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The mechanism of reversible deformation phenomena
in highly stressed rock samples conditions

For the first time, attention to the reversible character of linear deformations of rocks was drawn, in
all probability, by T.R. Seldenrath and J. Gramberg in 1958. While searching for precursors of deformations,
the reversible deformations were determined also by I.S. Tomashevskaya and Ya.N. Khamidullin (1972),
who advanced the dilatancy hypothesis. In 1986, K. Tazhibaev pointed to residual stresses as the causes of
the reversible deformations. However, as M.A. Guzev and V.M. Makarov stated in 2005, none of the hy-
potheses can explain the occurring abnormalities in a conclusive way. The present article deals with the re-
versible deformations investigated by a complex acoustic and deformation method, whereas the results are
presented from the position of the self-balanced stresses.
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Experimental research into the regularity of the high stressed rock samples field
near to the source of macrofailure

Based on previous researches, a two-phase model of the macrocrack formation, consisting of a period
of scattered microcracking followed by a stage of formation of the source of macrofailure and then macrode-
fect development, has been assumed [4]. The source field is often modeled by inhomogeneity in the form of
a soft inclusion, calling the formation round it an area of consolidation at the expense of disproportionation
of stress [1]. Modern methods of researches applying servocontrolled rigid loading devices allow measure-
ments to be taken directly before failure, and multichannel measurement systems — to research the behaviour
of the sample as a whole, including around the site of the failure source.

The technique of multidot deformation research of samples of strongly compressed rocks provides
uniaxial loading of samples by the servocontrolled rigid loading machine MTS-816. This uses resistance
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strain gauges as a way of taking local measurements of deformations, both in the central part of the sample,
and on its height. Thus the «cross» design of the resistance strain gauge allows measurements to be taken of
both the longitudinal and lateral strains in a single position, which eliminates the possibility of the joining of
individual measurements of the different processes. The conditions of loading, face conditions and sizes of
the samples at compression are accepted, taking into account the effect of contacts of end faces with a load
machine [3].

Research was conducted on samples of various rocks, including dacites, rhyolite, diorite, and granite-
porphyry. Resistance strain gauges were attached at equal intervals on the whole of the sample, with from
four to eight pairs in each row and from one (in the middle) to three rows in height. The special circuit de-
sign of their fastening has been developed to preserve the wire leading-outs on the sample. The readings
from the resistance strain gauges were fixed by means of a computer program on the multichannel device
UIU-2000. This research was carried out at the Geodynamics Laboratories at FEFU.

In Fig. 1b, the schema of the sensors displacement is shown during tests. In total, 4 series on 10 sam-
ples were tested. The tests were carried out at uniaxial compression of samples under the multidot schema of
measurements with from 8 to 48 sensors (Fig. 1).
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Fig. 1. Schema of measurements (a, b) of a sample of dacite, source position (triangle on a, b)
and change of AE intensity (c)

The source position was fixed according to acoustic tests using a complex "Interjunis”. The change of AE
intensity during the time of loading is shown in Fig. 1c. It can be seen from Fig. 1c that the cracking begins at a lev-
el of loading of 224 MPa, which corresponds to the moment of the deflection of the stress strain curves from a line-
ar relation. The position of the source of failure concerning pairs of deformation gauges is shown in Fig. 1a-b).

The basic results of the tests on the laws of the deformation of rock samples in a prefailure state using the
newest equipment can be reduced to the following. In a prefailure stage of loading, a series of anomalous defor-
mation effects which can be used as precursors is observed. First, this flattening out of the deformation curves with
reduction by it fields of modules of deformations by 1.5-3 and more times can be seen in Fig. 2a. It is displayed es-
pecially clearly in the field of the source, as shown in Fig. 2b. In this part, there are two anomalous deformation ef-
fects where, apart from the already noted effect of significant (repeated) decreases of the module of deformation,
there are naturally fixed sharp augmentations of the increments of lateral deformation, which are comparable in size
or even exceeding the increments of longitudinal strain. The first anomalous effect can be considered to be within
the limits of the model of “soft inclusion”, as already mentioned above.
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Fig 2. Laws of deforming of rock samples: a — dacite in a prefailure stage of loading: linear strains,
the central part, b — character of linear strains in source parts of the rhyolite sample

Source model of «Defective heterogeneity» with reference
to rocks samples at axial compression

Modelling source areas by «soft inclusiony is good knowing in geomechanics [7]. The inclusion can
be ideal soft at the rock module of deformation E = 0. It is a case of a circular hole in a semiplane with even-
ly distributed symmetrical load on a part of its border. This problem is considered by the author in [5], where
the character of the displacements of a contour of the hole is shown as in Table 1.

