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Determination of static moduli in fractured rocks by T-matrix model

FrantiSek Chalupd, Jan Vilhelm', Matéj PetruzaleK and Zita Bukovsk&

This article compares static moduli determined gsimiaxial tests and dynamic moduli calculated frelastic wave propagation
velocities. On the example of limestones, we ptekerfact that for isotropic and intact rock, staand dynamic moduli correspond to each
other over a broad range of frequencies. In damagett (cracks, weathering), a difference occurs atatic moduli decrease. To include
the effect of damage, T-matrix model has been teeleDynamic moduli, porosity, density changes mrfidrmation about properties of
macroscopic cracks are necessary data for modeutation. These data are provided by other wellgiog methods such as an acoustic
log with full waveform registration, density loggutron log and acoustic scanner. Using all theseada T-matrix model can predict static
moduli from dynamic moduli. As we are dealing witbll log data, we calculated vertical componenttleé elastic tensor only. This
component is represented by Young’s modulus E aigséh’s ratiov. The functionality of the model has been verifiadeal well logging
data and corresponding limestone specimens acqdited borehole core. The differences between vadfi€s modulus, originally up to
20 %, decreased to values similar to differencdstiact rock, i.e. the order of the first unitspgrcent. In the case ofvalues, demonstrable
reduction of dynamic values, approaching staticzealwas achieved, the resulting difference beisg tiean 15 %.
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Introduction

Calculations in building and mining industry comrhodemand determination of deformation moduli of
the rocks. These moduli can be determined by stafits, most usually uniaxial compressive testbeeiin
laboratory or in-situ. The results of these testsstiatic moduli of the rock (Zhang, Bentley, 20B&ram, 2004,
Holt et al, 2013). It is frequently easier to determine dyramoduli of the rock instead of static ones (Feilet
2016). Dynamic moduli can be determined from valieslastic wave propagation velocities. Measureamsenh
these velocities are much easier to perform inl#é@ratory and in-situ as well (e.g. Stan-Kilecz2R]16;
Konesny et al., 2015). A major problem is a principaffelience between static and dynamic moduli because
their values can differ for same rock type, oftere ¢b different porosity, damage, and weatherit@tTs why it
would be very useful to find a way how to determstatic moduli from measured dynamic moduli. This
problem has drawn attention in the past as welhabe present, e.g. Fjeer, Holt (1994), Fjeer (206@am
(2004), Zhang, Bentley (2005), Martinez-Martinealef2012).

While comparing different methods of determinatidrstatic and dynamic moduli in laboratory and iitaks
we can take in account more viewpoints. If the gtiscdbased preferably on tests in a laboratory, la®eto keep
in mind that the validity of such results is detared by how the specimens represent the rock masdithow
did their properties change during sampling andsfpart to a laboratory. The determination of cdristatic
moduli in-situ using laboratory measurements ioetiog to Sone, Zoback (2013) very difficult.

The validity problem is related to the heterogerseauwangement of rocks in nature; a sample carabigye
non-representative if it is taken from a locallyoaralous section of the studied rock body. Thesé-kmelwn
phenomena can be eliminated with sufficient cetyaily increasing number of specimens and enhanbmget
of measured data which the interpretation is based

Validity and reliability of in-situ tests can becmeased by using a larger volume of specimens.
Nevertheless, testing of locally anomalous partank massif is possible here resulting in the ngitgof
increasing the number of specimens as well. Peifaymof in-situ tests inside the rock massif is eatHifficult.
The increase in a number of specimens or testdbtairo sufficient data for statistical evaluatiomcesause
serious feasibility problems. For determination dyfhiamic moduli in-situ, acoustic well logging witill
waveform registration (FWS — Full Wave Sonic) can dtilized. This method can provide a large set of
measured data suitable for dynamic moduli integti@t, with a sufficient rate of sampling for thecord over
the borehole profile to be considered continuouatdB Jarzyna, 1996). This method is, with respect t
the amount of data it can provide, much more tiffieient than static methods and many effects cotetwto
the quality of specimens cannot have an impact here

