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SUMMARY

In practical circumstances the bulk of the rock material
beneath a foundation, in the surrounding regions of an excava-
tion, or inside mine pillars is in fact triaxially loaded over
- long time periods. It was felt that studying the creep pheno-
mena of some evaporite rocks under a triaxial system of loading
could add valuable information to the limited knowledge avail-
able on rock behaviour in such conditions. Gypsum and anhydrite
were initially chosen as suitable evaporite rocks for carrying
out this work.

An apparatus has been designed and constructed to enable
experiments to be carried out on the chosen rocks. The axial
strain of the deformed rock specimen was measured on the rock
specimen inside the pressure cell. Triaxial compression creep
tests were carried out at 10, 20 and.3ON/mm2 confining pressure.
Bending and uniaxial compression creep tests were also performe:
on the chosen rocks. Instantaneous strengths of gypsum and an-
hydrite under the given systems of loédingwere found and various

percentages of the instantaneous strengths were applied in the

creep tests. All short term and creep tests were carried out
at room temperature.

It was found that Fhe creep behaviour of ﬁhe tested rocks
obeyed the following equations:'

L = A+ B logt and/or

I = ct”

The effect of varying axial stress, confining pressure

and differential stress on the creep behaviour of the tested

rocks was observed and studied. A method for determining the
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safe creep stress, at any confining pressure, was suggested

depending on the creep data available.
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Chapter 1

INTRODUCTION

l-1 General Introduction:

In rock mechanics problems in the fields of mining and

civii engineering, the design process is generally coﬁcerned
with the failure of rock material. The influence of high tem-
perature, presence éf solutions, confining pressure, etc. have
well knbwn effects on the failure properties of rock. Only some
of these factors will be effectively applicable to any given
rock structure situation, bu£ such structures can hardly be un-
affected by the influence of time. The consideration of time-
dependent behaviour of rocks indicates that rock failure may

occur in a mine or under a foundation even when the rocks are

subjected to loads well below their normally short term rated

strengths.

L (77)

Schwartz studied'the movements of the roof and floor

rocks in road ways in French Coal mines and has demonstrated
that the convergence of the roof and floor depends on time.

Hofer(36) in Germany reported that the expansion of pillars in

potash mines due to the mass of the overlying beds also depends

(18)

on time. Denkhaus studied the problem of rock bursts in

South Africa and reported that rock bursts following after blast-
ing due toitime effects. Reynolds and Gloyna(7l) have made creep
measurements in salt mines in the U.S.A. They reported that
creep rate decreases as the ége of a tunnel increases. PottS(GG)
carriéd out créep tests in the laboratory and at the Meadow bank

Rock Salt Mine, Cheshire. He reported that the existing old

pillars are creeping at nearly constant rate. (His work will be

dea1t with later in this thesis).
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- Hence, from the foregoing investigétions and other field
observations it is evident that crushing of pillars in room
and pillar workings, closure of salt Qorkings if left undist-
urbed for a long time, convergence of roof and floor in coal
mine gate roads, widening of junctions on road ways, sagging

and éettling of the strata behind a long wall faces in coal
mines, settlement of foundations, delay of rock bursts after
blasting, etc. suggest that they are time-depeﬂdent or ''creep”
processes. '

Thus, time-dependent phenomena or "greep" in rocks is clear-

ly iﬁportant to civil and mining engineers. It is not only im-

portant for the guestion of the time factor, it is also important
for questiéns of stress, for differences of stress d;stribution
must occur if we compare slow or fast advance rates in tunﬁels
and workings. A knowledge of creep properties offers important
information to clarify the effects of the time factor in the be-
haviour of the excavations, it also gives a fair picture of the
movenments of the rock masses surrounding an excavation prior to
fracture. Particularly in rock subject to large creep strains

a knowledge of its creep properties is essential in determining
the time during which a temporary excavation may be safely used.
Creep studies provide information about fracture possibilities
well in.advance of that event, eveniat stress levels well below
the normally regarded instantaneous strength of the rock, the
only 6ondition being that the second stage of creep has been
reached and the load is to'act for sufficiently long time.
Obviously, then, an understanding of creep behaviour of rocks
would be used in mine design, i.e. mine layout, sizes of galler-

ies and supporting pillars and in an estimation of "the useful
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life of mine structuﬁes: i; also would be of help in the
‘development of strata support and control temperatures.

