof
by O rings and plastic vulcolan collars which are ‘held in place by two
end nuts. The probe has a deflated diameter of approximately 7 cm and
an active length of 45 cm. In a tight borehole the pressuremeter can
increase the borehole radius r, by Ar/r, = 40%.

For low-temperature testing, a mixture of ethylene-glycol and water
for filling the probe and the hydraulic circuits is normally used.

The standard control unit has been supplemented by a pressure
transducer (Data Instruments model AB-5000 psi), along with a 150 mm
total stroke displacement transducer (Hewlett-Packard model 7-DCDT) for
monitoring the pressuremeter piston head displacement and thus the
volume of fluid injected (Note: 25.4 mm of displacement corresponds to
193 cm® of injected fluid).

7 A specially designed auger of the same diameter as that of the
. deflated probe and approximately 1 m in length produced boreholes with
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smooth-surface walls. All the boreholes were drilled horizontally about
1.5 m into the wall of the winze.

After insertion of the probe into the borehole, fluid was injected
until initial contact between the probe and the borehole wall was made.
Then, depending on the nature of the test, either the pressure applied
by the probe or its volume were controlled until the completion of the
test. It is noted that all calibrations and volume/pressure corrections
were made following the procedure described in {11].

Short-Term Tests

Pressure-controlled tests in which the pressure was applied from
a compressed nitrogen gas bottle were carried out by maintaining a
constant pressure over a two minute period and recording the
corresponding probe volumes after the intervals of one and two minutes.
Volume-controlled tests were performed by rapidly injecting a given
volume of fluid and then maintaining that given volume over a two
minute span. Similarly, the corresponding pressures were recorded afte
one and two minutes. '

Creep Tests

Four stage-loaded creep tests were performed in one borehole by
applying a specific pressure loading which was then maintained mostly
constant with time. The expansion of the borehole due to creep can thus
be associated in time with the pressuremeter probe volume recordings.

However, as membrane inertia increases slightly with the probe
expansion, the true applied pressure decreases in fact slightly with
time for each test.

Becauce of lack of space, the results of pressure-controlled tests,
including the creep tests will not be shown in this paper but the
following discussion will be limited to strain-controlled tests, and
in particular the stress-relaxation tests.

RESULTS OF SHORT TERM TESTS

In most of short-term strain-controlled tests, the straining consisted
in injecting into the probe an amount of 19.3 ecm® of fluid every 2 min
and taking the readings at 1 and 2 min. This corresponds to a shear
strain rate of about 0,005 min~!, After processing the results of four
of such tests using the conventional method, described, e.g. in [9] and
[10], the following typical results were found from 2 min.
pressuremeter curves.

The shear modulus G, calculated by the conventional method from the
tangents at the origin of pressuremeter or stress-strain curves, varied
from 17 to 20 MPa.

The peak uniaxial strength, q,, and the corresponding failure .
strain, ¢,,, where”fg"wgtands_for "axial symmetry" were obtained from

4 Ladanyi et al.
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the calculated plane-strain stress-strain curves by wusing the
transformation formulas:

da = (J3/2) qps | (L

€1a = Tps/V3 | (2)
where "ps" stands for plane strain.

The values obtained in such a manner were:

1.13 < q, < 1.65 MPa

0.04 < ¢,, <0.05

In particular, the test PRF6, which included the five relaxation
tests described later, gave the following data: '

G, = 17.8 MPa, q, = 1.65 MPa and ¢;, = 5%.

RELAXATION TESTS

Compared with the pressuremeter creep test, the pressuremeter
relaxation test has a double advantage. First, from a practical point
of view, in a relaxation test it is the strain which is controlled,
while the stress variation is observed, so that the length of test time
is not limited by the volume capacity ‘of the cell, as in a
pressuremeter creep test. The second advantage is related to the test
interpretation. It is now generally recognized that a borehole creep
test in a non-linear visco-elastic material cannot be properly
interpreted without taking into account the effect of stress
redistribution after each load application [6], [13]. On the other
hand, in the interpretation of the borehole relaxation test, which is
in fact a stress-redistribution test, this effect is taken into account
normally by the underlying theory [3], [4], [7].

It is clear that the performance of pressuremeter relaxation tests
requires the use of a rigid loading system, which keeps the strain
level constant during each relaxation stage. The rigidity of the TEXAM
cell system, measured by Murat & Lemoigne [11], fig. 18) corresponds
to about 6.5 cm®/MPa, which makes less than 1% of the volume injected
at each stage and kept constant during a stress relaxation range of
about 1 MPa. .