The purpose of this research is to provide a tdukkvwould, for the purposes of building industryda
mining in shallow depths (depths in order of finsindreds of meters under the surface, where wemasshat
cracks are not completely closed due to overbuptessure) make possible the transition from dynanaduli
determined by using the FWS to static moduli. Tremidea of the proposed methodology is porosita dad
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rock damage information implementation in T-matebastic medium model resulting in the calculatidn o
equivalent - effective moduli of rock. The effegivmoduli are equal to static moduli, not determirsd
measurement but by calculation. On examples of lata two sites, the correspondence of dynamic static
moduli in intact rock is presented and feasibitifydetermination of static moduli by calculatiowrin dynamic
moduli in damaged rock is demonstrated. Good ageeebetween calculated effective moduli and staticiuli
determined in laboratory proves the method’s validi

Static and dynamic rock moduli

By term “dynamic moduli”, we mean moduli which haleen determined using the principle of elastic
wave propagation, where very small strain (stramsrder of 1, Stewart et al., 198th Cheng; Johnston,
1981) is caused by a force which acts for a vergrtstime period determined by the frequency of
the propagating wave. For laboratory or in-situ ssgaments, usually ultrasound or sonic frequeraiesused
more often than the lower ones, depending on thipgse of measurement and specimen dimensions. These
measurements are quite easy to perform, and thefaglastic continuum is used for data evaluationstty in
the approximation of linear homogeneous isotropédlimm behaving accordingly to linear Hooke’s lawisTis
the approach used in seismic exploration sincd #39s (e.g. Zisman, 1933a, b; Ide, 1936). In tlse ebove of
dynamic measurements, results of this approachn aftew very small differences from the actual mater
behaviour.

On the other hand, the term “static moduli” reféos moduli determined by measurements where
the magnitude of strains is several orders higsteains in order up to 1) Karam, 2004; Fjeer, 2009) and force
applied to specimen acts for the time period indifteer of several minutes. The measurement isajlgicarried
out using a hydraulic press either in laboratoryiresitu. Very frequent way to determine static miods
the uniaxial compressive test. Thanks to extensiidespread in practice, these tests have a veboelted
methodology (Hawkes, Mellor, 1970; Gercek, 200He Tondition requiring elastic behaviour of testeaterial
not to deviate too much from the linear behavicesalibed by Hooke’s law is frequently not satisfmer any
broader stress interval.

Examining the comparison of these two approachesladtic moduli determination, we can say that in
the majority of cases, a nonlinear stress-straiabieur during static tests is observed, as wethadifference
between values of static and dynamic moduli, deghié fact that tested material is identical. Tgrisblem is
largely caused by the fact that the strain magesutliring static tests are several orders higlaar ith the case
of dynamic tests. The difference emerges whenielbshaviour of tested material in applied rangetogss is
no longer linear. In this case, conditions necgstaensure the validity of linear Hooke’s law a@ longer met
(Tutuncu et al., 1998). This frequently happens,efeample, in the case of damaged rocks, contaiciagks
that react to stress changes by opening or clo#iing.possible to state that in a significant mayoof cases,
the values of dynamic moduli are higher than valletermined by static methods (Karam, 2004; Tutwetal.,
1998; Martinez-Martinez et.al2012). There are studies showing that the oppasitiation can occur as well,
but it is quite rare. Lam dos Santos et al. (2GBhpared results of elastic moduli determinatiaghér values
of moduli from uniaxial tests were repeatedly reedi than from dynamic measurements of ultrasoungewa
traveltimes. The difference exceeded 10 % of stetige.