Creep of metals is a familiar property to engineers; in
steels it normdlly qécurs at high temperatures. It has also
been observed in polymers, glass, ceramics, concrete, miﬁeral
crystals and rocks. Most of the research work on creep has
beenicarried out on metals. Th; research of creep in rocks 1is .

still in its éarliér stages. However, all investigators 1n

this field have found that the creep of rock is affected by num-

ber of factors, such as the:-

1. Applied stress: value and method of application.

2. Temperature of specimen.

3. Structure of rock specimen: mineral orientation,

porosity and permeability, composition, etc.

4. Confining pressure.

5. Presence of solutions.

In the research work described here, the effect of#applied
stress and confining pressure on the creep characteristics of

some evaporite rocks namely, gypsum and anhydrite at room tem-

perature was studied, and a new apparatus was designed for use

in this investigatioh.

In chapter 2 a brief discussion about the principles of

creep ;n general is given. The general structure and physical
properties of rocks are mentioned in chapter 3, while the evap-
orite rocks and especiaily gypsum and anhydrite are studied iﬁ
more detailils in chapter 4. A briéf review of previous published

work on creep in general and on rocks in particular are dealt

with in chapter 5. The experimental work, including short term

and creep tests in bending, uniaxial and triaxial compression,
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the results obtained and their discussion are given in the re-
maining chapters of the thesis. Full details of the new appara-
tus for experimental study of deformation and creep of rocks

subjected tohtriaxial compression stresses, including the de-

sign, materials used and calibration are given in chapter 8.

1-2 Stress Conditions and Design Reguirements:

Stresses applied to the rock in the earth crust or in any
rock structure may haﬁe a wide variety of forces, and in many
cases it‘is exXtremely difficult to assess at the design stage
the exact nature of a stress field in a rock structure, espec-
ially when Fhe rock mass is in a fractured state. However, it

is possible to recognise £hat in a large number of rock struc-
ture problems the following states of loading are of.imporgance:
l. Bending (tension).
2. Uniaxial compression.

3. Triaxial compression.

It was therefore decided to study the creep properties of
the chosen rock materials under the influence of various per-

centages of their instantaneous strengths in the above systems
of loading.,

The major requirements of any testing machine used for
creep investigations are the following:
l. The known required stresses applied to the specimén
must be kept constant for the whole period of the test without
affects arising from outside mechanical or electrical disturbances.
2. The meésuring devices, both the stress and the deforma-
tion, must be accurate, sensitive and capable to measure very

small variations.



3. The deformation measuring devices must be stable, free

from drift and be unaffected by environmental changes or by
immersion in hydraulic oil, even at high pressures (in the case

of triaxial test), for the whole period of the creep test.

l-3 The Aim of This Researcﬁ

The aim of this work is of two parts. Firstly, to design

and construct a complete apparatus for studying the deformation
and creep of rock under triaxial compression. Secondly, to
carry out triaxial creep tests using the mentioned apparatus on

some evaporite rocks namely, gypsum and anhydrite. Bending and

uniaxial compression creep tests also were carried out on the

same rocks in order to provide supporting evidence of the pro-

perties of the materials and in the case of the uniaxial com-

pression, as a basis of comparison with the triaxial results.

1-4 Practical Significance of the Work:
It i1s hoped that the information obtained on the creep

behaviour of the rocks tested may be of use in mines in which

these materials form the strata of the workings.

Knowledge of creep of materials under confinement is limited.

The results obtained are thus an addition to knowledge in this

field of study,

Movements of evaporite rocks in the earth's crust and the

geological structures so produced may perhaps be better understood

with additional knowlédge of the creep properties of these mater-

ials. In this respect the extension of the work to oil reservoir

cap rocks should result in information of use in petroleum engine-

ering.

