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Abst.ract.: The t.hermal stresses in roc k samples have been st.udied by

means 01' t.he aeoust.i e emi ssi on moní -lor ing. The possi bl e appl i ca t.i on 01'

lhe obtaíned results to lhe underground fir-e obser-valions and coal

gasification sludies was lhe main r-eason for undertaking this r-esearch.

Resulls oblained in tested rocks indicate that the acoustic emission is

oecur-r-ing during healing and eooling. In the cour-se of AE the efťect. 01
the maximum temperature memor-y exists, we can estimat.e the maximum

temperat.ure r-eached by the sample in the preeceding cycle.

1. I NTRODUCTION

Thermal stresses can generat.e acaustic emissian in roek CWarren

and Latham, 1Q70); CSlesky, 1Q75). Thermally induced acoustic emission
i n i gneous r cc ks in reeent. years has beeo a subj eet. of ext.ensi ve

r e.se a r c b in a few roek meehanies and geophysical laborat.ories ar ound

the wor-1d CChen and Wang, .. 1·980); (At.k i nsan et al. 1984); (Maj er et

al. 19S4);CMontoto et a11.19S9); (Carlsan et al. 1990); (MonLoto and

Hardy, 1991) but the st.udies of t.hi5 effect. in sediment.ary r oo ke have
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bE'en ver y lirnited (Zubel~ek arid 2:oqaJ:a~ 19t~8); (Zog";1:",,,1991);

(2:ogo':\laet e l , 1992).

The emis5ion and location of AE signals frorn the rcck mass
subjected to thermal stresses create the unique p05sibility to use this
.{{ect fcr remote control and obSErvation of underground openings
desi:ined for storage of radioactive wastes, both solid and liquid. Such
storage installation must be remotely controlled becaUS8 of tha
ooss í o í Lí t y cf s~~vere envir·clrlment,;\l·c on t am í nc t í on in Ci"se elf "l.:t·1C) I"oek
mess cracking. Radioactive wi::\stestorage i5 connected with t,e emission
of a large arnourrt of heat which c au se e thermal stresses in roc ks. n,s i':\

eonsequence, rocks crack and AE sources appear.
The phenomenon of AE has s150 been used to cbsarve displacements of tha
t.I1E:!r-mc~ls t r es.s fr-ont in the prOCE?!:?Self underground fire + Lo ocí in q o+

hE:i:1VY cruo e oi 1 to decraase the viscosity and to ircr~ase the
recovery of crude oil from the deposit) (DU5seault and Nyland,
1982, 1984). By ob ser v í ng tha f i n~ ·f 1ood ing and movemerrt of :i. t "~:;+1.i:,m0?
+rorrí; with AE it í s po ss í b Le to c ont r o l the ř í r e flooding pn:Ke";o; by

the ragulation of oxygen ar air inflow. Sirnilar techniquBs may be used
to c on t ro l the pr oc eaa of Ltndsl'"grounc1c o a l gassific:atic.1n, <HC"tI'-dy"1'7D2)

Dr undergrollnd fires. Location of AE sources occllrring in the rock mas s
can ba used for the obBervaticns and sometimes to control the
underground gassification or the combustion process.

It has besn observed in 50me igneous and metamorphic rocks that in
the course of AE there exists a discrete rnemory effect cf the maximum
rnemor"y and temperature (Cher) and Wang~ 1980); (Atkinson E~t al" j.9E'14);

(t'lontcto erid Har dy , 1991). rt ~,et?rnsthat this ,dfec:t c an alao be us;0'~c:1

for eBvsral geotechnical and rnining purposes.
C5ent?ra11 y, these were H,a mai n

fundamenťal research explaining the main
reč:\50f."'lS to t.hE'

of aCClLu:;ti c E)rn:i.5~;i Url
dur i no cyclic
s~1rnples +r orn

temp er at ure ch",mges on SC)(Jl(:! 5el ec t ed siecliment,H"y r oc k
tha Upper Silesia area. Described in this paper are

re5ll1ts obtained for Carboniferous sandstones C"tndmudstones.
Ths research were designed to answer