In the case of intact rocks, it is experimentaltgyen that the correspondence between static ananeig
moduli can be significant (Zisman, 1933a; Ide, 198&eng, Johnston, 1981; Al-Shayea, 2004; Ciccotti,
Mulargia, 2004). In this case, there is no probieith using elastic continuum theory and linear He'skaw for
moduli determination (Zisman, 1933b). The more caahpock, the better the correspondence betweemlimod
If the rock is only slightly damaged, the corresp@mce can still occur, but for low-stress partstatic tests
only, because the closing of cracks does not hasigraficant effect on the stress-strain curve yétis fact is
confirmed by analogy with engineering practice, meheery compact materials are tested using botit stad
dynamic approach with completely identical resyltedbetter, 1993). On the other hand, in the cdsess
compact rocks with the nonlinear stress-straintiodahip, the difference between static and dynamaciuli
enlarges with increasing amount of damage to thk (Bola et al 2014). For example, if at the beginning of
the uniaxial compressive test the cracks are apenstress-strain behaviour is largely controllgdhe stiffness
of cracks during their gradual closing. Only atiee closing of all cracks, the strain reaction pplaed stress is
controlled by elastic moduli of intact rock. Comtha the propagation of an elastic wave of suffidilg high
frequency is not affected by cracks (Pyrak-Noltelt®& 1992; Worthington, 2008; Vilhelm et al., 2013
The result is the appropriate difference betweaticsand dynamic moduli (Gercek, 2007; Kujundzicyj,
1966 in Barton, 2007; Olsen et al., 2004; Heafd.eR@14). Attempts to find a direct relationshigtlveen static
and dynamic moduli led to results in the form ofpéncal equations (van Heerden, 1987 in Karam, 2@dsa,
Kazi,1988 in Karam, 2004; Wang, 2000 in Karam, 200d4to a certain kind of calibration based on sfos
correlation between static and dynamic moduli &steéd rock with very local validity (Grujic, 1974 Barton
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2007; Jizba, 1991; Al-Shayea, 2004; Fjeer, 1999jaarF2009; Ameen et al., 2009; Martinez-Martinealet
2012; Fei et al., 2016).

It is necessary to note that if these relationshigsavailable, using them carefully, it is possitd obtain
good results as Rasouli, Sutherland (2013) hadghed.

Damage of rock massif and its effect on elastic mati

Starting point to calculate static moduli from dgria moduli is based on analysis of various effegtsock
damage on stress-strain behaviour during the waliaodompressive test and elastic wave propagatioims |
possible to start from the fact that for the pugposinterpretation of FWS in intervals of borehplefile where
the rock is intact, the difference between statid @ynamic moduli can be neglected and dynamic hodu
represent identical elastic properties of rocktascsmoduli do. In other parts of borehole prafihere the rock
is damaged, the static and dynamic moduli diffexmiaged parts of borehole profile can be detectedhtipus
geophysical methods. In practice, if a well loggimgasurement is carried out, it usually is not psingle
method, but the whole set of well logging methoakich measure various properties of the rock maeasif
work using different physical principles. By suiahwell logging methods, properties of rock massifich
change due to damage (cracking) and weatheringrdsittn) can be measured. Changes in these prperti
identify and delimit intervals of damaged rock Ire tprofile, where a significant difference betwesatic and
dynamic moduli is expected (Han, 1986; Sams, And2881; Vanorio et al., 2003; Agersborg et al., 2@0d
others).

From the viewpoint of rock damage identificatioringsgeophysical methods, it is helpful to distirgjui
between two types of damage. The first one is m@chhdamage; mineral composition remains unchanged
This type of damage manifests itself by the presesfccracks of various sizes. Cracking causes iy
(bulk) density, porosity, electrical conductivitggistivity (in the case where pore-filling fluid ha different
conductivity than the surrounding rock), attenuatend propagation velocity of elastic waves (depeod
the size of damaged zone relative to wavelengtb.Setond type of damage is physicochemical damagsult
of weathering. In this case, changes in the mineoahposition of rock take place. This results idunee
changes, which usually cahe use a drop in densitypessible increase of porosity (Gupta, Seshaz@0;
Bozkurtglu, 2013), clay minerals content may rise, which cause an increase in gamma ray activity of rock
and increase of conductivity. The spatial extenthi$ type of damage is usually larger than extdnlocal
discontinuities and cracked zones caused by mecdladamage, so it has visible effects on elastivesaas
propagation velocities reduction and an increasgtehuation (Pola et al., 2014).

Both types of damage rarely occur separately, iysubey combine.

Damage by cracks is detected by density-log asgdsain density. In the case of weathering, mineral
composition changes have an effect on density dsgag well. Independently of the density-log, rautog
detects rock damage as changes of porosity. Ifddmaage is present, FWS tool detects lower propagati
velocities of elastic waves and their increaseenaidtion. Acoustic borehole imager (ABI) determities shape
and position of inhomogeneities, most frequentlgdirg planes, cracks, and dykes. Resistivity oudtidn log
detects weathered intervals, which have higher ectndty.

