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The flnlte element methdd or §1mulat1ng tunnel
excavations 1n -8queezing ground reQulre experlmental data
on multlax1al creep relatlonshlps dpd related characterlstlcs
of rock and concrete as input, A se%vo—controlled test frame,
for applying multiaxial stress statés to cubical sp901mens\
through three independent actuators, was developed. This
test syskem allows the simulation of typical stréss levels
and stress paths,involved during rock.excavation, with béntin-
ous monitoring of loads and displacements through a data acqui-

sition system. The overall equipment development required

considerable design and assembly effort. A testing programme

for concrete specimehs‘was completed to evaluéte the equipment,

Finally, conclusions and recommendations were made which

* prov1de the necessary information and guldance for future

testing to develop multiaxlal creep relationships for rocks

known to have sxgnlflcant tlme—dependent behav1our.‘
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CHAPTER 1
INTRODUCTION

1-1 INTRODUCTION . ' =

The two major parameters to.be determined for geo-
technical materials such as goil, rock and ice are their
strength and deformation behavioﬁr. In many cases, the stresses
in loaded soil and rock masses are far below ultimate strengths,
howeéer, the resulting deformations may still be sufficiently
large for failure in terms of serviceability. A notable example
of this is the creep movements associated with excavations in
sgueezing ground which have been the gubject of a continuing
reséarch programme at McMaster University (Emery, et al, 1978).
This thesis considers an experimental aspect of the programme
to develop testing equipment for phe determination of multi-

axial creep relationships.

1-2 BACKGROUND :

Solution methods (analytical and numerical) and
experimental work in geotechnical engineerihg are closely
related’in that they need positive feedback from one anothgr.
As a whole, geotechnology advances as each component is
improved within this interaction. While the early develop-
ment of geotechnical engineerihg.(soil mechanics) was based

‘ 1
on empiricism, a more logical basis developed starting in the
: -~
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1920 tv 1940 period largely influenced by Terzaghi,. that has

reached the present state of a careful blend of ex?erlence

. with largely computerlzed design ‘methods. However, because

of the complexity and great variation in the behaviour of
earth materials, the necessary characterization data has often

logged the ability of approaches such as’ the finite element

—
r

method to provide sojutions in geotecﬁnical engineering
(Zienkiewicz, 197?): For example, little is known about the
time-dependency of joint movements in rock during excavation'
unloading. The development of mﬁltiaxial creep relationships
dlscussed herein was based on such a need for rock and cons-
tructlon materials (concrete) input data to existing flnlte
element method programmes for excavation simulation developed
by Hanafy and Eﬁery (Emery et ai, 1978).

4

1-3 PURFOSE AND SCOPE

In order to make full use of the fiq}te element ‘
method in geotechnical engineering, it i; clear that continuing
experimental work is eritical to develop constitutive relation-
ships and related charactefization data. This study focussed
on the developmen@ of pultiaxial creep relationships. A servo-
controlled test frame for aﬁplying mﬁltiaxial gstress sta%es
to cubical speclmons through three independent actuators was
deazgned and constructed. This equipment allowed the typical
stress levels and stress paths involved during roqk\excavation‘
for tunnels and cuts to be represented with‘continuous moni-
toring of loads and displadements'through a data acquisition

~
.
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system. Cubical concrete specimens were used for convenience

o évéiua%e the‘equipment during'the testing programme. Owing

" %o the tlme consumlng na?ure of the testing procedures, and

lmmlted time available at this stage of the programme followmng

equipment development, little data was obtained to develop

multiaxial relationship. "This will be the subject'of a future

:study now that the equlpment 1s developed and proven. With
.- the equlpmenx developed and future testlng, it w1ll be p0851b1e

,to prov1de the necessary lnformatlon on the following: (1) the

"
generallzatlon of typlcal uniaxial creep relationships to the

" multiaxial 1n81tu condltlons. (11) tlme-dependent stlffness

relatlonshlps.for joints, and (iii) the 1nterface‘1nteractlon

between rock and concrete liners.
! \ .. ) i R ‘ ‘ ~ - { ?
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CHAPTER 2
CHARACTERIZATION OF MATERIALS

| , | N
2-1 INTRODUCTION ) .

The two main materials usually involved in under-

ground rock excavation work, such as tunnelling, are the rock

that "loads" the tunnel and the concrete linings to resist

these loads. As the rock is removed and fhe tunnel advances,

x

"some form of support system is required unless the rock is of

high quality, which is often not the case. Both flexible and
monolithic support systems can be used dependlng on the project,
des1gners preferences, and economlcs. It was pointed out in
Chapter Oﬁe that current research on the Qinite element method
simulation of tunnelling-in rock requires the characterization

of both rock and concrete. In this, and the following chapter,

the- necessary characterization testing and how the data is

‘incorporated within the finite element method are discussed.

-

2-2 CHARACTERIZATION OF MATERIALS

'Usually the behaviour of materials is complex and
governed'by many factors including: (i) previous history and
physical propertles of the material; (ii) magnitude, nature,

and rate of loadlnF and (iii) environmental condltlons such

. as temperature, humidity, etc. The degree of complexity of -

course -differs from material to material. For instance,

)

“ ]
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steel at ordinary temperatures and stress lévels may réalisti—
'cél;y be considered for deéign purﬁoses to be an elastic,
liﬁéar, homogenous and iéotropic material. On the other hand,
the behaviour of earth materials, such as rock and soil, is
much more complex- so that understanding their behaviour requires
experimental work,and statistical analysis. Mathematica%{
expressions, or constitutivg laws, are then proposed to idealize
and summarize the characterization of the material. These
expressions can then be readily used with the finite element
method. Two basic requirements to make such %xpressions

‘ugeful are (i) they ﬁust be simple, and (ii) they must be able

to summarize the material characterization within a reasonable

&

degree of confidence.
2-3 CHARACTERIZATION OF MASS ROCK

Rock is generally heterogeneous,anisotropic, non-
linear, and always associated with great material variability.
The properties of a specific formation depend primarily on:
(1) properties,of the mineral constituents, (ii) proportions
of each mineral type, and (iii) geological history associated
with it. Furthermore, if mass rock is dealt with, the ingitu
conditians and the geologic;l.structures associated with it

must also be evaluated. The following are the marked properties

of mass rock that make it difficult to characterize:
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2-3-1 MATERTAL VARTARILITY
, ™~

To understand the complex properties of rocks, one
has to gol back to geolgéical processes and the rock cycle.

/

The normal rock cycle ’'starts from magma (molten rock) to 1gneous
rock, then to sedlmgﬁ;s and sedlmentary rock, followed by
metamorphic processés. 'More than one hundred minerals have
'5een iden#ified. There are numerous paths through tne rock
cycle,‘wi h many different processes involved and a tremendous
numberlof combinations of these minerals. The great variability
of* rock can be readily seen in Table 2-1, which gives the basic
. physical p%@berties of some common rocks. It is clear that
variabilftx is not only observed from one type of rogk to
another, bdt noticeable’ranges of characteristics are also
recognized for the éame type of rock. The simple classification
of rock type alone is, thgrefére, definitivély ingquuate for
design purpgses, even with considerable engineering.judgement.
Insitu behaviour is even more complex since the different

geological structures, and irregular processes during the

formatlon and consolidation of rock masses, rﬁ;ely result in

homogenelty and isotropy. In addition the characteristics
usually vary not only vertic%lly, but also horizontally.
"Therefore, adequate field and laboratory measurements, including
monitoring,\are needed to obtain material characteristics

before and during the construction process at a given site.
) -1
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TABIE 2-1:

BASIC PHYSICAL PROPERTIES OF SOME COMMON ROCKS

' Granite . [Marble .Limestone Sandstone

Unit Weight®™ (kg/m?) |2592-2752|2640-2864|1872-2800]1904-2688
N + '
(ompressive Strenth | su.s.mk |55,2-186 | 18-193 | 34.5-138
. * i P \
Tensile Strength (MPa) 3-5 3-9 3-6 1-3
Shear Strength® (MPa) |25.5-33.1|8.96:44.8] 5.5-24.8| 2.1-20.7
+ - . ’ A
?&%2%“3 of Rupture 9.5-3823| 4.1-27.6|3.45-13.8| 4.8-15.9
R _

%;fgégsmgg)E;aStl°1ty 31.3-60 50-70 30-60 13-16
Pérosity*(%) %.4-3.84 0.4-2.1 | 1.1-31.0| 1.9-27.3

-

*Adapted from Kessler and Sligh (1940).
s -

#
Adapted from the International Critical Tables (1927).



2-3-2 ORTHOTROPIC PROPERTIES -

All rock masses have features which make them‘differ
greatly from ideal materials. These special features are called
structures. Genera}ly speaking, there are two types of rock
structure, namely, the primary structure and thé secondary
structure. The primary structures are those structures formeq_
at the same time as the rock mass itself or during ité‘consq;i—,

dation. The secondary structures are those produced during the

N

post-consolidation period. The analysis of the arrangements
and significance of these structures is very important to
geotechnical - engineers because the ease, method, and cost of

excavation and tUnnelling depend significantly on the structure

of the rock.

L

Layering, soﬁ?tiﬁes termed stratifigation or bedding,

is the most common and important primary structure. While it

is less obvious in igneous rock, it is the most important and
prominent structural characteristic of sedimentary rocks (Niagara
Escarpment, for-iﬁstancé). Usually the sedimentary layers or
beds ‘were deposited in an essentially horizontal orientation.
However, if deposited on a sloping bottom, the layers are
inclined and have an angle of dip. The stratification of the

rock of course results in significantly different behaviour

from bed to bed.

Lateral variations in most rock masses are also observed.
However, these lateral variations are more or less rather gentle .

and moderate, and insignificant when compared to the vertical

¥



variation due to stratification. For practical purposes,
orthotropic elastic properties (transverse isotropy) are there-
"fore often adopted to simulate bedding (Jaeger, 1972; Emery,

et al, 1978). Some typical orthotropig(;ropertles of shale
are given in Table 2-2,

2-3-3 DISCONTINUITIES IN ROCK FORMATIONS

,\/%-’
Discontinuities are usually found in rock formations

(excludiﬁg the evaporites). This characteristic makes rock
quite different from many other materials which can be treated
as continua. Special attention must be given to thesé‘dfécon—
tinuities when the propertiés of rock are measured and used
during the analysis of engineering proﬁiems. Discontinuities .
in rock formations are_generally classified as joints, faults
and crushed zones which are the results of rock rupture under
stress, ‘failure in‘teﬁsion, shear, or both. The main differencs
between a joint and a f;plt is\thgt there is no significant
movement parallel to the fﬁpfure surfaces at a joint, whereas
large relative displacements are observed for a fault. Hence,
an dbrupt change in the properties of rock materials istnormally
expected on the sides df a fault., Crushed zones are generally

larger areas of fracture caused by tectonic forces.

