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The activation energy of viscoelastic deformation of rocks

DzHEMA V. MELKONYAN

Abstract. The suggested model, which considers the simultaneous appearance (on the intermolecular scale)
of elastic and viscous behaviours of rocks during their viscoelastic deformation, enables the relaxation time, f,
of the viscoelastic deformation energy to be defined. By determination of #,, the activation energies of the elas-
tic and viscous deformation can be separated from the temperature dependence of the viscoelastic deformation
energy stream U. The probabilistic approach to viscoelastic deformation of rocks allows the introduction of the
a notion of the total probability, consisting of the probabilities of elastic and viscous deformations.
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AGcrpakT. Mopien Koju je IpeiyioKeH y OBOM pajly pHKa3yje CUMyJITaHy MojaBy (y HHTEpMOIIEKYIapHO] pa-
3MEpH) eaCTUYHOT ¥ BUCKO3HOT IIOHAIIakha CTeHa TOKOM HBIXOBOT BUCKOEIACTHYHOT fiehopmucara. Ha Taj Ha-
4yiH oMOryheHo je AeduHucamke BpeMeHa pellakcalyje f, BUCKoelacTiuuHe fiepopManuone enepruje. Kaga ce oo
BpeMe OfIpe/i OHIa MOTY Jia ce pa3/Boje aKTUBMPAaHE €HEePruje eJacTUYHUX U BUCKO3HUX AedopMaluja off TeM-
nepaTypHe 3aBUCHOCTH BHCKOEJIACTHYHOT Ae(hOpPMALMOHOT eHepreTckor Toka U. ITpo6aGuancTuiky MpucTy,
NpUMEemEH Ha BUCKOEeJacTHYHe fedopmMalnuje cTeHa, oMoryhasa jja ce yBesie 1ojaM TOTajiHe BepoBaTHOhe Koja

ce cacToju Off BepoBaTHOha eTaCTUYHUX M BUCKO3HUX Aeopmanyja.

Kibyune peun: BUCKOenacTHYHOCT, iepopMaliyja, akTUBIpaHa eHEPrija, EHEpPreTCKU TOK, BpeMe pellakcalyje.

Introduction

At present, there is great interest in the viscoelastic
deformation of rocks, since the viscoelastic bodies are
heterogeneous and complex, in particular the deforma-
tion of rocks which elapse at extraordinarily various
physical conditions existing in the interior of the earth
(e.g. TROITZKAYA, 1961).

The crust rocks at different natural conditions are
both elastic and brittle solids. The ability of crust and
the mantle rocks to transmit seismic waves, when the
forces act during very short times, testifies to their high
elasticity of compression and displacement (e.g. VER-
HOOGEN et al., 1974, TURCOTT & SCHUBERT, 1985).
However, there is evidence for the elastic behaviour of
rocks at more long stresses, for example Chandler oscil-
lations of the pole and earth tide. On the other hand,
the brittle behaviour of rocks in the crust upper is also
verified by the existence of numerous natural break sur-
faces on all scales (breaks, cracks, etc.), (e.g. VERHO-
OGEN et al., 1974, TurRcOTT & SCHUBERT, 1985). There
are other data (e.g. VERHOOGEN et al., 1974), which

confirm: the viscous flow of rocks in the solid state
without large breaks; the frequent appearance of inelas-
tic and residual natural deformations in rocks. The ten-
dency of the crust to a hydrostatic equilibrium allows
the assumption that some uppers of the earth’s crust be-
have like a very viscous liquid in their properties. Crust
rock flow in the solid state on a small scale is proven
by such structures as foliation, orogeny and the defor-
mation of bodies with certain primary sizes or shapes.

The above stated data point to the fact that elastic
and viscous deformations occur simultaneously in the
crust.

In the theory of macroscopic elasticity of viscoelas-
tic deformation, the value of the characteristic time is
usually given, during which the elastic behaviour changes
into viscous behaviour. This is a rough model of rocks:
elastic under the influence of momentary forces and
viscous under the influence of the long duration of tec-
tonic forces. In reality both behaviours (elastic and vis-
cous) appear simultaneously (e.g. ZELINSKY & MELKO-
NYAN, 1997). TROITZKAYA (1961) and VERHOOGEN et al.
(1974), assumed that the elastic behaviour of a body is
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slowed down by the viscous component. For example, as-
sume that during a given time (let it be assumed, ~ 100
years), the elastic behaviour of a substance completely
changes into viscous. However the viscous behaviour of
a deformable body appears during the deformation pro-
cess (on the intermolecular scale), (e.g. LANDAU & LIF-
SHITS, 1987), though the body is elastic as a whole. Such
an assumption allows the fact that the intermolecular
forces have an insignificant radius of action (e.g. LANDAU
& LirsHITS, 1987). In spite of the fact that the influence
of the forces extends around, thus making them particles
only at an intermolecular distance, it simultaneously cre-
ates a residual phenomena, which can be involved even
at the beginning of the deformation processes.