í e AE occurring in sedirnentary
in 50me regular way.
dm.?s the memory eff set of the ma>:irnum temperature e>:i st arid how

the following questicns:
r oc ke dur í nq heat í nq ,,,nd c.o o I i n(;J

lt i5 changing with the seasoning time,
1s the heating rate affecting the COllrse of AE in tha rocks.
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2. EXPERIMENTAL PROCEDURE

~Hlesian Cč\l-boniferous sandstone samp Ls.s were obta ine d

::'.~60- 2:'70m, and mucíst on e s ampl E!S +r om the dop t h 21:3

bot'"ehole c ore a (short roc k c:lescripti 011 are g:i. veri in

app end í x 1). These sarnples were heč:lted in a standard 1~'1borator·y dryer
with corustan t hoat í nq rate (appr·o;·:2°C per mí riute ) in ·five c:yc:les
(ZutH?I~ek arid 20ga1a, 1988); (:Zoga1a and Zub ar ek , in pr e s s ) .

Eac:h heating cycle was start.ed at room ternperature and continued
up to the maximum temperature. During the first heatinQ cycle a maximum
temperature of 150°C was achieved and in each following heating c:ycle,
t he mex í mum t emoer et ur e was í n cr-ee sed by 10°C.. Afte?F" each he2\ting

cyclethe samples were natur-ally cooled at an approx. r~te cf 1,SoC/min
1,BoC/min and next they were seascned at room conditions. The

seasoning times between 5ubsequent cycles wer-I?2;24;168 and 720 haur-s.
Dur-ing 1-1t?c:ltin<;1and + í r st cooling the AE c oun t rate in the 1.ow

·fn"qw;·'f1(:Y r ariqe (below 8000 'cp~;) erid r oc k tempt;.ratLlre~ wi th i.KCLWi"Ky
O,l°C, was measured and recorded. Befor-e AE measurements the complete
AE channel was calibrated by breaking a graphite pencil bar (0,5mm dia)
at č., ~;i;.al1cjan·Jdistanc:e (Anon, 1981); (Zuberek and :1:ogc.d:a1988).

The majority cf tested samples were ther-mally loaded in such a way
t.h"t :lmrnecJi,,,t€"ly~~fter- thf2y re~~ched max í rnum ternperatl.lre in ii;l t]iven

The Upper
·tl··'CIII th(~ clepth
:::~:::~o 111 í;r: Dm

cycle, the cooling was been 5tarted. Additionally, six sandstone
samples WBr-e thermally loaded to maximum temperature and then we hav!?
hald thi5 temper-ature appr-oximately c:onstant for

c oo l ',~d and then heated them ag.:\il"1in the second
sarnples, we increased the Ileating r<:lteto 4,O°C/min,
thermal loading program.

45 minutss. next
cvc l e , Frw·1 cI ·f(~w

r-ealizing the same

3. EXPERIMENTAL RESULTS

The AE oc cur r ed dur-i ng heati nt;,Ja s we1l a s dur í ng c oo li ng of thE!
~,;<HnplE?S;, arid the obtained results wers qu í t e well r ep eat ab Le t)et~men
d:i.HE'!nmt s;amples. One c ou ld d í st í nqu í ah three distinct stagt?s o·f AE

during heating as well as during cooling (Fig. 3~4).The first one no
Dr- very low AE rate, tlle second - low, approximately constan~ AE r-ste
level and the third an instant areoua incr-ease and high level of AE
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and T
LAEI

, re~pectively we have fcund th. following va1UBS for
rnudsto!lf.?s and ~3andstones (see Table I) (zoIJala, 1992).