>

A discontinuity generally represents a plane or zone
of weakness through the rock. In particular, joints which
traverse the rock formatlons together with any faults or bedding
form 1mportant patterns of potential planes of structural

weakness. The stress-strain behaviour of joints and discontinuity
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TABLE 2-2

SHALE PROPERTIES MEASURED«EXRERIMENTALLY*

2

the bedding

ROCK PROPERTIES RANGE AVERAGE
fniaxial strength perpendicular
’ 12.88 - 19.71 17.60
to bedding (MPa)
Bulk unit weight (ke/m>) 2243 - 2435 2339
NS p
Elastic modulus paralfgrkto
6 4082 - 18.60 10.06
bedding (x10 kxPa)
Elastic modulus perpendicular
6 ! 1010 - 3.2’4‘ 2007
to bedding (x10° kPa)
Poisson's Ratio perpendicular
. - 0.17
to' the bedding
Poisson's Ratio parallel to
- 0.25

u (
From Franklin Trow Associates, 1975 (Emery, et al, 1978).

10
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patterns, particularly time-dependency, is not well defined

and requires considerable field laboratory evaluation.

Because of &he various causes of joint formation,
different jbint patterns are observed. Shrinkage joints in
sedimentary formations are usually short, discontinuous and
random in pattern. Héwever, they are commonly parallel to
the bedding planes of sediments. Cooling joints in metamorphic
formations are parallel and more closely spaced near the
marging of the intrusion, become more widély spaced, and
eventually disabﬁear towards the core of the\masg; The degree
of continuity of joints affects the deformation énd strength
characteristics of tﬁe rock formation. Continuwus joints
represent pre-existing zones of weakness or failure. Formations
with continuous joints will generally fail at.lower values of
stress than the gstrength of the intact rock material. On the
other hand, discontinuous joints will produce'a formation of
greater inherent strength because complete rupture must be

made through zones of intact rock material at failure.

The joint surfaces can be classified qualitatively
into (i) smooth, (ii) rough, and (iii) apparently keyed as

shown in Figure 2-1. A detailed description (characterization)
of jbint surfaces requires 30152 contact tests in the field

or laboratory (Duncan, 1969). Unfortunately, these tests in
the laboratory are uniaxial in nature and of limited appli-
cabilif&. The nature of joint surfaces affects (i) the stress

distribution within the rock and (ii) the shear resistance
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(a) SMOOTH SURFACE

o ottt S

rc><:><:><>‘:><><:»c< NOTE.JOINTS MAY
BE INFILLED-.
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(b} ROUGH SURFACE

-~

rmrrepmer———

e ——r———

5

(c) APPARENTLY KEYED SURFACE
- ‘ ,

FIGURE 2-1 JOJINT SURFACES"
.fAfter Duncan,{1969).



mobilized to resist movement along the joint. Increased

~ roughness of the joint surfaces indicates increasipg shear
resistance. However, rough surfaces have less contact area,
and stress concentrations and local failures may be expectéd

if the internal stress within the rock increases, or the sliding

is large enough to develop the post-peak residual shear strength.

Joints are often infilled with materials, including
gauge, much different in strength from the rock material itself.
Jﬁints are therefore preiexisting planes of failure or weakness
that are critical to rock engineering designs, with character-
istics strongly depend on the properties of the infilled material

and the orientation of the applied load in relation tp the joints.
2-3-4 OTHER GEOIOGICAL AND HYDROLOGICAL FEATURES

In addition to joints, faults and crushed zones,
other features, such as seams, fissures, folds and seepége
conditions will also play an important role in the assessment
of the behaviour of rock formétions. The additioﬁ of these
features to those described previously generally causes the
stress-strain behaviour of rock to become even more complex

and nonlinear.
2-3-5 INITIAL STATE OF STRESS

The initial state of stress of the rock formation
at a site often influences its response to operations such as
gxcavation or loading, and must generally be evaluated before

a project is carried out. Since rock is a highly hysteritic

13
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g
material, it has a strong memory of its stress history, which
is particularly important for the softer rocks such as shale.
Residual_stressés will remain after previously applied loads
have been removed. Throughout its geologiéal history, the
rock may be subjected to over-consolidation and/or repeated
changes of tectonic forces. The initial stress condition of

the rock formations is therefore highly dependent on its

" stress history.

L

Figure 2-2 (a) shows the initial state of stress
for an element of rock at depth z for a site with a horizontal
ground surface. The vertical stress'O; at any depth results
directly from the overburden loading, while G; and 0& are :
related to this vertical stress by the-lateral stress coef-
ficients for that depth, Kx and Ky,res ectively. (It should
be noted that these coefficients are ibaily a function of
depth, and for certain conditions G; zax~
-burden s%ress.) Assuming orthotropic properties for the rock,

not equal the over-

K, and Ky at depth z can be taken to be equal (K), as shown
in Figure 2-2 (b) and the stresses are given by (Emery, et al,

1978):

Gy =¥z | “
oy = KO  and (2-1)

r\?
<
=2

L

N Zﬁv =0
where G; is the.vertical stress on the rock at depth z,
Y is the unit weight of rock,
Oh is the lateral 6r horizontal stress on the rock, and

K 1is the lateral stress ratio.
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FIGURE 2--2(a)

(z=)e

A

/

Ox = Kx 0z

-t

‘ja‘jh“'%x'o

INITIAL STATE OF STRESS OF A ROCK
ELEMENT AT A SITE WITH HORIZONTAL GROUND SURFACE.
"After Desai

and Abel (1972).
Y/
&«
o =rz z

g, GR:KQ'V

, / M
gh‘ﬁb‘o

On = KO

FIGURE 2-2 (b)° INITIAL STATE OF STRESS OF A ROCK

ELEMENT AT A SITE WITH HORIZONTAL GROUND SURFACE.

ASSUMING ORTHOTROPIC PROPERTY OF ROCK!

'After

Emeary ot

al

(1878},
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(If water is present, these stresses and K values are in terms

-

of effective stresses.) From the theory of elasticity, the

theoretical value of K "is given for the plane strain case by:
K =t (2-2)

" where v is ﬁhe‘Poisson's ratio. For a typical range of values
of the Poisson's ratio for rock from 0.15 to 0.3, the values
of K can be evaldatéd from Equation {2-2) to be between 0.18
to 0.43. However, much higher K values (see Table 2-3 coverlng
Southern Ontario, for instance) are often repdrted from field
measurements of high lateral stresses, indicating that the
effects of tectonic history, overconsolidation and/or faults,
folds, etc., must be accounted for, rathér than a simple elastic

approach (Emery, et al, 1978). Rock f tions with high

excavation and tunnelling ( many cases are
knovm in Southerm\Ontario, for instance ). This key point to
tunnelling in squeezing formations will be explained in further
detail in ghapter hree. It'should be noted that in addition

to squeezing conditions due to relax ion of high lateral

stresses, swelling of soft formations can also contribute.

The shear stresses in Figure 2-2 (a) (b) vanish
only if the ground surface is horizontal and there is no surface
load. However, in‘practice the ground surface may be sloped

and/or subject to differént types of loading. In either case,

3
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\\‘in Figure 2-3. The letters t,, ti and 1, on each curve denogte

N
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the shear stresses are no longer zero and must be estimated

B 4 | . ' .
+ using-the theory of elastic although this may not be applicable

given the residual stresses.

#72-3-6 NON-LINEAR AND CREEP BEHAVIOUR - . s

{t rias long been observed tHat when a rock specimen is-

P :

Ve . 7

loaded in an uniaxial compression test, the resulting stress-

strain behaviour depends on the rate of loading as illustrated
3

the relative rate of loading for the test: t, corresponds to a

very rapid loading rate (theoretically instantaneous); while tw

~

corresponds to a very slow loading rate (theoretically sustained)..
Thg\hon-linearity of the stress-strain curve indicates.that a <
delayed stf@in is involved which is often referred to as creep
strain or time-dependent strain. (A plastic strain may also .
be involved in each case, but this instantaneous behaviour can

only be evaluated by considering non-recoverable deformation.)

The time-dependent deformé@ion can generally be des-
cribéd either by a stress—relaxafion.law or by a creep law.
For'é.stress-reiaxation law, the dependent variable stress is
eXpnéssed in terms of the indepéndent variable time for a strain
his%ory, For a creeb law, on the other hand, the strain is the
timé—dependght variable Sn a stress ,l"fistorye Although these
two 1aws”fepres§nf different physical meanings and offer dif-
fgrent'adian%ages, they have the same'general purpose: to
describe the time-stress-strain relationship of a material,

) (
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In general ’
C1otar = &Cgrastic t Epiastic + creep
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FiéURE 2-3 NON-LINEAR STRESS — STRAIN CURVES OF
ROCCK IN UNIAXIAL COMPRESSION TESTS
{ ASSUMING NQ PLASTIC DEFORMATION) .
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In the 1abor;;3}y? stress-relaxation tests and creep
tests are generally used to siﬁulate different conditions. In
a stress-relaxation test, a rock specimen is brought suddenly
to a state of strain, and then with this strain kept constant,
the resulting time-dependent stress is measured. Similarly

in a creep test, the specimen is brought suddenly to a state’

.of stress and with this stress held constant, the time-dependent

strain is measured. Step functions of strain-time or stress-
time are often used to simulate the actual strain or stress

history for the material.. (An example of a stress history for
a specimen is shown in Figure 2-6 to be discussed later.) In
practice, the uniaxial ‘creep test is most commonly adopted for

rock, soil and concrete as it is simplé, accurate and can be
\

" completéd in most laboratories.

Creep in geotechnology is considered-to be the very
slow, continuous deformation of earth materials which takes
place when the state of stress is changed. This change may
be due to either an inecrease in, or release of, internal or
external stresses. Figure 2-4 ghows typical schematic creep
curves which are obtained by loading rock specimens under
different constant uniaxial stréss conditions, at constant
temperature. It should be noted that while temperature is not,
considered herein, as shallow formations are being con;ideréd,
temberature becomes an important parameter in creep relation-
ships for greater depths where the pressure is also high (i.e.
time-stress-strain-temperature relationship required). This
form of creep curves is common to many engineering materials

+

Y4 : . o



21

S/

i

| ] |
Prlmarypecondary,Tertlaryv ’
i | Creep’ ‘ .
f t Rupture
z ! -
_ l
< | i
o !
}-—
n i
1
1
a. i
w |
w —
o ]
'®) i
I
I .
|
|
1
T o
TYME :
A |
|
]
W D0, >05> 07 !
- NOTE: 3>05 / l
< J
o |
1
pd ]
- t
< I
o |
- \
w 1
1
l
i
>
t

FIGURE 2-4 TYPICAL UNIAXIAL CREEP CURVES FOR
ROCK SHOWING POSSIBLE BEHAVIOUR IN UNIAXIAL TESTS.