The experimental work has provided a practical base for
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future work on rock testing and for the design of more power-

ful tést equipment in which higher confining pressurescan be

used.

1-5 Summary of the Research Programme:

Short term loading tests were carried out on both the
chosen rocks to find their instantaneous strengths in bending,
uniaxial and triaxial compression.

In the triaxial compression tests, three levels of confin-
ing pressure were used hamely, 10, 20 and 30 N/mmz.
The creep tests were then carried out at various percent-

ages of the instantaneous strength of each rock obtained, using
the same system of loading as that used in the corresponding short
term tests. An exception was that the creep triaxial tests of
anhydrite were carried out at 10 N/mm2 confining pressure only
due to the limitations in the time available.

All compressive tests were carried out on rock specimens
cuf from rock mass so that the major stress was applied perpend-
icular to the rock bedding. Fig. (6-3) gives illustrations of
specimens with respect to rock bedding.

All the short term and creep tests were carried out at

room temperature.
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Chapter 2

THE PRINCIPLES OF CREEP

-l

2-1 Definition of Creep:

Creep may be defined as the continuous increase in deforma-
tion of material under constant or decreasing differential

stress. It may be exhibited in the elastic range, where the

creep strain may be completely, or very nearly, recovered on
removal of stress, or in the plastic range, where the creep

‘deformation is permanent. In the plastic range an elastic com-

ponent also exists but in a small amount by comparison.

2—-2 The Typical Creep Curve:

It was found that the time-dependent strain, oOx creep,
curves of materials, including rocks, under stress are generally
similar. These curves can be represented by what may be refered
to as the"typical creep curve. This comprises, Fig. (2-1), of
the following four parts:

1l. Instantaneous elastic deformation.

2. Primary creep (delayed elastic flow).

3. Secondary creep (steady-state flow).

4. Tertiary creep (rupture flow).

2-2.1 Instantaneous Elastic Deformation:

This deformation is not due to any tiﬁe effect, it is the
deformatién of the specimen which occurs during the loading
operation and its magnitude varies with the applied stress. It
is represented by the part (OA) of the creep curve. In this
stage the body follows Hooke's Law of deformation i.e. the,

deformation is elastic and recoverable if the applied stress 1is

removed.
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2-2,2 Primary Creep:
This stage of creep is represénted by the part (AB) of the

typical curve. It is also known by other terms such as transient
creep, delayed elastic flow, elastic creep etc. The rate of
deformation in this stage decreases with time, see part (ab) of
the curve shown in Fig. (2-2). The deformation at this stage 1is
ﬁostly recoverable 1f the applied stress is removed, i.e. at any
time (Tg) in fhe period AB, of the typical curve, if the specimen
is unloaded there is first an instantaneous elastic recovery (EF)
followed by time-elastic recovery, represented by the'curve (FG)
at a rate which is generally less than the creep rate of (AB).
The reduction of creep rate at the primary stage is thought to
result from the gradual closure of any pore spaces or small dis-
continuities in the material. |

The primary stage of creep is important from the point of
‘view of eng;neering design. Estimation of permissible stresses
with reference to allowable dimensional tolerance in service can
be made from the deformation - time curve and preference may well
be given toldesigns involving values of stress which will not

 cause creep beyond the primary stage during the expected life of

the structure.

2=2.3 Secondary Creep:

If the decreasing creep rate 1in tﬁe primary stage does not
vanish, then a stage of secondary creep starts. This 1s some-
times called%steady-state creep, pseudoviscous flow, minimum
creep, plastic flow, etc. This stage is represented by the part
(BC) of the typical curve. The rate of creep in this phase is
constant and determined by the slope S, :-%% of the creep curvé