S:imil<~r 5t~~ge~; o+ fiE ean be di"t.inguish<?d during c oo l i riq (5(;H,] F'-il],,:::,

ff). Derio t í nq the t.emperatl\re~; iat wh i c h the t h í r d stage anl:1 thE, ~,;ecCJncl

~;t<HF~ ,':Ir-e cí í mí n i ehi nq durin\,) c ooLí nu aSi TZAEIXI and T
ZAEII

ť"espE·~ct.ivf21y

W~ have ob c e í n e d the folld~\lir1g v a l ue s fG.lr' tested sample~; (~:;f..~(.:~ Té;:-\blfl·~

IJ:).

Tab ll, 1. T PAE:r
!3·l:i~í.Jt" T LAEI nf AE oc cur-ts dl\!""ing the f i I~st heat ing cye 1.e i n te~;h~d
~::;i~\mp1es ..

T (oe) T (oe) l
roc:k type

PAEI LAEI

ar._~min rnax aVEwage a min ma); averagf?n-i

rrludstones 41. 7 62.1 53 ..Cf 7 "'O 60.0 103.7 85.9 17.5.. "-'
sandstones 37.0 61.7 48.4 10.9 64.8 75.8 70.6 4. 1

Table II. The temperatures at which AE disappears
lDW l.r~vel TZAEII cf €=mis~;ipn r at e during c oo Lí nq ,

standard deviations an-1

ftJr hi<;jh TZAEIII '::lnel

wi th c or r eap ondí ng

- (oe) - (oe)rock type T a T aZAEl:I 7')-1 ZAEIII 7')-1

rnudstones 52,,72 4.40 76.55 10.67
sc'\ndstones 49.40 6.58 70.90 13.64

The r ec cr de d levels of f..~E r-ate dur í nq heating and c oo Lín q an?

51mi1ar and the temperatures of their appear-ance and disappearance are
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c Los.e, alt houqh in th~ Cr~St: elf nlL,ldst.C:Jnf:;?'";,the č.~ver"agE.> tempE'?I"~\tl..ln;.> ~'\t

which tMa level of high AE rata ls diminishing 15 about 10°C lo~er than
in the case cf heating.

In thf! f!:-ig.5 and Fig.6 cumu l a t í ve AE courrt numlrer , Nz' VE'!I"SL,IS

t.(·=!mpt.~I'"atl.lrfE T for" Sf=qLI"mti c':\l h8",ti ng cyc les Clil bot h typl:~,;u ,fo t,E,>!"i·l;.E~[:1

r oc ks. ;;"n;~ pn:sente)d. It c an be 5E~E:>nthat the c ur es CJf c umu Lati ve AE

c ount; I"lumber chanl;)e s-Lop e ar ouncí thl," pl'"evi DU~; ma>:i murn t ernp ere t ure

B -
T

LAE i,.•.1

T ma.x i.

tem pE~r"atUl'"e,;~t which th,,> thir'd s·tage o+ "iuc:ldE'n

incl'"ease and high level of AE I'"ate i5 occurl'"ing in the
i+1 heating cyc:le

ma:ci. rnum ternpf'.:w",tLw'E! in the prf:!cf.;>8rJi, nq in h"""tinI]
cyc:lE~,

Dne can quantitatively astimate tMa effect of maximum tempe~atul'"e

T
LAE \.+1

T mc.x i..

mamo~y in tested I'"ocksarnples. felicity ratio, B, close to

1.0 indicate exact ffiaffiory. Tha decrease of tha B valuss can ba related
Lo IJI'" i",c::Iu",l ml':ffior'ylIJS~'. In t Mf2 F:l g."1 tl'l1'2 ,:\VE~I"~\I;J!:,) B ve l ue s w i. t h t, hl;~:l r:

S1:i31'1dal"'d d ev i ati on s for- testf~d r ocks ver sus s;e",soni ng ti ma i s :'ihown.