RELAXATION TEST RESULTS

In all, ten relaxation tests were performed by maintaining constant
at each stage a specific probe expansion, granted through fluid
injection, all the while recording the decrease in probe pressure with
time. The 1latter follows from the negative elastic strain-rates
compensating for the positive creep strain-rates acting at the borehole
wall in order to maintain total radial strain-rate constant and equal
to zero over time,

5 Ladanyi et al.




Because of space limitations, only the results of the last five
relaxation tests (R6 to R10) will be shown in the following.

Relaxation tests R6 to R10 were carried out in the same borehole
RF6 and were stage-volume-incremented in steps of approximately 77 cm®.
Pressure relaxation was registered over a thirty minute period before
application of the next positive volume increment, until finally test
R10 was allowed to run for 21 hours before completion.

In order to 1illustrate the whole process of stage-strained
relaxation tests, three figures are shown: Figure 2 presents for the
test PRF6 several isochronous pressuremeter curves in the usual Menard
plot, with the indicated levels of the five performed relaxation tests.
The isochronous curves shown are those for 30 sec., and 1, 2 and 30
min. Among these, only the 2 min. curve was used for calculating the
plane-strain stress-strain curve shown in Fig. 3.
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Fig. 2. Test PRF6: Isochronous pressuremeter curves
and the levels of relaxation tests R6 to R1lO0.
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from 2-min readings, with relaxation tests
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Finally, Fig. 4 shows the five relaxation curves in log-log plot,
relating the corrected pressure with time. They are seen to be
remarkably regular straight lines, even up to 21 h for the last stage.

RELAXATION DATA INTERPRETATION

Although an advanced method of relaxation data interpretation
exists, as described in [3] and [7], it has been found that the
approximate method, described in [4] is usually quite sufficiently
‘accurate for practical purposes. This method assumes that the basic
creep equation of frozen soil is of a power-law type which for a
constant stress has the following form

el = (e, /b)P (0, /0, )"t> (3)

where (c) stands for "creep”, and the subscript "e" denotes the wvon
Mises equivalent stress and strain. The experimental parameters in this
equation to be determined by the tests are the exponents b and n, and
the creep modulus ¢, which corresponds to an arbitrary strain rate e¢,.
According to the aging theory of creep and using an approximate method

7 Ladanyi et al. .
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described by Rabotnov [14], a family of borehole relaxation curves can
approximately be represented by the equation [4]: '

(Py - Po) = oo [In(V/V,)/M(t" + t)P)l/n : (4)

where (p; - p,). is the relaxing net pressure in the cavity, 1In (V/V,)
is the shear strain, resulting from the cavity expansion from V, to V,
t’ is a very short time interval during which the response of the soil
is taken to be non-linear elastic (and which can be neglected for time
intervals exceeding 10 to 15 min.) and M is given by

M = 2(/3/2)(J3/m)™ (e /b)P | (3)

If t' is reglected, it.will be seen from Eq. (4) that when such
relaxation curves are plotted in a log(p; - P,) vs (log t) plot, as in

8 Ladanyi et al.
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Fig. 4, with the strain 1ln (V/V,) as the parameter, their slope gives
the value of the ratio ' ’

b/n = - [A log(p; - p,)/A logt] (6)
denoted by v/h in Fig. 4.

On the other hand, if at the same moment of the relaxation period,
where t = t, = const., one plots log[1ln(V/V,)] vs. log(p; - p,) (shown
superimposed in Fig. 4), the slope of the line gives, theoretically,
the value of n,

n = A4 log[In(V/V,)]/A log(p, - p,) ‘ (7)
denoted by h, /v, in Fig. 4.

When b and n are known, the value of o. (for a selected ¢ ) can be
c

determined from any point k on the line In(V/V,) vs. (p; - p,), by
. using Eq. (4): : :

o, = (Py - Polx [MS/In(V/V,), 1/» . ' (8)

In Ladanyi (1982) it was also shown how the lateral pressure p, could
be determined from the relaxation curves. The method was used recently
with success by Murat and Lemoigne [12] for determining lateral
pressure variation in a sea-ice cover. '

COMPUTED CREEP PARAMETERS

The relaxation curves in Fig. 4 are seen to be remarkably close to
straight lines and nearly parallel to one onother, which has made it
possible to determine reliable values of the b/n ratio, shown in Fig.
4. However, similarly as found in [4) for a frozen silt in Inuvik, NWT,
the superimposed 1In(V/V,) vs(p; - p,) lines show some change of slope,
giving smaller n-values at low strains and larger n-values in the high
strain range. This is considered to be due to the fact, clearly shown
in Fig. 3, that some of the relaxation curves are in the pre-peak
region, and some other in the peak- and post-peak region of the stress-
strain curve. 'In other words, this implies that relaxations in the
pre-peak region were made before the soil failed, while those in the
post-peak region, were made on the soil that had already partially
failed and the hole was surrounded by a plastic zone with a reduced
shear strength. For this reason, it is considered appropriate to

separate these two different conditions and to determine the creep

parameters separately for each of them.