in the secondary period, see part (bc) of the curve in Fig.(2-2).
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In the secondary stage of creep in crystaliine materials the
mbvement of the crystals on either side of the slip planes 1s
relatively organized and the Erystals with preferred orientation
generally align themselves in the direction of the plane of
movements after the grain edges have been rounded off(94). The
creep strain in this stage is irrecoverable, i.e..if the specimen
at point (H) oflthe typical curve in the period of secondary
creep 1s unloaded the strain curve will follow the éath (HIJ)
with a permanent deformation. The secondary creep stage repre-
sents from the engineer's point of view, a period in the creep
history of a material when its ultimate failure may become rela-
tively imminent.
2-2.4 Tertiary Creep:
| This stage of creep is represented by the last part of the
typical creep curve (CD). The rate of strain increases in this
stagé leading to rupture of the specimen, see part (cd) of Fig.
(2-2):¥”fhis stage is}also known as plastic flow; accelerating
creep, rupture creep, elastic fatique, stress corrosion, etc.
In this stagé of creep the strain rate accelerates with time be-
cause of the fq;mation of line cracks, eventually lowering the
load carrying area of the specimen(63). Another explanation sug-
- gested for the rupture is that the grain boundaries gradually
break up because of excessive heating under continuous strain-
‘ing(lo).

An understahding of deformation and fracture of rocks in
the tertiary creep phase possibly help in understanding the rock

behaviour and fracture immediately prior to earthquakes and in

'ndne rock bursts.



2-3 Rheological Behaviéur of Rocks:

The time-dependent behaviour of different materials may
be classified on the basis of observed reactions in the form
" of a series of rheological models. Such an approach may be

~justified by comparing the actual time dependent properties of
the real material with an idealized rheological element. The
models consist of one or combination of more of the simple ele-
ments: spring (elastic element), dash pot (viscous element) and
frictional contact (plastic element). A number of thesermodels
will be described in the following sections.

2-3.1 Elastic Deformation:

Any material that behaves in perfectly elastic manner is

Ealled a ﬁookean subsfénce. The relation between its uniaxial

stress (o) and strain (¢) follows the equation.

B = 2 | (2-1)
e .

where E isvthe modulus of elasticity (Young's modulus) which is
a constant of the materialT The spring is a mechanical model for
sﬁch material. Fig.(2-3) shows the model (spring) and the graph-
ical reprgséntation of stress-stfain relationship which 1s a
stréight line passing through the origin with a slope equal to
(E) .
2-3.2 Viscous Deformation:

The model of this behaviour'is a dash-pot, see Fig.(4-2).
Any material exhibiting purely viscous properties is known as

Newtonian substance. The relation between the stress (o) and

the strain rate (g¢”) with respect to the time follows the equa-

tion: |
L] — ng" , | (2"'2)

where n is a constant of the material known as its viscosity.
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If the stress applied (o) kept constant at (o,) then Eq.

. de _ %
(2-2) will be a = and by integration

c_t *
e = —— - (2-3)
n

It can be seen from Eqg. (2-3) that the strain increases
linearly with time, see Fig. (2-4b).
2-3.3 Plastic Deformation:

This may be represented by friction contact, Fig. (2-5).
The material will not deform if the applied stress (o) is less

than (o,) and will deform permanently if o = Also, the

Co»
material in this case will not support a stress greater than (o,).
"The stress-strain relationship, shown in Fig. (2-5b) must, there-

fore, be a straight line parallel to the strain axis at stress

egquals to (Uo). This value is called the yield stress.

2-3.4 Viscoelastic Deformation - Maxwell Unit:

A simple combination of elements which shows viscoelastic

behaviour can be represented by the Maxwell unit. This unit is
composed of a dash-pot (viscous elgment) in series with a spring
(elastic element) as shown in Fig.(2-6). Assume, (En'on).and

(egs0g) are the strain and the stress in the dash-pot and the

spring respectively, then from Fig. (2-6)

6 = o, . = og (2—4)
e = 2 + 2 (2=-5)
Differentiating Eq. (2-5) with respect to time gives

e..- — EJ 3 - (2-6)

n “E
Substituting Egs. (2-1) and (2-2) in Eg.(2-6) gives the
following stress—-strain relationship

- =9 o_. -
e” =5 t 3 (2-7)