For !,jhol~t ~:;E>~~soning t í me s the ve í ue s o+ coa+ř í c í en t; B člr'f: h í qh, ver v
clos8 to tMa value 1.0 and, base on the AE count rata, Dne can E'stimate
tha p~evious maximum tempsl'"ature with an accurl'"2cy of appl'"ox. 5%. It i5
evident that with tha seasoning 'lime increase the B value 1s
d(,:c:n·',>dsiing. Th í s ef·fect. can CH? se'?n in b oth types of r oc ke .í ust i"'ft,·,,,,"

Dne wsek between =;equenti~d heating cycles. It 15 í nt.er ee t í riq to riot e
t.h at, tl"le max i murn t.emp er at ur e mernor v e+ř ect i s c I o s e l y COrll"l[;!Ct',(,:c:I wi th

the totdl cumulative AE count number in the sama way that tha highest 8
values are cOrlnected with lower cumulative AE count numbel'"s (Fig. 7,8)"

Tht? t;Jl'"é,dLl~~ldf-Jcay of the max í rnum t ernper et ur-e memor y ;?f'fec:t with
seasoning time i5 connected with appropriate increase o'f cumulativ8 AE
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count number (Fig. 8) andone may suppose that with increa$ed ssasoning
time the racka are recovering their former propertiss.

Tha obtained results indieate a150 that the AE count rate depends
on the temperature level and on tMe heating rate. In ssndstones
increasing tha heating rate tha corresppnding'increas~ of AE rate can
be ob ser vs-d (Fi g. 9) but ab ove some ·temperature 1evel ·f ::Jt'- V(~'I'"y 1ClW

heating ratea tha AE rate 15 still high and evan i5 increasing
(I:':-ig.10). It can be n ot í ced also that ho ld í nq the te5ted siarnpll':'si:1t.
the max í murn tamp er at ur e thr ouqh lonl;)er time inter-val (appn:)>:. I.[~:j

minutes) in ťomparison with usually heated and cooled samples tMe

clecreélse of the AE count r at e be l ow this tE.'mper·č\ture in +oI Lowin q

hf'!dtirlg cycle í s ob aer v ed , DUl;' to this thf? m ax í rnum telllpF~r,ltun:'~ f111?mOI'''y

effect i5 more clearly visible in AE rate courses.

4. ])I~iCUSSION

It looks reasonable to a5SUllle that different factors affect
thermally induced AE in rocks. It cculd ba suppcrted by tha presence of
1:.t1f2 '1:,hn~E~d í st í rict =itč:\ges in AE C::QLlrSt~,., Tha fir-st f;t •.:lge coul cí bt·,

considered ss a random occ::urrence of AE signals connected with sliding
on f-:)}:ist:inqcliscontinuities (mi cror.rac ka , i.ntergranuJ.i.,r bor-r:lel"s, etc.)
homogeneously distributed thr6ught the entire VOlUlll8 of tMa rock
,;,~mple. F-"r"OIllDur poi nt of vi E.'W thesf~ si gncll s can ba c on si dc'i'-E'c:Iii,\",)

"ti~t:llJnary r-andom noise. Ttle s8cond ~5tč"ge, with cons t arrt low levf?l 01'

AE, can ba related to stable crack growth due to increased temperature.
The t.hí rd ~st.clg€~ i 5 pr-ob ab l y r"Bl a t e d to rap í d mi croc:r"ack ~:jr(JwtJ'1arrd

coalescenc:e. This process starts above tha maximum temperature člchieved
in the previous heatin9 cycle.

A\;;s;uming ttl~~ ab ov e fSč:'\'t\.W8S o+ the AE C:OLWSE~, an <;\t:tE~mpt to
formulete an empirieal model describing tha cumulative count number has

bel'en rnalje (2:oga La ~?t a 1. 1991).

l..f:~tus ssupp o ae thi:lt the AE "i qn a l ts dur í I1g lIeč\ti ng nf r'ock dr"(!