P
Rl )
I,

such as concrete, vrock, s6il, ice, plastics and steel aﬁ
elevated temberatures. For instance, three stages are observed
for uniaxial stress level G}: (i) primary or transient creep,
(ii) secondary or steady state creep and, (iii) tertiary or
failure creep. pﬁring the transignt creep stage, the creep

rate is greatest when the specimen is initially loaded, and
decreases rapidly to a more or less constant creep rate. This
"steady state" creep stage ends when the ;reep rate again in-
creases imithe final stage, followed by failure of the material.
Usually, there is no clearly defined boundary between the
successive stages and the existence of the three stages largely
depends on stress levels, (temperature, total elapsed creep

time and data presentation. As shown in Figure 2-4, the specimen
at uniaxial stress level (73 fails at time tes Wpile the specimen
at uniaxial stress level G% is still in the steady state stage.
If the stress level is low, creep may stop during the secondayy
stage, with no failure stage, as shown for uniaxial stress level
01. The efféc%sof a temperature increase is usually an increase
in creep rate as more energy is available to the creep process
which is generally considered to be-a rate process (i.e. thermally

“activated) in terms of temperature influences (Emery, 1971).
2-4 CHARACTERIZATION OF PORTLAND CEMENT CONCRETE

In many respects, concrete under load behaves in a

manner similar to many brittle rock types (i.e. excluding

evaporites). For this reason, research on the time-dependent

22



behaviour of concrete often
ponding behaviour of rock.

behaviour characterization,
are applicable to both rock
cteristics of concrete from

can be summarigzed as:

(1) Concrete can be
makes i1t very easy and much

kit specimens in comparison

23

pravides an insight into the corres-
In fact; for most stress-strain

laboratory equipment and procedures

and concrete. Some“important chara-

the point of simulating rock behaviour

cast into any shape or form. This
cheaper to manufacture laboratory

to preparing rock specimens from.

field samples. Of colrse, the final development of rock creep

relationships still requires tests on the actual rock involved

in the project, and noting that only intact rock is being

simulated at this. stage.

(2) The properties of concrete depend mainly on its

constitutive components (cement, admixtures, water and aggregates)

that can be. readily changed

For instance, for low water

to simulate a range of rock behaviour.

to cement ratio concrete, the strength

is low while the creepﬂpotengial is high. Unfortunately, to a

low extent, the properties of concrete also depend on many other

factors, such as method and time of -curing, temperature and

humidity. There must be closely contgklled 0 avoid any dif-

ferences between kit specimens, and the curing time at testing

must be kept constant for a test series.

(3) The elastic properties of a concrete specimen can be

related to its unit weight and compressive strength by several

empirical equations such as that proposed by A. Pauw (1960):



2L

E, = 0.2 w3 /< (2-3)

where E  1is the modulus of elasticity in‘kPa, -
fC is the’ﬁltimate sﬁrength in kPa, and
w is the unit weight of concrete in kg/mB.

Similar approaches have been used to esgimatg the modulus for

various rocks.

(4) Concrete, like rock, is weak in tensile strength

so that microcracks develop whenever the material is in tension.

(5) Unfortunatély, as mentioned in (2) concrete gains
stfength, as the hydration.process continues at a rapidly
deminishing rate over a very‘loﬁg time period. While 28 days
is often taken as maturity, this is not really the case. As
the strength increases, the creep potential of c¢concrete decreases

with age and can be es?}mated by (Shank, 1935):

§;=¢ ot . (2-4)

where St is the specific creep strain ( 1 x 10‘6)

t 1is the duration of loading in days

r 1is an index from creep tests, and

C is the day one créep strain ( 1 x 10;6) per unit stress.
For conventional ordinary strength concrete, the value of r is

about 3 and the value of C is given by:
C = —.O—-'-j—‘— (2__5)
. 2.5',a

where a is the age in days when loaded.
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Another creep relationship from testing plain concrete arches,
subjected to uniformly distributed loads, was developed by

Straub (1930):

€ = 4.7 x 1071013 04 (2-6)
where ¢ = creep strain,
¢ = the stress in kPa, and
~ %t = time in days. !

The Straub creep relationship does not consider the degree of
concrete maturity like Equations (2-4) and (2-5),but,as shown in

a later section, is of a form often used to describe rock creep.

(6) Concrete. displays anisotropic behaviolur (more speci-
fically orthotropic, i.e. parallel and normal to the direction
of casting) with a degree dependent on the aggregates, mix
proportions and method of mixing and casting. For instance,when
the aggregates used are of good quality and comparatively cubical
in shape, and a proper method of mixing and casting is used, there
is no significant degree of anisotropy in comparison with most,
rock. Thus, a degree of extra anisotyopy can be "built in" if
required to represent a specific rock formation. Irregardless,
the creep, strength and modulus of elasticity for even high
quality concrete were reported to be higher in specimens subjected
to a load in the plane of casting compared to the normal direction
(Karapetian, 1964). Some test results showing the influence of

concrete,énisotropy on creep are given in Figure 2-5. It is of

-~
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interest to note that the influence of anisotropy decreases
with increasing specimen size, which is often observed when

testing intact rocks in the laboratory. The opposite trend

would of course occur if there weresdiscontinuities present.

2-4-1 CREEP THEORIES FOR CONCRETE

A number of factors or mechanisms which affect creep
have been éonsidered to explain the creep of concrete such as:
mechanical deformation; viscous flow; plastic flow; seepage of
gel water; delayed elasticity; and microcracking. However,
none alone can account for the behaviour when developing a
fundamental ereep relationship for ¢oncrete. It is clear that
the‘acﬁual creep muSt involve several of these mechanisms acting
together (Neville, 1970). Because of the difficulties involved,
experimentally determined creep relationships.?Br concfete are
generally used.

*

2-5 PREDIGTION OF CREEP EFFECTS

As far as engineering applications are concerned, the
prediction of creep effects is far more important than fully
understandipg the creep mechanism(s) involved. Three approaches
are generally available to study the creep of earth and other
materials: (i) the fundamental approach; (ii) the %Ppirical

approach, and (iii) the mathematical model approach.
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In the fundamental, or micromechanistic approach,“the
creep behaviour is studied on a molecular level and is related
to thermally activated processes. The creep strain rate equation
is developed from the absolute reaction rate\theory or rate
process theory (Mitchell et al, 1968; Emery, 1978). Unfortunately,
while important to understanding creep behaviour and factors
involved, tpese strain rate equations are not adequately developed

for geotechnology use at the present time.

In the empirical approach, various parameters such as
strain, strain rate, stress, time elasped and temperature under
controlled conditioﬁs are measured in experiments. Functional
relatizquips among these parameters are then developed to
descripe and predict the creep behaviour fof design applica-
tions, often using statistical design packages such as SPSS*.
Alternatively, a simple tabular or graphical forms may be used
in computer programs’ (Emery,1978). Some of the more typical
empirical creep equations for rock are given in Table 2-4.
Currently, mosf creep relationships uséd in rock engineering

are empirical and based on uniaxial testing.

In the mathematical, or rheclogical model approach,
an idealized model is developed to simulate the creep
behaviour of actual materials. These devices are usually
linear or nonlinear springs, linear'dashpots (Newtonian) with

a coefficient of viscosity 11; non-linear dashpots (non-Newtonian)

with creeping flow,and sometimes sliders (friction element).

Y
Statistical Package for Social Science.



TABLE 2-4

SUNMARY OF CREEP EQUATTONS AND LI?ITATIONS.

ROCK CREEF EQUATION

ROCK TYPES

LIICITATIONS

& = kgD
(Boresi and Deere, 1963)

&= Ag?
(Robertson, 1963)

(%)t -

(Farmer, 1968).

= g, + gt K@log(t+1)
(Hobbs, 1$70)

¢

£ = A + Bt + D{1-exp(Zt)]

(Afrouz and Harvey, 1974)

C E

E_:ﬂ-kBt + Dt

{Afrouz and Harvey, 1974¥

Rock salt

I

Most rocks

Siltstone,
sandastone,
shale, and
limestone

Alr-dried
goft (coal,
underclay)
to nmodium

( sandstone,
limestone)
rocks

Saturated
saft (¢oal,
underclay)
rocks

The constants (K,nym)
are given only for rocH
salt and for stregges
ranging between 6.89
a and 26,53 MPa in
this reference.

Values of n c¢alculated
from primary creep daty
are given by Rocertson.
This equation may not
be valid for all ranged
of strains, l.e. does
noet cover the steady
state oreep and the
tertiary creep.~ Also
it requires experimentyg
to define the constant
A for the rock type
used.

This equation does not
include the secondary
creep. The values of
n are dependent on the
atress magnitude and
the e¢lastic modulus.

The constants (g,f,K,)
are given for the foflir
rock types for stresseq
ranging between 26.18
MPa and 41,34 NPa. The
equation dovs not cover
tertiary creep.

The constantsg (A,B,C,D,
E) are givan for
stresses ranging bot-
ween 0.65 P2 and §.72
¥Pa. In these equationg
the gtrain is only =
function of time. The
constants for the rock
type tésted should be,
detormined experiment-
ally ror the stress
lovel anticipated.

*Emery et al (1973)

29



o

30

The mathematical description of the creep behaviour of ghe

model is then used in the creep analysis of matefials. This
approach gives an overall description of pghe deformation res-
ponse including elast%c, vliscous, nonviscous and plastic beha-
viour, or a combination of these. The advantage of the linear
rheological model approéch is the use of the correspondence

rule for determining analytical solutions. Some of the 1imit-
ations of the rheological model approach iﬁ geotechnology are:
(i) ‘The creep of most earth materials is non-linear so that

‘ the'typical linear models and superposition represent only an
idealized cbndition (Schiffman, 1959; Kondner and Krizekf>i§65;
Hirst and Mitchell, 1968; Scott and Ko, 1969). (ii) The success
of the final solution depends on how well the response of the
rheological model and the assessment of the parameters for each
element represent the actual material., (iii) This approach
usually works under specified conditions (for example, over a
particular stress range and time interval) and does not offer

a generalized representation of the creep behgvi6hr of earth
materials (Hirst and Mitchell, 1968; Scott and Ko, 1969). Based
on a review of many forms of available creep relatiogghips for
{earth materials, Emery (1971) concluded that the empirical
approach, with consideration of the fundamental process involved,
is currently the most realistic 'and appropriate approach iﬁ
ge;techﬁology given the' complexity-and nonlinear nature of these
ﬁaterials. This does require la?oratory data (or preferably
field data), but the rheological model épproach is just too

simplistic and not generally representative of observed behaviour.