As a results, when tangents are drawn on the superimposed curve in )

Fig. 4, it is found that n varies from n = 1.38 at low strains, over
n = 3.0 in the middle strain region, up to n = 4.0 at high strains.

Relating these n-values to the corresponding b/n ratios in Fig. 4,
one gets the values of b varying from b = 0.23 at low strains, over

9 Ladanyi et al.
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b = 0.60 in the middle region, up to b = 0.79 at high strains. It is
noted that the same type of variation of the exponents b and n with
strain level was found in previous studies both in frozen silt [4] and
in frozen sand {5]. '

Taking the middle strain range to be representative, where,
approximately b = 0.60 and n = 3.0, the corresponding value of o, can
be calculated as follows:

Refering in Fig. 4 to the line R9 at t; = 30 min, the coordinates
of the point k are (p; - Pol)x = 1183 kPa and In(V/V,), = 0.1579.
Substituting these values in Eq. (8), one gets o, = 332 kPa for € =

107% min."! (or o, = 753 kPa, for € = 1075s71).
The creep equation (3) can now be written as
el¢) = 3,716 x 10711 o5 0.6

with o, in kPa and t in min.

If failure occurs at axial strain €, = € of about 4%, as found in
short-term tests, the time-dependent plane-strain uniaxial compression

strength o, = q,, 5 can be obtained by reversing Eq. (3)

Qu,ps = ¢ leg/(ec t/b)°)1/m (9)
giving, for plane strain,

Qu,ps = 1 025 t~2 (10)
and for axial symmetry case ‘
Qu,a = (/3/2) q,, ,, = 887.5 t72 . (11)
in kPa and min.
COMPARISON WITH THE DATA FOUND IN PREVIOUS TESTS

As mentioned in the introduction, the Fox Permafrost Tunnel has
served for many years either as a test site for in-situ tests or for
taking samples of Fairbanks silt for laboratory testing. However, to
make a comparison of all published data on the creep behavior of the
frozen Fairbanks silt is not an easy task, because, in varius types of
field tests the test conditions differed quite substantially, while
laboratory results correspond to reconstituted and refrozen samples.
For that reason, only a general agreement among the determined creep
parameters can be expected.

For example, comparing the results of cone penetration and
pressuremeter creep or relaxation tests is always difficult, because
the former records only the rate sensitivity of strength, furnishing
only the values of n and 0. in a steady-state creep equation, while the

10 Ladanyi et al.

Cl10




latter yields the parameters of a primary-creep-type equation, or a
time-dependent strength, containing also the time exponent b.

It is nevertheless noted that both the values of n and o, were
similar in the two kinds of tests, with 3 < n < 4 in the middle to high
rates of strain in both tests, and with the value of o, of about 400
to 470 kPa in CPT tests and 750 kPa in PMT relaxation tests (with
b = 0.6), all for ¢, = 107°s"1, :

Among some earlier investigations, it is interesting to note for
comparison those by Thompson and Sayles (1972) and Haynes (1978).

Based on uniaxial compression tests on the remolded Fairbanks silt
from the Fox Tunnel, carried out at - 1.7°C and at strain rates ranging
from 5 x 1077 to 8 x 10 %s™!, Thompson and Sayles (1972) found the
Creep parameters to be (in our notation and SI units):

n = 4.0 and o, = 722 kPa, for e, = 10" 5s 1.

On the other haﬁd, Haynes (1978) performed similar tests on
Fairbanks silt (with bulk density of 1840 kg/m® and total water content

of 30%) and obtaiﬁed, at - 1.7°C, and at strain rates ranging from
4 x 10’3.t0'4 x 1071's™!, the creep parameters: n = 3.06 and o, = 252
kPa for e, = 1073s" 1,

Although all these published laboratory results on the frozen
Fairbanks silt from the tunnel correspond only to remolded and
reconstituted frozen samples, this comparison shown, nevertheless, that
both CPT and PMT tests, as performed at the site, are able to furnish
quite reasonable values of the most important creep parameters of the
frozen silt, such as would be necessary for design purposes.

CONCLUSION

In the spring of 1988, two kinds of field tests were performed in
the U.S. Army CRREL Permafrost Tunnel at Fox, Alaska. The first type
of tests were load-controlled cone penetration tests, and the second
were short- and long-term pressuremeter tests, all of them carried out
in frozen silt in the wall of the tunnel, at a depth of about 15 m
below the ground surface, and at a temperature of about - 2°C, After
publishing the results of CPT tests in a previous paper, the present
paper covers mainly the results of PMT tests, with a special reference
to the stage-strained relaxation tests. It is found that, when
interpreted in a conventional manner described in Ladanyi (1982),
these tests yield the results comparing favorably with those deduced
from CPT tests, as well as with those obtained by laboratory tests,
published earlier by different authors.