SJ('mE:!(~atedm a i n Ly dUl? to sliding on clrJsed microcrack surf",cE'S,. th(~il"

increase and development similarly (Ysmamoto et al. 1990).
The part Clf the inelastic strain cannectecl with crack opening will

ba reversible, 1t rneans that aftar opening of mic:roc:racks tha racka are
c:hanging their propertie5 and the AE recorded in tha follow1ng heating
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cvc lo bolow the the maxi rnum t.ampera t ura i s low. With the incn;';i.1::ie nf
~~~?as)onir1g -tirne, due to inelc\sti<.: t~;tl'''~\in rt-'?lč:\>:at.íorí in í nd i v i du.a I

m:lner-;:d.glrains, pr ev í cua Lv (Jpen&,dmÍ-cr-c)(:lr",ck!:.; an::! ~lr"ac.1Li<:,ll.yClCl!5i.ng arití

t.h ís proce es ccm b e c on s í der ed r.:\~; IreSpCni',il_bl,e +or the E"f-ff,'ct0+ p,'-H--t.).dl

recovery by heated racks of their +nrmsr propertise after cOClling and

appropriate seasoning.

5 ..CDNCLUSrONS

1. The AE i5 regularly occurring during heating and cCloling 01' tested
C:;',rboni-Ferou5sč:mdstones and ml_ld!3-tClnE1~:;.In t.h e c ourss e of {~E I'" "tb,' Dne-!

can distinguish thre8 distinct and different stages.
2. Thr" oc cur rerice o+ AE i n tE~StE1d roc ks i 5 connec tad wi th temp erat.ure
level and heating rata.
3. In the course of AE count rate tha effect 01' tha maximum teMperature
memory from the preceeding heating cycle exists. This ef~ect diminishes
with time as can ba observed in both
Dne week seasoning time.
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Rock sampla dascr-iption:
t::!lJdstoQf= sampl es have b een t.aken +r cm bcr ehcf e cor e +r orn the

"CentrLtrn" COé\l mi ne. The di e,meter of tne sampl es i 15 100mm and t.n e
length i5 100mm.
The samples are quartz mudstona with earbonate cement. The samples have
aleuric structure with the sharp-edged granules of quartz. They
hav(~ c ornpact , disCJI"derly t.ex t ur e , Inre~gular mč:\croporí,~S, micr"cJC:r'c\c:ks

filled with calcite Bnd ca1cites druss5 10mm diameter have oc:cured

in t he sč;\mples"

Pf2trcrgr" aph i c a 11 y, the mud s t; Dne! c on s í s·t s of: ssi Li c a , f e lcisp,;r" ,

dnjill.i~e<:cJu5 rninerals ,,-,dmb(tunz~ ferriferous cx í de , Ferriferous ox íd es

are respcnsible for the colou!'". Colour 0+ the sarnples varies frcm
cherry-grey to yellow.

?č\rIl:ts,tg.!J.ť:!. sampl(~s b e lonq to Carboniferous pr-cducc í ve 1'orm,d·.icm,
muclstone series, Orzesz8 bed.o

ThE)y have been t.aken +r om the "Silesia" borehole •
They hav8 a psammitic structure with vsri-size granules. Sandstone has
a compact texture with paralleI lamination often visible with
carbonaeeous substances. The qUii:lrtz granules are placed disorderly and
are relatively wsll rounded. The samples have grey eclour.
PetrcgrBphical1y they consist of: silic., miea, feldspar and smal1 rcck

pieces. The binding agent composes sbout 35% of the matriH.
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Note to Fig. 3 (see p.16)
TpAEI:I - t.emperat.ure at.. which a second, low AE rat.e level, st.age

st..art..s during heat.ing

TLAEHr- t..emperat..ure at. which a t.b i r d , high AE rat..e Ievel, st..age

begins during healing

TZAEHI- t.emperat..ure at.. which t.hird AE st.age decays during cooling

T
ZAEH

- t.emperat.ure a t, which a second AE st.age decays during

heat.ing
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