The second deformation anomaly of the source part, consisting of large lateral strains, as a rule, ex-
ceeding the longitudinal increments of deformation, indicates a shear-rupture of a developmental character in
the mesodefect part of the source, leading to the wedge action of such defects [6]. Within the frame of the
«soft inclusion» model, this effect cannot be considered directly, as the Poisson's ratio of a continuous mate-
rial cannot exceed 0.5. Properties of the source parts of the sample are formed at the expense of defects of
the shear-rupture type, where the wedge action of a shift element [6] prevails. Therefore research on mecha-
nisms of deformation anomalies should be divided into two stages, caused by the presence of two source de-
formation anomalies: longitudinal and across the direction of loading.

Table 1
Size of displacements of a contour of a section of a round hole in a semiplane at the attitude
of symmetrically applied load to depth B/H = 5.0 (R — hole radius)

Displacements
O, degree R VR

90 0 -1,321
60 -0,011 -0,827
30 0,610 -0,142

0 1,029 -0,071
-30 0,567 0,018
-60 -0,012 0,664
-90 0 1,104

Direct overseeing by deformations of fields of rocks testify that it is lower and nearer to the source
(Fig. 3a and 3b respectively) also. On the border of the source and the surrounding material, the condition of
a continuity of displacements is met, so it is logical to expect deformation anomalies not only in the source
area, but also in the adjoining parts of the rock.

The procedure considered above allows making such supervision, the results of which are shown in
Fig. 3. The gauges located immediately under the source part of the sample have fixed the negative incre-
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ments of the deformations, similar to the results described in [2]. At augmentation of strains, there is an orig-
inal reversal of linear strains in this connection, and this can be called a phenomenon of reversive linear de-
forming in the immediate vicinity of source areas of the rock sample at uniaxial compression. The size of the
negative increments of longitudinal strain in this case exceeds the size of the negative increments of lateral
deformation (Fig.3a).The reversive deforming of that part of the sample which also adjoins the source areas
has a different character from the source parts of the sample in a direction perpendicular to the direction of
action of the load (Fig. 3,b). In this case, by contrast, the size of the negative increments of lateral defor-
mation exceeds the size of the negative increments of longitudinal strain. Sometimes only negative incre-
ments of lateral deformation are identified.

Thus, the results of complex acoustic, deformation and theoretical tests allow us to formulate a hy-
pothesis of the conditionality of reversive linear strains of rocks samples in immediate proximity to source
parts specificity of deforming of defective heterogeneity to what can present the source.
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Fig. 3. Reversive character of linear strains in the direction of an axis of the sample (a) and perpendicular to it (b)
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Experimental reproduction of reversive deformations near to Source Areas

The laws of deformation of heterogeneous rock samples in a kind of «soft inclusion» were researched
using an expressly developed procedure that enables the building of a preliminarily relaxed field in the cen-
tre of the sample, its division in height in some parts and installation on their borders metal thresholds, serv-
ing by the supports for indicators of hour type. Gauges of hour type settle down on special posts [3].

For the experiments, samples of strong low-porosity granite were collected. The samples were loaded
in two stages: first, deformations of the monolithic sample were measured at loading to 0.8cy.ts, (Where o).
is the long-term strength) and the sample was then unloaded. Then it was lead up to a long-term strength
and, after unloading, the deformations were measured at cyclic loading to c. The loading of samples of
strong granite to strains close to a long-term strength shows that anomalous deformation effects in this case are
absent (Fig. 4a). After reachingo, and then unloading, the samples were loaded again to strains of 0.8c,.. The
appearance in this case of reversible anomalies at the top of the sample (Fig. 4a) is positioned. At a cyclic
load, the anomalous character of the deformations is conserved.