The energy stream accumulation and
relaxation at viscoelastic deformation

The purpose of this work was to investigate the vis-
coelastic deformations of rocks and to determine their
activation energies taking into account the simultanious
apperance of elastic and viscous behaviours and defor-
mation energies of rocks. The viscoelastic deformation
is considered in certain deformable plane of rocks with
thickness /.

For a deformation &, (e.g. VERHOOGEN et al., 1974),
the following equation can be written:

de(x,r) _ 1 0t(xt)  e(x?)
ot n ox t

ey

where 7 is the viscosity, 7 is the stress, #, = n/u is the
relaxation time of viscoelastic deformation, where u is
the shear modulus. From the time ¢, the relaxation time
of the energy of viscoelastic deformation can be identi-
fied. The axis x is normal to the deformable plane.

Eqn. (1) is valid for linear deformation, i.e. #, = const.
Taking into account the deformation energy, Eqn. (1)
can be integrated with respect to the thickness / of the
deformable domain from which the cumulative elastic
energy is intend to be released, and by multiplying to
the area S of this domain, one obtains an equation de-
scribing the energy stream accumulation and the relax-
ation in time in the deformable domain:

o 0
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in which the energy stream on the boundary of the de-
formable domain and the bulk particles is given by:

A
30 =L 2(0.0) 3)
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where 7(0,f) denotes the total stress on the plane x = 0,
i.e. on the mentioned boundary. Taking into account
that the influence of the shear resistance on the accu-

mulation and relaxation of the elastic energy is negli-
gible, ie. 7, = 0, then Ay (s) will iterate the shape of
the elastic stress through the deformable domain. For
an energy stream which is released from a deformable
domain, one can write:

o
v=262 (4)
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in which 9, denotes the carry coefficient of the ener-
gy, which can be expressed as:
TE

Vp=——"— (5)
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where 7; and 7, are the elastic and viscous stresses,
respectively. The physical meaning of the coefficient d5
will be explained below.
Substitution of expression (4) into Eqn. (2) implies
that:
dU  Aldg
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where 7;(0,t) is the stress of the elastic deformation at

x = 0. For elastic energy accumulation in the deform-

able domain, the inequality 7; < O in Eqn. (6) occurs.
If from Eqn. (6):

_ M — T(O, f) .
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Then, Eqn. (6) can be rewritten as:
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furthermore Eqn. (7) can be written as:
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where ¢ = un/Al. Equation (8), for a certain depend-
ence of 7(f) and according to the initial conditions, de-
scribes the variation of the releasing energy stream time,
for example during an earthquake. In the stationary case,

U(r) satisfies the condition:
dU
Y o 9)

dt

which implies that:

1.
Ust.zzaET (10)

The physical meaning of the coefficient & can be
seen from Eqn. (10): i.e. it is the ratio of the releasing
energy stream to the total stress.
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Let the energy stream rise and damping be considered.
At first, let there be no loading action applied to the to
be investigated domain of rocks. Then assume a constant
loading action (i.e. F = 0, therefore 7 = const) at instant
7 = 0. For Eqn. (8), the initial condition is given as:

U@©0)=0 (11)

Then the solution for Eqn. (8) can be written as:

U= Us{l - exp(— Ztﬂ (12)
0

After the loading action is taken off (i.e. T = 0), the
energy stream damping corresponds to the initial condition:

vu=U, (13)

According to Eqn. (13), from Eqgn. (8) one obtains:

U= erxp[— ;] (14)

0

A comparison between Eqn. (12) and (14) shows
that it is easier to measure f, from the relaxation curve
of the energy stream.