{
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2-5-1 CREEP UNDER VARIABILE.STRESS

It is usual, and convenient, to conduct creep tests
under a constant uniaxial ét?ess condition. HoWever,%in the
field, a constant stress history is rarely involved and the
stress state is‘genefally multiaxial (an exception being .axi-
symhetric axial loadings). Cumulative laws for creep under
variable stress étateb/ére therefore needed.~ The two most .

»
common cumulative laws, illustrated in.Figure 2-6, are the i

’

strain hardening and time hardeniné creep laws. In the time

hafdening creep law, the current strain rate depends on both

¢

the elasped time and the current stress leve1~(i.e.éé=f(dyt)).

On the other hand, in the strain hardening creep law the current

strain rate depends on thé cﬁrrént stress and strain levels | .
C(i.e. Ec = £(¢,&)) (Emery, 1971; Nguyen, 1976). In both cases,
[ - : ! N

a constant temperature has been assumed. It should also be
" noted that the strain hardening concept is often referred to as
. j

a mechanical equation of state in studying metals at'e}evated

' |
temperatures and stresses. For earth materials, the ,strain

hardening creep law has been found to be reaiistic, and is

usually adopted (Emery, 1971).

2-5-2 CREEP UNDER MULTTAXTAL STRESS STATES .
’:\’"‘ 4 ..‘ ’ LN 4
Creep tests \conducted in the laboratory for earth ¢

materials, such as rock, are generally uniaxial, and sometimes
" ) . . » . .

e s b ot =
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confined triaxial. The triaxial or multiaxial créep tests
have been rarély reported in the lit%?ature. However, in
bractical problems involving creep such as rock excavation and
tunnelling, the sta%e of stress is usually very complicated,
and the six stress components_(ak, G&, Gy ? Zky’ ?&z and Zéx)
are generally involved-with magnitudes dependent on past and
present stress histories. Two general steps must be taken to
remedy these shortcomings: (i) creep tests should be performed
for both uniaxial and multiaxial stress states; and (ii) a
creep theory (or theories) should be formulated yielding gener-

alized multiaxial relationships, preferably based on the simpler

uniaxial tests.

.From the study of multiaxial creep behaviour of metals

at élebated temperaturés, and assuming similar relationships

hold.for incremental creep strains as for iﬂcremental plastic

strains, thehclassical ineremental plasticity‘(flow) law is

typiéally adopted to éiye a relationship between uniaxial and
multiaxial creep behaviour (Emery,‘197}). The following equation

is available from incremental plasticity:
4 A& " \

. . 2.
5 slc| (2-7)

A£§j=

the increment at creep tensor,

n
1]

where Aégj
e
Te is the equjvalent stress, and

Sij.is the deviatoric stress tensor.
B x

AEC is the equivalent éreep strain increment,



Different definitions of the equivalent stress and the
equivalent strain rate for multiaxial creep laws are given in
Table 2-5 and typically used in glaciology and plasticity of
metals (Nguyen, 1976). The validity of this pfactice, and the
suitabilities of adopted definitiéns of equivalent stress and
equivalent strain rates in rock mechanici_is st1ll unknown and
requires support from multiaxial creep testing. Emery (1971)

and other researchers in geotechnolbgy have often adopted Dorn's

definitions. , ‘
2-6 SUMMARY )

Characterization of eapth matérials is difficult given
the problems of sampiing, variabilfty, low strengths, etc, and
usually requires an elabofate(laboratory and/or field programme
coupled with engineering experience and judgement. This is es-
pecially true for rock where the general progiem.of determining
appropriate propertigs becomes even more difficult when time-
dependency is involved in the analysis (Eﬁery»ef al, 1978).
Further, undersjanding rock creep behaviour is'handicapped by
the fact that ponventidnal creep tests on rock are uniaxial in
nature. In contrast, considerable progress has been madg i;
understanding the more complicated creep of concrete, and multi-
axial crégphtests on concfete have been reported (Gopalakrishnan,
Neville,‘ﬁhaii, 1969): The multiaxial créep equipment developed
in this study is approppiate for most brittle materials, and as
indicated in earlier sections, concrete was used in the evalu-

.ation of the test frame, Future studies will emphasize appli-

cations to rock créep and rock-concrete interfaces.

3
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TABLE 2-5

DEFINITIONS OF EQUIVALENT STRESS AND STRAIN RATE

e ey | s
Ny; (1953) /I3 /35
Llibéutry (1965) /”Tg“ 2 /”?g
Meier (1960) 2 /T3 | V) /T
Dorn et al (1945) | (/73) /T3 (/%) /T3

‘ | .

\

Jé =
Ié = the second invariant of the deviatoric
where: ' .

"... c - e 2
3y = 2l(g, ~) + (gy + (&, - &)

-
1]

,*From Nguyen (1976).

RN

the second invariant of the deviatoric.

3 = ghio, - oy)? + (G - o;)z AR AL

strain rate.-.

stress.

* 6(éxy2+éyzz+éz.xz):I

6(ny +(yz +Gox 2)]
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CHAPTER 3

EXCAVATIONS IN ROCK
3-1 INTRODUCTION

Construction in rock®is common, and typically involves
two main classes of problems: (i) stability of natural and arti-
fical slopes; and (ii) excavation design for cuts ahd tunnels.
Tunnelling is one of the most expensive and time—conéuhing classes
of engineering constructioﬂ with the rate often governed by the
type of support system installed which often represents 30 to
50 percentrﬂf the total’cost (Lane, 1975; Emery et al, 1978).

3-2 GREEP MOVEMENTS AND SQUEEZING GROUND CONDITIONS
There are many problems and engineering considerations

assoclated with excavation in rock. ome “common concerns are

rock bursts, overbreak, underground water conditions, running -

" ground conditions, squeezing ground\ swelling,effects of high

temperatures, dangers of gas, etc. hile detailed descriptions
of these problems ére available, and remedial measures suggested
in the litepéture, much current research is devoted to minimizing
the influence of these problems in terms of both safety and

coat. The design of tunnels in squeezing or swelling ground

is an aspect of particular interest in Southern Ontario (cuts

and tunnels in escarpment for instance) that is the subject of

- BN
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continuing research on finite element method applications to

excavations at Mcilaster University (Emery et al, 1978; Hanafy

) Y
and Emery, 1980).

Squeezing ground with tunnels is the very slow
movements of weak or semiplastic rock materials into the
tunnel opening that may result in significant failures in
the rock itself, or of the support system. Observations
shpw that significant sdueezing ground movements often in-
volve a time period on the order of several weeks to several
months, but periods of many years are also known such as
the Niagara wheel pits. Sites with high lateral stress ratio
values are typically associated with squeezing ground conditions
(Southern Ontario, North Dakata, Southern Alberta for instance)
(Emery et al, 1978). Discontinuities, minerology, grain size
of rock materialé, etc. are also important factors in pre-
dicting squeezing ground conditions, with movements across
digcontinuities such as bedding often being predominant. In

general, softer and weak rocks which are rich in clay minerals

are prone to squeezing since they are more plastic materials.

Emery et al (1978) related the squeezing ground
conditions to'éréep movements of rock strata, and éuggestéd
that the predictiort of creep is often an important desién step
in determiniﬁg théisupport system to be-used during the exca-
vatién of tunnels and cuts. These creepamévements caused by
unbalanced stresseé from. changes in the stregs'state are due to

"unloading" of the ‘residual" léteral stresses. The stress

R



path during excavation involves a changé from the initial
insitu state of stress given by Equation (2~1) to the final
stress state after excavation. The final stresses for analysis
are the sum of: (1) the initial stresses at the site, typically
Jdetermined by field monitoring such as over-coring, énd (2) the
;pepturbation" stresses resulting from the application of
"release forceg; acting around the opening to give a stress-
ffee excavated surface (Meek, 1973; Kulhawy,1974; Hanafy, 1976;
Emery et al, 1978). It is‘'clear that the final stress state
is multiaxial, and vafious stress paths are involved during
excavation and construction. The prediction of movements

associated with squeezing ground therefore requires a multi-

axial creep relationship(s) and the use ©of an appropriate ‘

cumulative creep law(s). .

Convenfionally, two construction methods are used
to deal with squeezing ground condition (1) installation of
a subport system sufficiently strong to coqtaﬁn the squeezing
ground (a formidable task); and/or (2) allowing controlled

squeezing and then placing the final lining (a soft backing

can be incorporated to allow continuing movement) when the

‘movement stops or slows to a suitable design level. The first

method is usually not only uneconomical in terms of thick

liners, but also introduces design uncertainty as the loads can

build-up to high levels over many years and ultimately lead
to failure. The second alternative is more realistic, since
once a stabilized condition is attained and monitored, theére

should no longer be a pontential for liner cruéhing. However,

3¢
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the time required for movement stabilization may be too long
and/or the rate of tunnelling may become a critical factor,
so that a combination of methods is often adopted. Current
practice in squeezing ground conditions is to delay the liner
placement and}or the use of a soft backing or packing, to
avoid damage to the lining during the period of re}atively
large deformations due to creep following excavqtion (Emery
et al, 1978; Hgnafy and Emery, 1980). A suitable choice of
delay time will significantly reduce the induced stresses
since tests indicate that the creep rate is greatest at the
-time of excavation and will decrease rapidly in the primary
creep stage. A viable modification; or supplement, to this
method isbto leave a gap between the lipef and the rock, so
that there is sufficient room for the potential creep move-
ment. Some soft backing should be used to avoid voids be-

" hind the liner and for stress raisers that can result in
cracking; The concrete lining-rock interface conditions
often lie between two extreme cases: (i)igompletely rough
with no slip (cast in place), and (2) smoéth with some slip

(precast and/or soft backing). '
3-3 SWELLING ROCK CONDITION

A phenomenon'very similar in response to the squeezing
ground condition is the swelling ground condition. Often the
"squeezing ground" is used for both the squeezing (lateral
stress release) and gwelliﬁg cases, or combination. Swelliﬁg

. ground involves an inc¢rease in VOlumeefexpanéion) by one, or

’
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combinations, of processes {ncluding hydration,Aadsorption,
absorption, expansion of pore water as a éonsequence of con-
fining pressure release,‘etc. (shrinkage is also possible

with drying and should also be considered during design).
Swelling is usually a slow process which depends on the per-
meability of the rock and the penetration of water which is

again a time-dependent process, The process gradually stabilizes
since (1) the supply of pore water migrating toward the tunnel
opening reduces with time and (2) a layer of "swelled materials"

will shield the unexpanded materials from moisture. The

potential efféct of swelling is indicated by the saturation

moisture coptént and porosities for the materials after swelling

in a free swelling test. Sometimes, a clear distinction

between swelling and squeezing is difficult becauée an intro-
duction of eyen small amounts of water to some of the rock

will increase the creep rate since the rock becomes more plastic.
However, squeezing differs from swelling in the following ways:
(1) it involves no appréciable volume change,\and (2) it starts
immediately after excavation,-while swelling requires additional
water for expansion which introduces a time delay. Nevertheless,
the two conditions can be(treated in a similar manner - an appro-
priate delay in the placement of liners with minimal moisture
change to allow most of the movements to take place and thus
greatly reduce the potential induced stress levels.. While

further research is necessary to develop effectiv;J;:&sfruction

1]
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methods, a very practical way to limit squeezing is to limit
moeisture changes during and after construction. Membranes

L
and resin injections are being developed for ‘this purpose.