Note also that in all situations that demonstrate a reversive (“negative”) deformation anomaly, on the
next fields of the sample on its height a "positive” deformation anomaly is also formed. This fully explains
the cause of the reversal of deformations in the area near the source in a longitudinal direction (reversive
anomaly of the first type) and confirms the hypothesis of defective heterogeneity.
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Fig. 4. Reversive character of deforming of samples of rocks in conditions of axial compression: a — relative tests of
the monolithic and preliminarily broken granite samples, b — character of deforming of separate parts of the sample
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The modelling of cross-wise reversal of deformations in near-source areas (reversive anomaly of the
second type) can be done by building on local fields of the sample of holding apart efforts of sufficient size
to reflect the holding apart action shear-rupture of defects in the area of the source. This effect is modelled to
the full by thin cuts (thickness 0.2 — 0.3 mm) made by a cutting tool in the material of rocks well enough
giving in to cutting, by introducing the cutting tool in the rock (wedge effect). The size of the deformations
depends on the distance to a cut, its depth and length. The optimum depth of a cut is 3 mm, and it is rational
to make the cuts at a distance of 3 mm from the gauge.

Experimental reproduction of the reversive deformation effects shown in Fig. 3b is done by making
imitation shear-rupture fractures in a preliminarily loaded sample. From the experiments, it is determined
that anomalous longitudinal and lateral deformations of the reversive type arise close to these imitation frac-
tures (Fig. 5b). Thus, this direct experiment on the drawing of imitation fractures in a preliminarily loaded
sample shows that the anomalous character of its deforming at axial compression is replicated qualitatively.
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Fig. 5. Reversive deformations of the second type: a — the experiment schema, b — deformations of rock samples at
compression and the subsequent drawing of a cut, c — wedge effect of cutting
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Mathematical model of the phenomenon of reversible deformation
of rock samples at uniaxial compression

The modelling of highly compressed rocks where the deformations ‘conditions of compatibility are
not satisfied and the state of the thermodynamic conditions is far from equilibrium by dissipation system
generally has well proved at the description of the phenomenon of zonal failure of a massive around the un-
derground openings. Therefore a mathematical model has been developed and the solution of a problem on
the highly compressed sample of rock is developed on the same principles [2].
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Deformation anomalies of a reversive type occur in the sample of rock at achievement by a load ¢
some of critical values o*. If o is less than o*the stress-strain state of the sample is described within the lim-
its of the elastic theory

E 1%
o = (6‘ +——— &4 0; )
1+v 1-2v >

where E — elastic modulus, v — Poisson's ratio.
At o is less than ¢ * the equation of balance for the sample of rock in cylindrical co-ordinates looks
as follows:

(1)

8O-rr +an-f¢+aarz +6"_O-(/’(/’
o r op oz r

=0-

do,, +180W N do,, . 20,, _o,

o r Op oz r

oo +180¢Z+80H+&:0’ (2)

Iz

o r op oz r

And the problem boundary conditions for the stress-strain state in a cylindrical sample at uniaxial
compression are registered as

O-ZZ|Z:th:_O-’ O-ZI'|Z:ih:0’ O-Z¢|Z:ih:0’
O-I‘I‘|r:R:O’ O-I’(p I‘:RZO’ O-I’Z|r:R:O' (3)

From experimental researches, it follows (see Fig. 2) that anomalous reversive deformations in the
area of loading where o is more than ¢ * (we will designate these deformations E;; ), coincide in the order of

sizes with subcritical deformations in & area when o is less than o *. This makes it possible to bind the
strains corresponding IT; to deformations E,; , to the linear E; interrelations similar in algebraic structure to
Hooke's law for conditions of area where o is less than ¢ *

E

Hij _1+V(EJ+1 2 ké‘ijj:(lﬂgozlazo:;)a (4)

where E — elastic modulus, v — Poisson's ratio.
The formation of periodic mesocracking structures involves the appearance of some new field of
strains in which T, generally depends on the type of cracking defects considered. As the sample is in bal-

ance, the forces defined by a field T, , should be compensated, and therefore they are often referred to as self-
counterbalanced. IT; acts as a compensatory field. Thus a full field of strains in £, the sample equals:

Zij = Hij —|—-|-IJ . (5)

This satisfies the equations of balance (2) and regional conditions (3). In turn for fields also 11 it is
possible T; to write down the conforming equations of balance:

o, o, ©
X ox.

| J
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and boundary conditions:
Hijni|av :_Tijni|[7'\/ (7)

and

ol
_ 2 qm, p
Tij = ZO'OI gipqgjmk a—xk . (8)
where g, — a Levi-Chivity symbol, constants o, I have dimensions of strain and length respectively. The
concrete kind of functions 7~ depends on the type of defective structure, so it is necessary to analyze the
background of the formation of defects and dissipative processes in a material (Table 2).

Table 2
Results of comparison of the data from theoretical and experimental researches

Longitudinal deformations meaning in the gauge positions

Parameters 4-6 5-7 2-8 3-9
Experiment | Theory | Experiment | Theory | Experiment | Theory | Experiment | Theory
Longitudinal
deformations, -1067 -899 704 704 -899 -899 679 679
10°
Difference, % 18.7 0.0 0.0 0.0

Statement of the problem for equation (5) consists in the construction of an elastic field such that
1T, deformations corresponding to it coincided E;; with the measured values on the border of the sample in a
discrete panel of points.

The field of elastic stresses and 1T, deformations can E;; be bound linear interrelations

Hij = A(Eij + BEkké‘ij) (9)

with some coefficients A, B .
Without restriction of generality parameters A, it is possible to choose B as in the elastic theory:
E v

A= 2, B=
14y H 1-2y

; (10)

where 1 — a shear modulus.
As the equations (5) are linear, we will present a field in the form of the 11, sum of the classical solu-
tion and o; some field z; :

1, = o, . an

As the solution is under construction in the prefailure area load level 6 = ¢ * is initial, therefore in formula
(3) itis necessary o to believe instead of oo =o0—-o* o*. We will follow-up demand, that the first invariant re-

verted 7, in zero. Then the tensor is bound 7; to the conforming deformation tensor an interrelation
da, oOa
7, :A{_aw_J]’ (12)

where a, — components of a vector of the displacements, loads counted from level o = o *.
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Components (a, 1=1,2,3) are defined from the equations of balance which in a cylindrical frame of
axes look like:

oa
PV ..
r- r° oep
a
g, ~ e 208 g (13)
ot rt op
Aa, =0

A limited solution of the system equations (13) for the cylinder can be written in the form of Fourier
series in the trigonometric functions [3]:

a, = Z ( W (p)cosnp+u'? (p)sin n(p)cos myz,

n,m=1

a, = Z ( W (p)sinng —v? (p)cos ngo)cos myz,

n,m=1

a, = Z (w(l) (p)cosng +w (p)sin ngo)sin myz,

n,m=1

A1, (0)+ BRI, (p) O )_AS')lm(p)—BéLllnfl(p) w0 () =& 0 +BIIL (o)

(I)
m(p) = 2 2, 2

p 97/ h’

where 1, () — real Bessel function of order n imaginary argument, A" B® — arbitrary constants.
Below is brought a field of elastic stresses i jn cylindrical coordinates:

- :,UZ(n(l)(n p)cosng+zP (n, p)sin n(p)cosmyz,

n,m=1

= yZ(ﬁg(/),(n,p) cosng+ 7z (n, p)sin n(p)cos myz,

n,m=1

7, =,uz D(n, p)cosnp + 72 (n, p)sin n(p)cos myz,

n,m=1

Trg :yz @ (n, p)sinng -z (n, p)cosngo)cosmﬂ,

n,m=1

z, = yZ(;z(l)(n p)cosng+zZ (n, p)sin n(p)sin myz

n,m=1
Ty = U Z(;zg) (n, p)sinng— =2 (n, p) cos ngp)sin myz, (14)
n,m=1
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. . 2
L L |

S(n+1 2n% +2n an-1
(l)(n p)= ml: (')[ p In—l_?an_Bfg:%TIn—l}’

79 (0, p) =-m(AD +BO),.