Having obtained the energy stream relaxation curve,
one can make the dependence In U/Uy(f). It follows
from Eqn. (14) that:

U t
an—O(Z):—g (15)

i.e. the above dependence has the form of a straight li-
ne. From the slope of this straight line, one obtains the
viscoelastic deformation time f,:

1
ty = —AI[A In UJ (16)
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The probability of viscoelastic deformation

According to MELKONYAN (1997), elastic and viscous
deformations probabilities are assumed as:

1 1
Rp=—1: Ry =— 17)
log Loy

where fop = (MW ~ consts fov = (WY = const. are the elas-
tic and viscous deformations times, respectively. The total

probability of the viscoelastic deformation is assumed to
be (e.g. MELKONYAN, 1997):

1 top +t
bttty (18)
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Taking into account the deformation probability, the
coefficient d; by its physical meaning can be present-
ed as the ratio of the elastic deformation probability to
the total deformation probability, i.e.:
_ R

S, =
E RD
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Combining Eqns. (17), (18) and (19), one obtains:

op = (20)

According to Eqn. (12), for a loading duration Ar >> f,
one obtains:

U=U, 2D

Substitution of Eqn. (21) into Eqn. (10) yields:

U
P g (22)
or, see Eqn. (20):
U ¢
.0 (23)
T tOE

Viscoelastic deformation efficiency

Let the ratio #y/t); be denoted by W; and called the
efficiency of viscoelastic deformation

W, =0 (24)
loe

Substituting expression (18) into Eqn. (24), one obtains:

11
W =—2— 25
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Equation (23) implies that at At >> £, i.e. for a long
duration of the loading, the ratio U/t depends on both
the elastic and the viscous deformation times.

At At << 1, from Eqn. (12) one obtains:

U)=Ugy % (26)
0

Substitution of Eqn. (10) into Eqn. (26), using Eqn.
(20), implies that:

g ~ ﬁ (27)

T lyg

It follows from Eqn. (27) that the dependence fyz(7)
can be obtained from the dependence U/ton 7.
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Activation energy of viscoelastic deformation

It is known that in solids as well as in liquids, the
viscous flow is a diffusion phenomena. In this case the
stress state leads to certain deflections of the direction
of the diffusion components and the absolute quantity.

The process is named viscous flow in liquids and
pseudoviscous flow in solids (e.g. VERHOOGEN et al.,
1974). The velocity of this process depends on the tem-
perature. The process equation contains the Boltzmann’s
constant k and the activation energy E, (e.g. VERHO-
OGEN et al., 1974):

l—Aex _Ea
;7* P T (28)

where A is a constant.

However, according to Eqn. (4), from Eqn. (28), the
temperature dependance of the viscoelastic deformation
energy stream can be obtained:

E(l
u em( ij (29)

For the case Af << 1, according to Eqns. (23) and (29),
U depends on the temperature only through the elastic de-
formation time f,;. Therefore, the activation energy values
obtained at At << #, will be stipulated by the temperature
dependence of the elastic deformation time:

AE
U~exp[— k]‘ibj (30)

where AE,; is the activation energy of elastic deformation.

The viscoelastic deformation energy stream ratios,
obtained for the case of Ar >> #, and Ar << ¢, for the
same value of 7, according to Eqns. (23) and (27), must
be equal to the ratio #,/At. Then, it can be assumed that:

UAr>>1,) 1y 31)
U(At <<t,) At
where U(At >> t;) and U(At << t;) are the elastic de-
formation energy streams at an applied force duration
of At >> ¢, and Ar << {,, respectively.

Taking into account that in rocks the deformation is,
in principal, viscous (e.g. VERHOOGEN et al., 1974), i.e.
probabilities ratio 8y = Ry /R, << 1, and therefore
to/tor << 1, see Eqn. (24), then from the temperature
dependence of U(Ar >> 1,)/U(At << t,), the activation
energy of viscous deformation, AE,, is obtained i.e.:

AE
U~ exp(— kTEj (32)

Analysis of the dependence (29) shows that for a
viscoelastic deformation energy stream at At >> £, tak-
ing into account Eqn. (23), U ~ t#y/t,;, whence follows:

AE AE,; —AE
U~ exr{— P ] = exp[— FkTV] (33)

Thus, for the case of Ar >> 1, the values of the acti-
vation energy AE, obtained correspond to the difference
of the termal activation energies of the elastic and vis-
cous deformations energy carriers:

AE, =AE, —AE,, (34)

Conclusions

The above—mentioned model, which considers the si-
multaneous appearance of both elastic and viscous beha-
viours of rocks, at the same time allows the elastic and
viscous deformation times, as well as their activation
energies to be separated. From this model many other
characteristics of the viscoelastic deformation of rocks
can be obtained. For example, from Eqn. (18), it can be
seen that the energy stream relaxation time #, may be
increased both with respect to an increase of #,; and #,,.
Eqn. (24) shows that the viscoelastic deformation effi-
ciency decreases with increasing elastic deformation time
and increases with increasing viscous deformation time.
From the dependence of the viscoelastic deformation effi-
ciency W; on f, one can determine which deformation
time (elastic or viscous) is varied. If W increases with
1y, then f,; = const., if W, decreases, then f,, = const.