Assume a constant stress (o,) is applied at time equal to
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zero;” As the stress is constant therefore o~ O. From equa-

o
tion (2-7) where ¢° = 0 and o = o, then ¢” = -7-19-

By inteération of the above equation

o ¢t
e=—%—+K . (2-8)

Where K is the constant of integration and equal to the

o
elastic strain €4 - 1?0 that occurs when the stress is applied

at t = 0. Eqgquation (2-8) can be rewritten in the form:

o t o
- O L. _0 -
e = + = (2-9)
o t o]
when e= O then —2— = = -2
| n L
or t = -%-= constant

o Thus different values of % will give different straight
lines on the strain-time plane, all of which emanate from a sin-
gle point (A) on the time axis given by t = - %ras illustrated
in Fig. (2-6Db).

Equation (2-9) represents steady state creep (secondary
stage) but does not include transient creep (primary stage).
If the strain is kept constant at a value equal to (€g)

then e°= 0., Eq. (2-7) will Dbe EEI_ = - ..E.':.

which on'integration gives:
— O - ..E_E.. "'10
o} 0 [exp( - )] | (2 )

where (%0) is the stress at t = O necessary to produce the
strain (eo). Eq. (2-10) represents stress relaxation from 1ts
initial value under conditions of zero creep rate.
2-3.5 Firmo-Viscous Deformation - Kelvin Unit:

This behaviour can be represented by a spring and a dash-pot

in parallel which is called Kelvin or Voigt unit, as illustrated
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in Fig.(2-7). For this unit the following conditions will

- apply
o = o + 0g o (2-11)
e = €, = € ) (2-12)
Substituting Eqgs. (2-1) and (2-2) in eg. (2-11)
o = Ee + ne” | (2-13)

Assume that a constant stress 9 is applied to the unit at

"¢ = 0, when ¢ = 0. Then integration of Eq. (2-13) leads to

o]

E = '15 [1 - exp(-%%)] | ' (2-14)

Equation (2-14) shows that the strain ¢ = O when the time t = O

o
and equal to —2 after an infinite time.

B
This behaviour represents primary creep but does not in-
clude secondary creep stage.
If the unit is deformed to some value of strain €5 and then

the stress is removed. Eqg. (2-13) becomes

. BEg = =ne° or
_-E—:-'.: -E
£ n

which on integration gives
— _ Et -
€ = Eq [exp —n—)] . (2-15)

Thus the strain relaxes under zero stress, but will take

infinite time before the strain completely vanishes.
2-3.6 Elastoplastic Deformation - St. Venant Unit:
The material which shows an elastoplastic property is known
as St. Venant substance whose behaviour can be represented by a
spring in series with a friction contact as shown in Fig. (2-8).
0

‘This material is perfrectly elastic for stress less than "o

(yield stress), i.e. it follows Eq. (2-1) and is perfectly
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plastic at streas equal to 0,5, see section (2-3.3).

2-3.7 Bingham Unit: .

The St. Venant Unit (section (2-3?6) has no restriction 6n
1ts deformation once the yieid stress is exceeded. Bingham re-
moved this disadvantage in his unit,lFig. (2-10) , which consists
of a dash-pot, a frictional weight and a spring in a series.
This unit gives ‘a reasonable representation of the deformation
of a material having a yield point. When the applied stress is
less than a certain value co(yield stress) the body deforms
elastically, i.e. follows Eq. (2-1), and for greater stress de-
forms with steadily increasing strain.

If a constant stress o is applied at t = O then

(a) Forj o < 0g

_ 9 _

(b) For o 3 Og

(o -co)t

: g (2-17)

2-3.8 Burger's Model:

Behaviour of real materials is more complex than to be
representéd.by one of the previously described units. Many in-
vestigatoré have suggested how different models maf be built up

from combinations of the above units.