B3
‘ 3-4 FINITE ELEMENT METHOD FOR TUNNELLING SIMULATION

Finite element method is particularly useful, and
readily adapted to earth materials, because of its capability
of handliné design problems associated with material character-
istics such ag’nonlinear behaviour, residual stresses, discon-
tinuities, large displacements, time-dependency, etc.(Zienkie-
‘wicz, 1968, 1977; Radhakrishnan and Reese, 1970; Desai, 1972;
Desai and Abel, 1972; Emery, 1978). Emery et al (1978) developed
a design package which incorporates a plane strain, linear
displacement, triangular finite elements to simulate and ana-
lyze the design, control and monitoring of tunnel and cut
excavations in rock which cofered the following aspect?v
(1) initial stress state and lateral stress ratio K; (2) jointing
and orthotropic behaviour of rock; (3) final stresses and elastic
deformé%i;ns immediately after excavation; (4) creep before
' placemént of liners; and (5) interface conditions and creep
behaviour of the'combined rock-support-tunnel system. Howgver,
the following aspects were not included: (1) orthotropic creep
behaviéu? of rock, and (2) time-dependency of joint movements.

To study the time~depéndency of rock and rock-support systems,
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an incremental, initial strain, finite element method was used
which involved several assumptions: (1) plane strain; (2) non-
homogeneous, -isotropic, elastic material; (3) generalized rela-
tionship between uniaxial and multiaxial creeg; (4) no volume
change due to creep, i.e. Equation (2-7) is valid; and (35) no
cracking due to tensile stresses but discontinuities can be
simulatéd with a Goodman (1968) joint element. While these
assumptions involve different degrees of idealizations, they
were necessary becéuse of the limited availabity of experimental
data for the characterization of rock and rock-support systems,
rather than the limitations of’tﬂ; finite element method itself.
More recgptly, the method has been extended to simulating the
advancing face and lining placement with time through an axi-
symmetric finite elerment method approach (Hanafy and Emery,
1980). However, the rock characterization limitations still

remain to be resolved.
3-5 SUMMARY

Thé application of finite element method to ¢reep
problems in rock mechanie¢s requires a clear understandihg of
the characterization of rock, concrete liners and their inter-
action; in _particular, the appropriate siress-strain-time.
relationships involved. Unforfunately, experimental éesggrch
in this area hgs tended td'lag beﬁind the development of
numerical techniques (Hanéfyhand Emery, 1950). While assump-

tions have to be made and some behaviour aspects are currently



. - N
At W e o e o iy b O

excluded from the design package because of the limited avail-
abity of experimental data, fuller use of the finite element
method is possible if more information is made available on:

(1) rock-concrete interface behaviour including creep; (2) multi-
axial creep relationships f9r rock; (3) orthotropic creep
behaviour of rock, and (4) time-dependency of discontinuity
movements (Emery et al, 1978; Hanafy and Emery, 1980). Design
and construction Qf a multiaxial creep testing frame with
continuous monitoring of loads and displacements through an

accurate data acquisition system was, therefore, the first and

. probably most important experimental step to accomplish the

objective of improved tunnelling simulation.

43
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CHABTER 4
DESIGN AND CONSTRUCTION OF A "

MULTIAXIAL CREEP TESTING FRAME

4-1 INTRODUCTION

This chapter deals with the design and construction
of a multiaxial creep testing frame. The frame is primarily
designed for testing n?ck and concrete, but, with minor modi-
fications is suitableAfor testing other materials that exhibit
creep at relatizely low stress levels and ambient.conditions.
Further it can also serve as a multiaxial strength testing
frame for these materials since two of its three independent .
actuators (loading pistons) can be strain or stress servo
controlled in the present configuration. Future plans for
the multiaxial creep testing frame include addition of serve

control to the third loading direction.
4.2 BASIC REQUIREMENTS FOR CREEP TESTS

There are four basic requirements for creep tests:

(1) the testing should be temperature and humidity dontrolled
!

to simulate site conditions since the crieep properties of most

materials are dependent on environmental conditions; (2) the

‘stresses over any cross-section of the test specimen {which

are very "small-scale" compared to the site scale) shpuidibe
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uniformly distributed since iqcalized stress concentrafionsi‘
cé@se microéracking and/or yielding; (3) the loading system
should be capdble of maintaininé a constant, known stress
state, with a minimum of.supsquent ad justment ahd_mainten— )
ancey and (4) the test specimens should be repfegén%ative of
'the‘gite materials. Any change-in tempéqature %uring the

test wouid not only,affecf the creep behaviour 6% the material,..
but éf;o cau§es‘thermai expansions or coritractions that can

be significant.in cémpaéiéon to the creep strains., It is

coﬁmoﬁ practice to daintain‘the stress gtaté'constant during
\creep tests so thaf site strés changes’are1generall& not

direéctly simulated. Some creep tests with changing stresé

'stafé (typkeally sfep‘form) for earth materials and concrete

are given in the literature, but‘theée are both limited and
have not been applied to developing cumulative creep laws.
For this reason, a multiaxial creep testing frame was required

in which the principal stresses (and resulting overall stress

\ . )
. state on any plane) could be reliably controlled over a wide

L}

rangﬁ‘of stress paths‘and.streés levels. Further, the testing
sys%ém required automatic data monitoring and servo control

'so that tests pould:be fgn for extended pefiods. To‘satisfy
nost of these requirements, the multiaxial creep testing frame
described in the following seotions was developed from én ex-
isting MTS uniaxiqlitegting frame in the Geotechnical Laboratory

at McMasgter University.
., . :. N !
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4.3 STRESS IEVELS AND SPECIMEN SIZE

The specimen used should be as large as possible‘
since (1) it will be more representative in terms of site
conultlons such as dlscontlnultles (these are still extremely
difficult to’ accomodate in the laboratory), (2) larger out-
puts from load and defe;matlon monitoring dgv1qes, w1th}1ess
"noise” due to amplification, are involved; and (3) spetimen
quality (plane surfaées);and ease of preparation geperall;

improve with increasing size.

.

On the other hand, specimen size is limited by the

-maximum forces that can be generated by the cfeep testing

frame,actuatorsfto provide the desired stress levels. The

‘multiaxial creep testing frame cénstructed is equiped with

a Bellofram actuator (air pressure controlled) and.two MTS
servo-controlled actuators (oil pressure controlled) which

are cagpable of generating a maximum force of 20 kN and®220

.kNg‘respectiveiy. An example of a typical rock mechanics’

application illistfétes'the capabiiit& of the system. Suppose
an excavation of a tunnel is carried out in rock ‘85 meters

below the ground surface with a bulk unit welght of 22.55 | .

lkN/h This lS about the maximum ‘depth‘involved in most

,appllcatlons of interest in %%Vll engineering constructlon.

The vertical stress at the depth of interest is about 1 900 ‘
kPa (Equation 2-1). U31ng the. Bellofram actuator to

generate this vertical oveggurdgn strass level limits

- ‘ L . . ———
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the maximum specimen size to a 102 mm (4 in.) cube. The two
MTS actuators can generate maximum lateral gtresses of .21,300
kPa, corresponding to a maximum lateral stress ratio of 11. \
This is considered the 'upper limit on lateral stress ratios
from monitoring and Field construction experience. If_shOuld
be noﬁed fhat while the available actuators and auxiliéry parts
were sui¥ab1e for the stresses of interest,:there were severe
financial gnd time constraints in developing the overall
system; For this reasoh; further development work continqes.

.

4_L DESIGN QOF LOADING PLATENS

The overall multiaxiai creep testing system is shown'
in Figure 4-1 where the cubical specimen fsl}oaded through six
stiff polishe? steel platens as shown in Figure 4-2 ; A loading
‘¢ap, 76.20 mm (3 in.) 1n diameter, 12.70 mm (5331) thick,
and with a curvature of 38.10 mm (12 in.) at the centre, is

bolted to each steel platen. Two essential elements were con<

.

‘sidered in the design of these loading platens, i.e. the size and

thickness. Each éteel platen is square, with a width slightly
less than that of the specimen to~&llow a}gap between the .ad-
ﬁacent platens’ The function of these gaps is to ensufe that
any 1ateral squeezlng or swelling of -the specmnmn is not res-

trlcted by ligd transfer between any adaacent platens. However,

%

A

All constructlon machlnlng draw1ngs were ‘completed in 1mper1al
units,- . .

w7
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FIGURE 4-1 MULTIAXLAL.CREEP TESTING FRAME.
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gaps have been minimized -se that the platens cover as much of
the specimen as possible, and a fairly uniform normal stress

is developed over the specimen face. To optimize the objective

of minimizing platen iﬁterfergpce while producing a uniform

loading, the total maximum lateral strain (both elastic and
creep) of softer rock materials under an uniaxial compre351ve
stress of 21 +300 kPa was estlmated using Hobb's creep equation

. -

for shale (1970)

£= EO + 1.98 X 10—9't + 7,56 X“:1_0“9(7]_Og(:t_*_l)~ (4_1)

where £ is the total strain (elastic and creep),
.t is the time in minutes,.
O is the stress in kPa, and’

£bis the elastlc straln, 07E.~

Referrlng to the typical measured propertles of shale 1n
Table 2 2, the rock is more compre331ble when loaded perpen-

dlcular to the beddlpg. The value of the elastic modulus, E,-

6 kPa, at the lower end of the eppropriate

6

is taken as 1.0 x 10
nodulus range (1.10 x 10° KENgto 3.24 x 10° kPa). For a
uniaxial strees, g7, of/Zi{BOQ’kPa and test duration, t, of 6 -
months (260,000 minutes),'a maximum total strain of 2.27 X 1077
is obtained from Equatlon (4-1), giving a maximum total deform-

ation of 2.32 mm for the 102 mm cubical specimen. Also softer

rocks (mudstone, for 1nstance) may be tested in ‘the future.