The value of the activatin energy of the viscoelastic
deformation AE, in the stationary case is connected with
neither the elastic nor the viscous deformation activa-
tion energies but is the result of the superposition of
these energies, see Eqn. (34).

The above methods for the definition of the charac-
teristic time #, and the model allow the characteristics
of the viscoelastic deformation to be determined, which
could enable the viscoelastic deformation process to be
controlled.
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Pe3ume

Moounu3anuja eHepruje npu
BHCOKO€JIACTHYHHM JedopManujaMa cTeHa

Mopen Koju je aHAITM3UPaH Y OBOM pajly puKasyje
CUMYJITaHy 1OjaBy (y MHTEPMOJIEKYJIapHO] pa3Mepu)
€JIaCTUYHOT ¥ BUCKO3HOT IIOHAIlIakha CTEHA TOKOM -
XOBOT BHCKOEJAacTUYHOT Aedopmucama. Ha taj HaumH
oMmoryheHo je mecduHHcame BpeMeHa pellakcanyje b,
BHCKOENIaCTUIHE JlehopMalone eHepruje. Kajya ce oBo
BpeMe Ofpefid, OHJla MOTY Jia Ce pa3[BOje aKTUBUPAHE
€Hepruje eJacTUYHUX M BUCKO3HHUX fiehopMalija of
TeMIepaTypHe 3aBHCHOCTH BHCKOEJIACTUYHOT Aedop-
MallMOHOT eHepreTcKor Toka. [Tpo6adunucTHiky npu-
CTYIl, IPUMEHEH Ha BHCKOEJACTUYHE HAedopmMmaiuje
cTeHa, oMoryhasa fia ce yBeJie 1ojaM TOTaJIHe BEpOBaT-
HOhe, Koja ce cacToju o BepoBaTHOhe elacTUIHNX U
BHUCKO3HUX AedopManyja.

Ha Taj HaunH npepymoXeHn Mojies pa3MaTpa CUMYJI-
TaHy M0jaBy €JIACTUYHOT ¥ BIUCKO3HOT IOHAIIAKka CTe-
Ha U y UCTO BpeMe oMoryhasa fia ce pa3aBOju eJacTHy-
HO W BHCKO3HO BpeMe jlepopMucama Kao W HUXOBE
akTuBupaHe eHepruje. [lTomohy oBor mopena Mory fa
ce Ofipefie ¥ MHOTe JIpyre KapaKTepUCTHKE BUCKOeIac-
THYHOT lepopMucama creHa. Ha nmpumep: eneprercku
TOK BpeMeHa pellakcanyje f, jaya ca nopehamemM Kako
€JIaCTUYHOT TaKO W BUCKO3HOT BpeMeHa fiehopManmje;
BUCKOEJIaCTHYHA fAeopManioHa e(UKaCHOCT ce cMa-
Byje Kajja ce elacTUIHO AepopMannuoHO BpeMe MOBe-
haga, a pacTe kKafia ce BUCKO3HO ie(pOpMAaIFIOHO BpeMe
noBehaBa. Ha ocHOBy 3aBucHOCTH m3Meby Buckoenac-
TUYHE JedopMalroHe e(pUKaCHOCTH U f;, MOXE Jia ce
ofpeNiu Koje ce AeopMalmoHO BpeMe Merba (e1acTuyd-
HO WJIM BUCKO3HO). AKO ce iechopmarioHa epuKacHOCT
nosehaBa ca f;,, OHAa je €JacCTUYHO JAe(opManUuOHO
BpeMe KOHCTaHTHO, a aKo ce fiepopmanmoHa edukac-
HOCT CMambyje ca f;, OHJia je BUCKO3HO JlehopMalmoHO
BpeMe KOHCTAaHTHO. BenwmumHa BHCKOENIAcTUYHE Jie-
¢dopManmoHe aKTHBHpPAHE EHEPrHje, V CTAIIOHAPHOM
cllydajy, HUje MOBe3aHa HM ca eJacTMYHUM a HU ca
BHCKO3HHUM JIe(pOpMaIMOHNM aKTUBHPAHUM €HEepruja-
Ma, ajii je NocNeanla Cyeprno3uliyja OBUX eHepruja.