11 ) Ladanyi et al
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APPENDIX D
Permafrost Field Testing in Longyearbyen, Svalbard,:August 1990

BOREHOLE SHORT-TERM AND RELAXATION TEST RESULTS

The pressuremeter used in this investigation was the TEXAM monocell

pressuremeter equiped with an NX-type probe.

In the tests, all the boreholes were drilled by a compressed air drill rig,

able to drill 3 inch (76 mm) diameter holes.

After insertion of the probe into the borehole, fluid was injected until
initial contact between the probe and the borehole wall was established. As all
the tests performed ﬁére volume (or strain) controlled, no compressed gas supply
was necessary. Essentially, only two types of tests were made: Fast (or
short-term) tests with equal volume injection at each stage every 2 min, and slow
(or relaxation) tests in which, after an equal volume injection, the system was

closed and the pressure was allowed to relax during 30 min.

In all, 7 pressuremeter tests were performed at the site at depths varying
from about 3 to 5 m below the bottom of the test excavation. Of the 7 tests, 6
were successful, while the first one (SV1) had to be discarded because of the
oversized and disturbed borehole. Of the remaining 6 tests, 2 were short-term

tests, and 4 stage-strained relaxation tests.
Results of short-term tests:
The results of short-term tests are shown in Figs. 1 to 6 and in Table 1,

not only for two short-term tests, but also for the four stress relaxation tests.

It is noted that all the curves and the results shown correspond to 2 min
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readings. The stress-strain curves in Figs. 1 to 6 are found to have the usual
shape with their peak strengths at about 5 to 7% shear strain, falling down

towards the residual, which is beyond about 10% strain.

It will be seen in Table 1 that the plane-strain strength of the tested
frozen soil varies between about 3 and 5 MPa, while its shear modulus is located
between about 70 and 140 MPa. The tensile strength, calculated for tests SV3 and

- SV4, amounted to 1.63 and 2.25 MPa, respectively.
Results of borehole relaxation tests

Relaxation tests were stage-volume-incremented in steps of about 58 cm®, in
tests SV2 and SV5, and 38.6 cm® in tests SV6 and SV7. Pressure relaxation was
registered over a 30-min period, before application of the next positive volume

increment.

The results of the four stage-strained relaxation tests are shown in Figs.
7 to 10. In addition, Figs. 1, 4, 5, and 6, show the points on the stress-strain
curves where each relaxation stage was made. The interpretation of relaxation

tests was carried out by means of the Ging Creep Theory.

The relaxation curves in Figs. 7 to 10 are seen to be close to straight
lines and nearly parallel to one another, which makes it possible to determine
reliable values of the b/n ratio at the end of each 30-min relaxation stage,
" shown iﬁ Table 1. However, similarly as found in (2) for a frozen silt, the
superimposed In(V/V, ) vs p, lines show some changevin slope, giving sﬁaller

n-values at low strains and larger n-values in the high strain range.

This is considered to be due to the fact, clearly shown in Figs. 1, 4, 5 &
6, that some of the relaxation curves are in the pre-peak region, and some other
in the peak- and post-peak region of the stress-strain curves. In other words,

this implies that relaxations in the pre-peak region were made before the soil
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failed, while those in the post-peak region, were made on the soil that had
already ﬁartially failed and the hole wés surrounded by a plastic zone with a
reduced shear strength. For this reason, it was decided to separate in each test
these two different conditions and to determine the creep parameters separately

for each of them.

As will be seen in Table 1, for the pre-peak relaxation tests, the values
of both n and b are smaller than for those in the post-peak range, with 1.0l <
n < 1.35, and 0.116 < b < 0.148, compared to 1.64 < n < 2.75 and 0.235 < b <

was found

0.442, in the post-peak rangé. On the other hand, the creep modulus |

to be much higher in the pre-peak region. This means, as expected, that the
frozen soil creeps less and at a slower rate when it is undisturbed than when it -

is disturbed by excessive deformation.




T A

MPa
4 fe. TEST SV2

2/3

2/4

2/2
2/5

2/1

ﬁ@g.l. Stage-relaxation test SV2: 2-min stress-strain curve
with relaxation stage locations indicated.




T A
MPa
4 k= .TEST SV3

Fig.2. Short-term test SV3:

2-min stress-strain curve.
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Fig.4. Stage-relaxation test SV5: 2-min stress-strain curve
with relaxation stage locations indicated. -
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’ F@g.S. Stage-relaxation test SV6: 2-min stress-strain curve
Wlth relaxation stage locations indicated.
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Fig.6. Stage—relaxation test SV7: 2-min stress-strain curve

with relaxation stage locations indicated.
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