T-matrix model

As described earlier, damaged intervals of borepoddile are zones where the difference betweeticsta
and dynamic moduli is observed. To be able to bhelthe effect of damage on the behaviour of thiallyi
intact elastic medium, we used T-matrix model (bslem et al., 2003a, 2003b; Jakobsen, 2012). Sevtral
models are suitable for this purpose, e.g. DEM,g¥/Beuss/Hill averages (Mavko et al., 2009). Weseho
the T-matrix model because its physical backgrocmdesponds closely to the problem we are tryingdive
and computer implementation of this model is re&}i easy. The T-matrix model is based on quantum
scattering theory, and it makes possible to mddeleiastic medium with a finite number of inclusdnside.
These inclusions have a certain shape and elasjiepies; both can be arbitrary for various inias.

The main purpose of the calculation is to calcufhtetuations of the arbitrarily chosen tensor eference
elastic mediunC®. If we assume, that local elastic ten€gk) varies arbitrarily in space on a scale sufficigntl
small with respect to specimen size or the wavelenfjused acoustic wave, we can write

C(x) =C© +3C(x) (1)

Eq.°1 is in such case valid for macroscopic sdasng the same assumption for basic stre69)(— strain
(e(X)) relation

o(x) = C(x) &(x) (2)
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it is possible to perform averagingai) ands(x) in macroscopically homogeneous medium, and we get
(o(x)) =C"((x)) 3)
whereC’ represents the tensor of effective elastic ma@tutiorresponds t€(x) in Eq.°1), further on
(o) =CO(e) +(&e) (4)
(chevrons denote volume average). Here we cardintenew tensor as
IC(X) £(x) =T (x)e®@ (5)
By substituting Eq.°5 into Eqg.°4 we obtain
(0)=CO{e) +(T)e® (6)
(tensore is defined analogically to tens6f” defined above). ThE(X) tensor formulated as

T(X) = 3C(X) + C(X) J' GO (x - X')T(x')dx 6

is called T-matrix.G?(x-x) is Green’s function over domaifd. If we now restrict the assumption thafx)
varies arbitrarily in space t6(x) being piecewise constant, we get to the concephadfisions embedded in
surrounding elastic medium. Detailed derivation barfound in Jakobsen (2003a).

Input data for the model described above are dymanaiduli from FWS, porosity log, information about
inhomogeneities from ABI and static moduli deterednon specimens taken from certain places of bégeho
profile. Dynamic moduli are directly used in modelculations, while porosity log and ABI data axaleated
into the so-called porosity of effective medium,iethrepresents damage by cracking. The porosigffettive
medium is implemented into the model in the fornfashilies of inclusions embedded in surroundingetif/e
medium and have elastic parameters of pore filfiagl, in our case air. Damage by weathering igespnted
by static moduli which determine the elastic bebaviof effective medium outside inclusions. Dynammoduli
represent the elastic behaviour of the medium whenelastic wave propagates through it, whereactfe
medium in the T-matrix model represents behaviouringy the uniaxial compressive test. Elastic moduli
calculated by the T-matrix model are called effeetinoduli and further on are denotedEasandves (Young's
modulus and Poisson’s ratio respectively). Thesecgfe moduli have been subsequently compared stitic
moduli of particular specimens determined by urghtésts in the laboratory.

Test sites and executed measurements

In the framework of this research, two experimem&asurements have been carried out on two testing
sites. First one in 2011 at the site Velkol@®rtovy Schody (VICS) quarry, the second one in 2014 at the site
Kosov quarry. Geologically, both sites belong te thgional area of Barrandien, subunit Prague B&tirdied
rocks are sediments of lower Paleozoic age. Inctse of VICS testing site, there are Devonian bioclastic
limestones present, in the case of Kosov testing, shere are bioclastic limestones, limestonesh wit
volcanogenic admixture, both interbedded with dbgles and tuffitic shales of Silurian age.