The w1dth of the 1oad1ng platens was, therefore, selected to be

\

»
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- S is thelwidth of the square platen,

\ I ‘ - .
96.84 mm (3%%iJL), leaving a gap of 2.38 mm on each side of
the platen.’fhis clearance was checked for concrete gspecimens
by making use of Equations (2-3) and (2-6). For ordinary con-

crete with a bulk unit weight of 2,300 kg/ma, compressive

‘strength of 30,000 kPa, and creep test dufation,of)six months,

a total deformation of 0.74 mm is éxpected, which is much less

critical.

When the sﬁecimen is loaded, the loading platen will
be bent somewhat, depending on its stiffness and thé magnitude
of loadiné. While a detailed stress-strain analysis of the
platen under loading is possible, a simplified, but conserva-
tive, method was adopted to check the design by assuming that
the platen is centrally loaded to 220 kN and simply supported
on its four edges.. The maximum deflection 2t the centre of

the square platen can then be evaluated from plate theory as:

‘ 2 . . ' \i’( K
& %%?_ sin(mn/2) sin(nz/2) (4-2)
max . D. m=1,3,.. n=1,3,." (m2 + n2)2 . \\-\

e o]

4

. where P is-‘the conc¢entrated load at the centre,

. 3-
D is the stiffness of the platen = 12Et~?. ’

t is the thickness ofthe platen, and

« ¥ ig the Poisson's ratio of steel.

On exPanding,.Equation{(4;2) is simplied to:

) ]
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= 0.095 £5- , (4=3)

Wmax

sz

For -a 96.84 mm square steel platen of thickness 31.75 mm (i%iin.),

the maximum deflection, w

nax! 1S caloulated to be 0.34 mm,

assuming that the elastic modulus of steel is 200 x 106 kPa

and Poisson's ratio is 0.27. Since the maximum elastic modulus

6

of shale in Table 2-2 is 18.6 x 10” kPa, the minimum elastic

deformation of the specimen when loaded is expected to be 0.12 mm.

From the above analysis, the maximum deflection of

the platen andvthe elastic deformation of the rock are of the

same order. Further, it should be pointed out that this approach

is very conservative. The actual deflection of the pléten will
be much shaller since: (1) the actual stress distribution is

fairly. unlform from the loading; and (2) the use of the loading

. cap (12.70 mm thickness) on top of the platen increases the

platen stiffness and makes the load even more unlﬁpfmly dlstrl-
buted over the platen. From the above consideration, it is
concluded that the platen design is adequate to provide a
falrly unlform stress distribution over the surface of the test
spec1men. vy '

5
€

4-5_ GENERAL DESCRIPTION OF THE MULTIAXIAL CREEF TESTING FRAME

N

/) _ The multiaxial creep testing frame (Figure 4-1) is

“essentially made up of three mutually perpendiéular uniaxial

légding frames.' The vertical frame is a MPS stiff, universal

i e o

e
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testing frame with a MTS hydraulic actuator mountgd at the
bottom and a load cell installed at the top. The load aﬁplied
to the specimen causes it to reéct againgt the load cell with
the resulting output signal transmittednto the control panel
SERVAC where it'is éompared to the pre-programmed command,l"
and the necessary compensating signal sent.to the servo valve.~”
This serVO'valve controls the amount of hydraulic fluid enteri g
the actuator via flexiblé hoses to and from the hydraulic power
supply located remotely in the basement. Hence, a fairly
constant load can be maintained throughout the test propgram

¢

(i.e. Ioad controlled test).

L4

A linear variable differential transducer (LVDT) is
mounted in the lower part éf the actuator. The function of
the LVDT is to sense thé position of the actuator piston red.
Thus, the output of the ILVDT represents the displacement of
the specimen under the loading condition. This LVDT signal:

- may also be selected és the feedbaqk_signai which controls the

system (i.e. displacement controlled test).

\ A key programmable data acquisition system (Esterline_
Angus Model) is used to display the output signal of the load
cell and the LVDT by means of‘a digital printef. If desired,
other output devices which are more compatible with computers
such as magnetic tape recorders, paper tape perfoéétoré or data
teleme%ry inferfaces‘may be usgd;v The data acquiéition system

_can scan, measure, collect, identify and record electrical '

by
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signals over a one second time interval for 248 channels (ana-
log to digi%al conversion). The precision of the output té the
digitél printer is up to 8 significant figures. This systéem
proved to be very convenient and accurate, while reducing

monitoring and data reduction time.

The interaction and the function of individual parts’
of the load frame and the electronic control system are illus-
tfateq schematically in Figure 4;3. (More‘detailed descripéions
of each part are available in the operation and instruction

manuals supplied by manufacturers.)

One of the horizontal testing frames is essentially
idential %o the vertical frame described in previous sections

(Figures 4-1 and 4-4). However, because of technical problems

8till being resolved, probably related to the lack of a separate

strain gauge circuit for feedback loop from the load monitoring

loop, onlj the LVDT feedbéck‘signal could be selected to control

this horizontal MTS actuator. For this reason, the pre-

programmed command of the LVDT control was set to a value such E
that the feedback signal was less than the pre-programmed , *
cogmand throughout the test program.’ The pressure in the MTS
actuator was\fhen restricted to one of three pump pressure

conditions: OFF (zero pressure), LOW (690 kPa - 14.3 ¥ 0.12 kN ),

-and HIGH (20.7 MPa - 175.6 f"0.2 kN ), as selected on the control

- unit. .Through this tempoérary method .to expedite experimental

work, the two high lateral pressures could be set.

\

* - 0
These figures were calculated from experimental test data.

«
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accessible to computer,
if-desired

OuUTPUT
DEVICE

/

NOTE: Each MTS actuator
on independent servo
control (two used).

Air actuator on manual
control.

Verticalt actuator master

4%jsplacmént

[Flbéd

for hydrau]ics.
;
DATA ACQUISITION SYSTEM -
/ /
<N
feedback
LVDT LOAD CELL

, CONTROL
SPECIMEN
E- CONSOLE .
y electrical
load signal ‘
\ Lhydraulic - SERVO
ACTUATOR <bower supp 1y VALVE

FIGURE 4-3 FUNCTIONAL ELEMENTS OF LOAD FRAME
AND ELECTRONIC CONTBOL SYSTEM.
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A simple, air pressure controlled Bellofram actuator

was used in the third axis (Figures 4-1 and #-5), representing

the vertical stress direction (i.e. two MIS actuators represent

lateral stress directions). The force generated by this actuator.

was adjusted by manually varying the air pressure. An LVDT

clamped firmly to the lower stiff bearing plate of thé vertical
frame was used to ZZasure the specimen deformation in this
direction during trial tests. This did not prove successful
and modifications to measure directly across the loading platens
are recommended. ‘

The. two hofizontallload frames are suspended by pairs

of adjustable flexible slings from the upper supporting frame

as shown in Figures 4-1, 4-4 and 4-5. The footings of the

multiaxial testing frame are bolted firmly to the concrete

" floor slab so that any rocking or vibration of the system is

~%

minimized (Figures 4-4 and 4-5).

Ball and socket bearings are gsed with thg loading
platens on six-sides of the specimen. Each ball is made of
high tensile steel with a diameter of 38.10 mm (1 % in.), and
is socketed befween the loading cap and a cap attached to ‘the
load cell or actuator (Figures 4-2, 4—4'aﬁd 4-5). Thus, each
loading platen is able to rotate freely about the ball. The ;
fﬁnctions'éf this ball and socket feature are (1) to protect f
the load cells since they haye a limited,moméhg‘cﬁpaciﬁy, andf

(2) to permit the specimen to orient itself in the most stable

»

. position during testing.’ N

. e
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- . Schematic drawings and photographs showing the

" arrangement and functions of individual parts of the multi-

axial creep testing frame are illustrated in Figure U-4 to
«Figure'h~1b. The design of the 5&0 kKN load cell and structural
considerations for the dééign of the stéel rods and stiff
bearing plates of the two horizontal load frames are given in

later, sections 4-~7 to k-9,

-

-6 SPECIAL FEATURES OF THE MULTIAXIAL CREEP TES?ING FRAME .

R
Two 1mportant, and special, features were involved
in the de81gn of the multiaxial testlng frame: (1) the use of

servo-controlled MTS actuators so that load or deformation

controlled creep and strength tests (includlng post fallure)

can be completed and (2) the use of a floatlng system for

the two horlzontal 1oad frames to av01d shear transfer. These '

——

. features are belleved to prot;$e an 1mportant flrst ‘step 'in

. resolv;ng technical prqblems generally experlenced during

BRCINR

t

{

multiaxial creep testlng.

4-6-1". CONSTANT STRESS ~~ -

N
- . . . A

The moé%'important probleﬁvin multiaxial creép testing’

isg prov;slon of a.constant, or knowmn changlng, stress condltlon

throughOut the test. In most creep tests, load is applled to

' the spoclmon thraugh a 1arge sprinn by four hlgh‘ten51le steel

:"rods,anchorvd over tvo stlff bearlnq platens., To malntaln an

approximately conutant strcsg over the speclmen. the apparatus
: . \_‘p S R i
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has to be adjusted manuéliy;frqm\time to. time.” The use of a
serﬁo-cqntralled MTS actuator e;;minétes this inconvenience

and provides a ﬁéfy consfanf"stresé throughout the test chéuse
of the electrical feedback signél used- to control the applied

load. This can also be used to undertake other stress paths.