One of the more ﬁseful complex models is the M.V or Burger's
modei which consists of Maxwell unit in series with Kelvin-Voigt
unit as shown in Fig. (2-9a). This model may, nearly, represent
the creep phenomenén, i.e. the spring, El in Maxwell unit re-
| presénts the instantaneous elastic deformation, the Kelvin-Voigt

unit represents the primary creep stage or the delayed elastic

deformation. The component of secondary creep, or psuedo-viscous
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deformation, is contributed By the dash-pot ny of the Maxwell
| uﬁit. ‘

If a constant stress o, is applied to the model at t = O,
the totél strain in the model will be i

e =eg + €y | - (2"13)

where Eg = deformation of Kelvin unit as given by Eq;(2-l4)

and gy = deformation of Maxwell unit as given by Eq. (2-9) sub-

stituting the values of ey and ey in Eq. (2-18) gives

e [ o (- 2] ( 2)
= =2 ] 1 - exp | - 24 —_— 4 (2-19)
© T E, By

If Eq. (2-19) represents the creep behaviocur of some rock

g

under constant stress Og then the term 'E% represents the in-

stantaneous deformation while the exponential term

o
Eg-[; - exp (- ———):lrepresents the recoverable primary creep.

The steady-state defbrmation which is irrecoverable is represented

Ot
by the term -—ﬁI Fig. (2-9b) shows the strain-time relationship
in Burger's model.

Obert and Duvall(SG)

mentioned that Burger's model may
closely represent the creep properties in some rocks when sub-

jected to sudden constant uniaxial or triaxial loading. This
repfesenfation requires suitable choice of the four constants,

Eq E,, Ny and Nos

In time-dependent studies, many investigators such as Hardy(Bl)
on rocks, Afrouz and Harvef(z) on rocks within the soft to medium
strength range,ﬂLee énd Margwick (see Reiner(7o)) on bituminous
roadmateriéis and dthers have indicated that the creep behaviour
of tﬁe material féilows, or nearly follows, the behaviour of

Burger's model.
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2- 3': 9 B-V MOdel .
-In applying Burger's model to the creep behaviour there 1is
one important defect which is when a constant stress is applied

to the model and after the deléyed elastic deformation due to

Kelvin unit (Ez, n,) Fig. (2-9) is:complete, the model would con-

tinue.to deform at a uniform rate indefinitely due to the Maxwell
dash-pot (nl), even if the applied load is extremely small. A

modified modél*which consists of a Voigt unit in series with
Binéham unit as shown in Fig. (2-11) has been suggested. This
is knoﬁﬁﬂasﬁﬁlv model. In this model the spring E; represents
thé instantaneous deformation, while the Voigt-Kelvin (n2, E2)
represeﬁts tﬁe delayed elastic deformation.

Before the pseudo-viscous deformation by the dash-pot (nl)
takes place the frictional resistance of the weight (W) must be
overcome. The stress necessary to overcome the frictional re-
sistance, as in Bingham unit, represents the yield strength of

the material. This resistance, in B-V model,'represents the
long term strength of the solid. In a series of creep experi-

ments on beams of Pennant and Wolstanton Sandstones in simple
bending, Price(sg)indicated that the data obtained followed the
behaviour of B-V model reasonably well.,

In order to decide which, if either, models, Burger's or
B-V, will represent the creep behaviour of a certain rock, it
ls necessary to obtain creep data of that rock at different
stress levels. From the data a curveLof,rate of secondary creep
versus stress is plotted, this curve then must be compared with
a similar relationship of the two models as shown in Figs. (2-9c)

and (2-11lb) for Burger's and B-V models respectively.
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2-4 Practicél Use‘of Rheological Models
* -
’ , /
The practical purpose of rheological models lies in the
field of long term prediction of material behaviour. Frequently,

the long term deformation at low stress levels are required when
the time available for testing may be two or more orders of
magnitude less.

In these circumstances "accelerated tests" involving higher
stresses than design values can be fitted to a model which -
when a good fit is possible - may then be used to predict the

required long term behaviour. For this purpose some investigators,

see Attewell(s), have assembled models far more complex than the
Burger's or B-V models, There is little purpose in describing
these in detail as they generally refer to particular material

under investigation.
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