) 2
(|)(n p)=m m(‘%'n—l"‘%'n*‘%'} B(I)[%I”‘l—i_%l”j:l’

(I)(np) m (I)(_In1+§_2lnj+8rg:7)1(_lnl+%an:|a
1 3n N n
(.)(n D) = m{ <u)(_§|n_1 2p| J+B§3(E|n_l+zlnﬂ. (15)

The solution (14), (15) comprises a set of unknown parameters AV | B! . According to the above
formulation of the task, they must be determined from the condition of coincidence the strain tensor compo-

nents By with values that are measured experimentally in a discrete set of pointsat r=R and z=0.
After carrying out numerical calculations for experimental conditions at values of parameters of

model: v=0,26, E=1,7¢10°Pa, X=0,5-7, h=5cu, R=2,5cu we obtain values of quotients of rows (15):
M _ _3519.10°, A\) =-29410-10°, A® =-1167-10"°, Bf) =-700-10"°, B{) =885-10"°,

B{? =1143-10°°.

Now, calculating the sizes of deformations for the experimental conditions and displaying them in
comparison with the data of this experiment in Table 2, we can see that at full qualitative coincidence of the
results of the analytical and experimental researches, the maximum quantitative difference of values of lon-
gitudinal strain does not exceed 19 % [2].

Conclusion

Thus, satisfactory results of mathematical modelling allow us to determine the mechanism of the
phenomenon of reversive deformation of highly compressed rock samples. which consists of conditions of
strong non-equal components of compression which cause mesocracking destruction on inhomogeneities of
the medium, while strains in the sample have an oscillation of a periodic character that has a consequential
development in local fields of action of the maximum normal tangential stresses of the source of concentra-
tion of interacting mesodefects, and in the vicinity of the source — the formation of places where defor-
mations assume a reversive character.

The establishment of the phenomenon of reversive deformation of highly compressed samples of
rocks allows us to formulate a system of deformation precursors of failure that is of great value in the fore-
casting of geodynamic phenomena in a rock mass.
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O MexaHu3Me SIBJICHUSI PpEBEPCUBHOTO AehOPMUPOBAHUS
00pa310B CHIIBHO CKAThIX TOPHBIX MOPO/T

Ha peBepcuBHBIN XapakTep JUHEWHBIX AeGOpMalUil MPH CKATHH OOpPa3LOB TOPHBIX IMOPOJ, IO-
BUJIMMOMY, BIIEpBbIe, ObUIO OOpamieHo BHuManue B 1958 r. wuccnenosarernsmu T.R. Seldenrath wu
J. Gramberg. IIpu noucke nedopMaIMOHHBIX TPEIBECTHUKOB PEeBEPCUBHBIC Je(opManinu ObUIM yCTaHOBIIE-
Hbl Takke M.C. Tomamesckoii u SI.H. Xamunymiuasiv (1972), koTopbie BBIIBHHY/IM TUIIOTE3Y THIATAHCH-
oHHoOro pacmupenus. [Ipuunnoit pesepcuBHoro aegopmupoBanus K.T. TaxxubaeBbiM OblITN Ha3BaHbBI TAKKE
octatounble HanpspkeHust (1986). OnHako HU O/HA U3 PACCMOTPEHHBIX TUIOTE3 HE OOBSCHSIET BCE MMEHO-
1€ MECTO aHOMaJIbHbIE APPEKTHI C €AUHBIX MO3UIHNI, KaK ObLI0 okazaHo M.A. I'yzeBsiM 1 B.M. Makapo-
BeIM (2005). B paccmarpuBaeMoil craThe SIBICHHE PEBEPCUBHOIO J1e(OPMHUPOBAHMS HCCIEAYETCS KOM-
IUIEKCHBIM aKyCTHYECKUM U J1e()OpMalliOHHBIM METOJ/IOM, a PE3YJIbTaThl SKCIIEPUMEHTA ONUCHIBAIOTCS C I10-
3ULMHA MOJIENIN CaMOYPaBHOBEIIECHHBIX HAIIPSKEHUM.

Kniouesvie cnosa: obpaszen, peBepcuBHbIE 1ehOpMaIK, MATEMaTHYECKasi MOJIENb.
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