'Experimental data show that the load generated by ‘the vertical

MTS actuator fluctuates only slightly and comple&es one cyélé )
per day with an average standard deviation.of only % 0.3 kN

at a mean value of'iééfﬁaﬁ For the horizontal MTS actuator,
comparable values wers * 0.2 kN at a mean value of 175.6 kN.
Probably,.this ingi;;jficént.fluctuation and cycling pattern

of load is paftially due to fluctuation of electrical powef .

in the buildihg. Another advantage of using the MTS Servo-.
valve actuator is that a nearly instantaneous ldgding is pos-
sible, and fhe uqloading operation to a desired stressflevel
canibe_achieved within a very shortlpime (less than 10 seconds).
The multiaxial loading of theqsamﬁie and establishing the ini-
tlal condltlons requlred less than 2 minutes, even durlng the

,trial tests for galnlng confmdence. (See Chapter 5 for detalls )

[

4.6-2 FLOATING SYSTEM

: Sinoe the two horizontal load frames arensuspended by

' "palrs of flex1ble sllngs from the upper supporting frame, they
“,are ‘free to move vert;cally and hormzontally when the speclmen

‘.deforms 'so that physzcakaconstralnts and shear transfer are

rlgid system is used. 1nstead of a

floaﬁmnp one. the compress1Ve reaotlons 1n the. tle-rods 1mpose

forces mn addlﬁlon £ +the shear transfer due to. creep movements.
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4-7 DESIGN OF 440 kN TOAD CELL o

-
i

The’design steps for the 440 kN load cell used with

)

MATERIAL: .G1020 coldlfinisﬁed steel

.- o Yield strength: 440 MNPa
’ Modulus of‘elasticity, E: 200,000 MPa
‘ E}ongéfipn per 50 fam: 20%'
~ Hardness: 156

. STRAIN GAUGES:

. EA-06-125-B2-350
; Gprid length: 0.15
[ . :

- ~ Allowable strain: 1200 x 10’6

DESIGN .

* Uses 76.20 mm (3\in.).diameter rod.

Outer digmeter after machining: 57.15 mm (2 % in;),

3

Allowable stress,forithé‘strafn gauges:

T = Ee

n

200,000 NPa x 1200 x 10° -6
240 MPa (< o. i, £y ) ‘
For Lho. kN load cell

]

‘ Area requ;ged E*157 15 . D2 ) - 440

0 24 kN/mm‘,

n
a

Therefore, 1n81de dlameter required. ) equals 30 53 mm,

Use 30 16 mm (1 J%-ln )

v

”?f‘.SeévFié&?e‘4¥QL¢ior’detaiie@”d$ménéi°ﬁs*

R

i
V2 h

the horizontal MTS actuator are summarized in this section.

~
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4-8 DESIGN OF TIE RODS . ‘ . _ [

" and thé diameter of rod requlred

3

% The ‘design steps for the tie rods used w1th The
hormzontal NTS actuator and Belloiram actuator are summarlzed
in this sect}on. : & S
MATERTAL: Yield strength, fs,z 440 MPa

Tensile strength: 517 MPa
Elongation per 50 mm: 20%
Hardness:- 156 \

-

220 kN ACTUATOR

‘ Assuming ohly two of the four tie rods to carry
the full load of 220 kN, the maximum load carrled by one s1ngle
rod w1ll be 110 kN.

0.61'fy‘

=061 x40 -
.. =268 WPa F>\.'

Therefore, the required area

110,000 N

TS N/

410 mm‘?', -

i

Allowable stress

¥

it

it

I

=0 X- B0/ -
=22 a85 mm‘ -
Use 28 58 mm (1 B 1n.)’diédeter rod ‘%o, give an effective area

L d

greater than 410 mm after belng threaded.( T T

§

Wiy sl s ot
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20 kN BELIOFRAM ACTUATOR

Y

N R : e
l‘ . 3 .

The maximum load carrled by one 31ngle rod is 10 kN.
Hence, the required area of the rod

10,000 N

-—. 268 N‘T“Ihmz

2

37,31 mm

The diameter of the rod

" =V EE A
= .89 mm.

s 7 . ‘ . R . ¥
' ) :

Use 15.88 mm ( g in.) diameter‘rod to give an effective area
much greater thdn 37.31 ﬁmz after being threaded. Thq;use of
larger size rods giveé a'more rigid and higher bénding resisting
frame since the weights of the BeYlofram actuator and the load
. o

cell provide a bending load on the frﬁge;
4-9 DESIGN OF STIFF BEARING' PIATES FOR THE TWO HORIZONTAL

LOAD, FRAMES o - .
- Two~ stlff bearlng plates are used -in the constructlon

of each horizontal frame. The functlon of these plates 1s to

provide anchorage for the actuator, load cell and the high

ﬁensilé steel rods. Thé\necesséry size and thickness of the

1

plates were the two essentlal con31deratlons durlng their desmgn.

The 31zes of. these plates were esgentially deternined by the. \'

Zalze of speclmgn, loadn.nb platens,‘and the steel tie-rods, as,

-

Al
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well as the geométfic specificatién
sufficient rooﬁ is provided for the
wiﬁhoﬁt obstruction among the.three
testing frames. It was found that

234,95 mm (9 % in.) plates would be

of the actuator so that
iniertion pf the specimen
mutually‘perpendicular
355.60 mm (1% in.) and
suitable for the MIS

actuator and, Bellofram actuator, respectively. The dimensiong

of -these bearing plates after machining are given in Figures

L-12 and 4—13 These bearlng plates were made thick enough

to provide strength agalnst fallure

and ‘excess bending. While

a detailed stress-strain analysis of these perforated plates

is possible, a much simpler approach was adapted. Consider.

the bearing plate which is attached

in Figure 4-12. 1Instead of analyzing the whole plate, a beam, -

which lS centrally loaded with half

to the 220 kXN MTS actuator

of the maximum Fforce (i.e.

)110 kN) _generated by the actuator and simply supported 254 00 mm

(10 1n.) ‘apart, is examined. For initial desﬁ@%, the effective

width of the beam was assumed %o be

107.95 mm (&4 E in.) (the

distance from the edge 6f the bearing plate to tHe nearest Bolt

give the required- thidkness of the bearlng plate. The specifi-

catlon for the bearlng plate was

ASTM A-283-D Steel

" hole). The determination of the depth of the beam, d, will then

&

Modulug of elasticit&;.E:.2bp}090 MPa
Yield strength, £ : 200 MPa (N/m°).

y

N}H

x 110,
= 7 0 X 10

Max1mum bendlng mement, M =

000 N x 127 mm
6 Newrim
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Lot

1

Moment of inerlia of the beam section,

I =3 adx107.95 < 9.0 — \
A : ¥
Stress at the outermost fiber of the beam,
) . ad )
f = 57<0.61 £, o (k=)
Substituting the values of M, I and f_ into Equation (4-4)

y

‘and solving for 4 gives

= 56,46 mm."
Based on iZis calculation, a 57.15 mm (2'% in.) thick bearing

plate was.adopted. It should be noted that the beam assumption

is conservative since additional strength will be developed

in the plate from the other direction. Through a similar '
approach a 50.80 mm (2 in.) thick plate was selected for the
opposite stlff bearlng plate, and two 25.40 mm (1 in.) thick

plates for the frame containing the Bellofram actuator.

4-10 OTHER PARTS REQUIRED FOR THE CONSTRUCTION OF THE

MULTIAXIAL TESTING ERAME

_In addition to the st%{g,;;;;;;g plates and tie-rods,

some other connecting parts were required for the assembl& and

* the construction of the multiaxial testing frame. These parts

included the upper supporting frame, the plates at the back of

_ the Actuators to provide attachment to the slirigs from the upper
svppértihg frame, and‘parts eonnected to the actuatoré and load °

' cells to prov;de loading caps for the steel balls. Detailed

dlm@as;ons and draw1ngs of these parts are, glven in Flgures

70
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6, 4-14 and 4~15. The design of these parts satisfied the!

eneral design rcqulrementsz (1) structyally adequate to

rgvent failure (Factor of safety at least 3), (2) excess

111 ELECTRONIC EQUIPIENT

~

® . P -

ozt cliaracteristics of the electronie components

aré temperature dgpﬁndéné. lthen ﬁhe‘eleétrénip equipﬁént

is first‘tﬁfned on, the %emﬁérature of its componen%s will
inc¢ireaze frbm,room téhperat&re.té a gtable final téﬁpgrature.

Ihe'totai fﬁnqtional behaviour of the-élgctfonic'equipmeht

o g s s i = e it b iy o™ s e w3 e
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CHAPTER 5
CREEP TESTING

5-1 OBJECTIVES

This chapter presents preliminary creep testing data

. for concrete specimens used to evaluate the multiaxial test-

ing frame. The objectives of these tests were: (1) to examine
the ﬁerformance and limitations of the testing equipment; = -

(2) to develop testing procedures and methods to analyze the

-resulting experimental data; and, (3) %te evaluate some creep

characteristics of cdnorete and compare the results with

M
,those avallable in the llterature. Because of the- consmd?r—
able tlme required for creep tests, the 1nvest1gatlon was

limited to concrete speciﬂﬁps and only one mix proportlon.

. It was found that the multlaxial frame isg capable of slmul—

'atlng dlfferent stress states encountered in. etcavatlon of

".tunnels and cuf&, and also provmded gu;dellnes for rock

F A

testing . Y ‘,‘ s ‘ o ; ‘ Y

5.2, SAMPLE PREPARATION oo

fn'
. '

jmne creep programme 1nwolved 101. 6 mm (4 in.) oncrete

I

wcubﬁ specimens with compressive strength characteristic showﬁ

' 1n Flgure 5~1. “The mix- proporﬁlons, wa%er~ceMent rath, \

curlnv and propertles of\ihe coneiete speclmens aré

\ oA
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given in Table 5-1. The concrete mix was placed and compacted

in plexiglass molds and cured in a wet room until testing.

-

Although rock creep testing was not included in
this pregramme, twe\preliminary considerations for the pre-
paration of rock specimens were indicated. The first deals
witﬁ the-case when the bedding is not horizontal as'shown in
Figure 5-2. Since_highAégferal stresses depend basically on
tecgonic history, it is exéected that the lateral stresses
along the bedding w1ll be practlcally the same at locations,
A, Bor C. If a test speclmen f&om the site is prepared such
that its edges are parallel and perpendicular to the ground

surface, assessment of the lateral stress ratio, K, will be

difficult. For thls reason, 1t is recommended that specimens

v

~ be prepared with their sides’ parallel and perpendlcular to

the beaalng S0 %hat the rock's orthotroplc behaviour can st;ll
be clearly represented, In this‘case, the vertical overburden
is resolved 1nto two components, o‘ and Z;h' perpendlcular

and parallel to the tangent to the beddlng, respectively.

If the angle of dlp and the depth are small, and
’
the lateral stresses are large, shear stress 1nfluences orn

rock creep are expected to be 1n51gn1flcant. - e

Another problem associated with rock sampling is
the change in stress state when the rock specimen is brought

from the insitu condiﬁipn to. the 1aboratory. Since rock is

* 2 hysteritic material, this release of stress may have sqme

N
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. - . ‘
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¢ : TABLﬁ 5-‘1
PROPERTIES OF CONCRETE SPECIMEN
‘Cement . | . Ordinary Portland cement
Water-cement ratio ’ 0,39
.M?x pr?portiongﬁkb& weight) ‘130.53;1.45"
"Cement: fine agg.:coarse agg. .
Cgriné temﬁera%ﬁfﬁ: N 25%¢
Curing relafive‘humidity ‘f 98%
;Combressive strengtﬁ | 7th day - - 34.5 % 0.6 MPa

100th day - 52,5 MPa N

.
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influence on the monitored creep characteristics of rock.
How9ver,if the time between sampling and testing is short,

and the rock specimen is brought back to the initial insitu

" stress state (and environment)with syfficient time to stabilize,

the stress change influences are expected to be small. Future

testing should include checks on this effect.
’ )

5-3 TESTING PROGRAMME

The' testing programme, consisting of uniaxial and

"multiaxial creep tests was designed in such a way as to provide

an opportunity to investigate the creep‘characteristics of
concrete as a function of different loading conditions and
ages.at'loading. Owing to the limited time available, most-
of the creep tests were of less than 4 days duration (i.e.
short term tests). ”Nevertheleés, because of the precisioné

of the equipment,- the test ré%ults were detailed enough to
glescribe the -creep characteristics of the specimens even at
low strain -levels. ‘Most of the épecimens were loaded at
%onstant stre;s’for-ﬂ days, when the creep rate was abserved .
o be rather stable, and then followed by a release of loading
throuéh the horizontal MTS actuator.' This unloading simulates
tﬂé excavatioﬁ’procedure at gites. Data were collected more

frequently at the begihning of load appllcatlon or the release

of stress, since the creep rate is higher at these stagesh

.
, v
B >, .
. L. .
‘ . .
~ .
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5-4 TESTING PROCEDURE

From experience gained in these trial tésts, it is
recommended that the MTS control unit should‘be turned on at
least four days before any testing is initiated to ensure
signal stability. Before any testing, the seating load, the
final desired stress levels and the corresponding readings in
the load cells, set point dials (indicators on the MIS control
unit that control the applied load) and pressure readings
should be determined. This procedure is important since it
provides enough information during the loading process to

eliminate unnecessary time-delays.

A Although the laboratory is humidity controlled, a
,considerable‘variation of the relative humidity was‘observed.
To ellmlnate the effect of humidity varlatlons on concrete
creep, the sp901men was wrapped wilth a polymer film. Durlng
tests, m01stpre was observed ingide the film indicating that
humidity changeé were mininized. Another purpose of the poly-
mer fllm was to provide a Sllp surface between the. loading

platens and spe01men. ‘

Affer the specimen was wrapped with the polymer:
film, the next étep'was application of load. The specimen
was ;nserted into‘the muitiakial tésting fré&é gnd'a seating
load of approxiﬁately 16LkN (1.6 MPa) applied in the vertical
diréétion. The specimen was:centgglly placed, so thatngaps of

«
B A—(;.
- .
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similigr size were left on the four sides of the loading platens.
This ensures that there will be no direct interaction between
two loading platens when the specimen is loaded in the other

two directions. Seating loads of approximately 14 kN (1.4 MPa)
énd,z.s kN (0.25 MPa) were then applied through the horizontal
M?S and Bellofram actuators,respectively. The specimen was

then loaded to the desired stress state. While the sequence

of 1oéding in the three directions can be arbitary, it is

' recoﬁmended that the vertical load be applied first, so that

a more stable condition is reached before applying the horizontal

loads. To simulate the process of excavation in these tests,

the horizontal actuator was released to the. LOW pressure .

condition (14.3 kN). |
P

5-5 TEST RESULTS -

1

’

.The results of the trial tests are summarized in

- Table 5¢2. A set of typical creep curves for these tests is

' shown in Figure 5-3.:The dashed 1ine.represents thevéreep curve

for a uniahxial test (See table 5-2).. Data points marked with
triangles repreéent the creep of the specimen along the hori-
zontal MIS attuator, whlle those marked with c1rcl¢s represent

the creep along the vertlcal MTS actuator. As indzcated

(/:)prev1ously, the monitoring of creep with the Bellofram actuator

was not sat;sfactory. Creep curves for the other tests are

given in the Appendix. All thé test restlts show that the

. creep rates along the two high stress directions. (MPS actuators)
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Principal| Loading
Axes Actuators

Simulation of
Sive Conditions

1 Sellofram Vertical overburden N
2 Horizontal 4TS | Lateral stress, released 3
: during excavation o
3 Vertical IS lateéral gtress
¢ . < ]
Ages at Loading . Unloading queezing
4 . [loading, @ bonditions £el. -3 Ec,}_dsay e, -3 c.L_doay
o2 |Temp& R.H. | ¥ (iPa) (x1077) (x1077) | (2ipa) (x1077) (x1077)
18 days A o .
+h 50 bniaxial . . .
1 R2830- 20 | irloto.on |39 700
26 days 1] 1.52 . - 1.52 - -
2 {19,4%0, 25 C 21 17.0%0.024) 11,6 630 1.38%0.01 {10.0 483
" 165.8%3.3 % | 3] 9.6%0.008! 6.2 235 9.60%0.007] 0.12 |} --
18 days 0 | 11,0:22 -- - 923001 |73 o 1550
3 {19, 3“0 3 2117.170,013|11.,2 570 L3910, 9, 3
70.0T2.6 % | 3| 16.1%0.2 "|11.8 530 -15.80.07 | 0.10 | -- L./
18 days [ 1] 1.52 .. -— 1.3&' - -
4 119.5%0.4°C | 2117.0%0.016] 11.1 560 1.420.,008 { 9.7 433
66.03.0 % | 3 16.170.01 [11.9 390 16.120.008, 0.14 | --
8 days | 1| 1.52 B T R 1.52 - .
5 {19. 14*9 25 Ccl 2{17.0%0.02 | 11.4 780 1.37E0.01 9.9 {490
66. 3"‘2 5% | 3116.1%0,008]12.0 640 16.120,004 0.18 .-
12 ag 11l 1,82 SR I - - o
6 [19.5°C 2} 17.0%0.004{ 11.7 -- - - -
66 3: 3{ 16,110,008} 12.0 - - - -
‘ 1.60 gaJs 1l 1.52 B 1.52 - -
7 |19.5 2| t7.070,013111.1 520 1.38%0.014 9.7 L20
69. 2“‘2 6% | 3]16.1%0.03 -— 440 16,120.007] 0.084 | -
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are quite fast right after loading and the primary creep stage

is essentlally completed in one day. The creep rates became
rather- stable after the second day, and creep was essentially
complete after three days. ‘After the release of loading

through %he horizontal MTS actuator, the specimen rapidly
"squeezes" in this direction and further creep is observed in the:

other direction, as indicated by the two curves in the figure.

* The creep rates drop rapidl& and creep was essentially complete

after one day.- An avefage ratio of one-day creep strain after
unloading to thfee—day creep strain under loading for the same
specimens was found to be 0.75, strongly 1ndlcat1ng the squeez1ng

effect due'to_unloading conditions.

The creep and squeezing behaviour of the concrete

specimen is characterized by a short primary creep stage and
- e
a low-rate secondary creep stage. Reasons for this observed

. behaviour are: (1) the water-cement ratio of the concrete

gpecimen is low (0. 39)3 (2) the stress;strength ratio (approxi-
mately from 0. 4 t0'0, 5) ig low; and (3) the specimen is wrapped
w1th polymer.f;lm. In fact, a much longer primary creep sta

was observed‘fbr the concrete'specimen loaded after 8 days

‘curing since the stress~strength ratio was higher.

The creep and. équeezing‘behﬁviour of the concrete
SpeCAmens for all tests are compared in Flgures 5-4 to 5-7.
Curves and data polnts in Figures 5- #»and 5-5 represent creep and
squeez1ng of specmmens after different curing times,respectively.

Both caaes show tha% creep and sdueezing decreases with concrete

1
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Creep Strain, x1070
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FIGURE 5-7 SQEEZING OF SPECIMENS LOADED WITH DI FFERENT
CONDITIONS UPON THE UNLOADING OF THE HOR!IZONTAL MTS \
ACTUATOR.




89

-~/
maturity, as anticipated. - Figure 5-6 shows' the creep of
specimgns,alpng the horizontal MIS actuator direction under -

four different loading conditions. Creep in this direction-
was obderved to decrease with increased loading in the other

" two directions. /Figﬁre 5-7 shows the squeezing of specimens
whicﬁ vere loaded with three different loading conditions for.-
three days, followed by the release of the loaéing along the
horizontal MTS actuator‘airecfion. /No significant différence
was observed betwesen test 3 and 4 in whicﬁ the stresses along
the Bellofram actuator are 0.23‘and 1.52 MPa repectively. This
may -be due tq‘the small difference between the two stress levels
along this direction. It was also noted that the squeezing
was greater in test 2, in which the stress level along the
vertical MTS actuator direction is lower. This is as expected
since the confining stress is smaller. However, the validity\
of this test result requires further expefimental support.

S

5-6. LIMITATIONS
The stress levels generated by the three actuators of

. the multiaxial testing frame are limited to approximately 17 MPa v

and 1.5 MPa for the two MTS actuators and the Bellofqam actuator,

repectively. This capacity of the Bellofram actuator limits

tunnel excavation simulation to depths iess than 70 m. Since

the deformation of specimens along this direction cannot be

‘obtained without further LVDT development, the use of Equation

(2-7) to verify the test results is impossible at this time.



CHAPTER 6

~J

CONCLUSION AND RECOMMENDATION

6-1 CONCLUSION .

Although the multiaxial creep testing frame developed
has limitations requiring further study, typical stzggé paths
invelved during rock excavation were simulated with concrete
specimens and continuous monitoring of loads and displacements.
Limited experimental results from the trial testing programme
§howed'some agreement with theory. However, significant
further testing 1is required for validations and/or development
of creep relationships. The generalization of uniaxial creep
relationships to the multiaxial case was not possible since_/
‘the creep strain in one of the principal directions was not

determined. However, the testing programme provided recommend-

ations to overcome this limitation.
6-2 RECOMMENDATIONS - .

The creep behaviour of rock and concreteydepends on
temperature and humidity. It is therefore very important to
mgintain a test environment similiar to insitu conditions. It
is recommended that a chamber be used to surround the specimen
so that the temperature and humidity.can be adjusted to any

desired levels.

90
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MTS actuator of higher”capacity is recommended to |

take the place of the Bellofram actuator so that rock at
greate£ depths can be represented. The replacement of the
Bellofram with an MTS actuator will also enable the measure-
ment of specimen strain in this direction, so that enqugh
information will be available to generalize typical uniaxial

creep relationships to the multiaxial insitu condition.
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