The limestones have in both cases high contentatfiuen carbonate (calcite and a small fraction of
dolomite), and in small amounts quartz and pyrite @esent. Other minerals like ilmenite, apatiteiscovite
and orthoclase are present in fractions of few graronly. In the case of S, calcite content is over 95 %
(with almost no dolomite), locally higher pyriterdend can occur. In the case of Kosov, the calaarbonate
content varies from 89 to 95 %, with calcite comgrtrbeing dominant as dolomite content is under. ®er
minerals are present in fractions not exceedinggdeveent. Locally, there are contents of quartpysite up to
9 %. If tuffitic admixture is present, clay minesalith mixed structures containing members of dgtdoand
smectite group occur.
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VL CS test site

At the VLCS test site, two boreholes (V-1 and V-2) have bdwdted, each 15 m deep. The drilling took
place on one of the lower etages of the activerguahanks to the thickness of the removed overbyrdery
intact rock massif was expected, except the topmear the etage surface, where some mechanicagtafrom
blasting should take place. Drilling had been dosieg coreless hammer drilling machine with drdlidiameter
112 mm. Rock specimens for laboratory test haven beken from an outcrop of layers present in bae=ho
This was possible thanks to relatively simple démosof limestone layer, which are not folded sareé a few
meters thick, and thanks to the mining activity ethiesulted in exposing part of the profile preserioreholes
in the nearby etage wall.

Two visually different types of limestone were emctered in the boreholes. First one has a whiteucol
coarse biosparitic packstone. From this rock tyijpey specimens labelled FS (FS1-FS4) have beemiake
The second type is light grey fine biomicritic patdne. From this rock type, four specimens labekdd
(FT1-FT4) have been taken as well. Compositionyaighas shown that both types are limestone df pigity
with minimal content of admixtures.

Kosov test site

In this case, the quarry is no longer active. BoletK-1 has been situated on the top etage at @ pla
chosen after detailed geological mapping with tiierition to be able to encounter intact rocks at agerocks
with various degrees of damage in the boreholes Turehole was drilled using diamond core drilling
technology, drilling diameter 112 mm, to ensure tlia get as intact core as possible. The core wihad be
used for laboratory experiments. The borehole diepilé m, of which 15 m are in rock massif. Thedgtone in
the upper part of borehole profile (above a degtlamproximately 10 m) is quite intact with localsdiete
cracked zones only. In the lower part (from 10 nwdp considerably damaged limestones were discdvasds
proven by a geological description of the core ABd record. Not sooner than in this depth, lossedrdling
fluid (water) started to occur. The dominant portiof damage is represented here by numerous cracks.
The weak weathering took place along the cracks Mlbst significant display of weathering was thetigh
oxidation of present pyrite. Specimens have beeseahfrom acquired core to cover whole profile &uen

Specifications of executed laboratory and in-situdsts

Laboratory tests have been carried out on cyliairipecimens with a diameter of 5 cm and height of
10 cm. These cylinders were drilled out of largéwcks (VLCS site) or from core samples (Kosov site).
The bulk density of all specimens was determinedvbighing. Dynamic moduli determination was carrged
using the measurement of the travel time of elagtives (P- and S-waves) on the trajectory of kntamgth.
Elastic waves were transmitted and detected byop@amic transducers with a nominal frequency bfHz.
Dynamic moduli will be denotel, andvp.

For the tests carried out to determine static miptytiraulic press MTS-815 was used. The axial raligl
strain was measured by LVDTs. The test ran in @mdbading rate mode. Static moduli will be deddte and
Vs.

In the case of VLS site, first two samples (FS1, FT1) have been nwmusly loaded until specimen
failure to determine compressive strengthLoading rate was 1.31 kN.mir(10.7 kPa$). Standardized testing
procedure for the rest of specimens was designed. 8the procedure comprised 5 loading-unloadingesy
with increasing value of maximal stress,= 5, 15, 30, 50 and 60 MPa.

All the Kosov site specimens were tested followungjfied procedure which comprised two loading-
unloading cycles. The loading rate was set to k" (62.8 kPa.3). In the first cycle, the loading stopped at
50 % of estimatedy, in the second one at 70 % of estimatedThanks to previous tests and available archival
data, it was possible to estimatewith sufficient accuracy. During all the measur@tsgacoustic emission was
being registered to ensure that elastic part afrdedtion alone will be used for test evaluation atadic moduli
determination, i.e. stress range in which no fraatuof the specimen occurred. For moduli detertimaonly
quasilinear parts of the stress-strain curve haen lused.

Well logging methods we used were acoustic log F\WdShsity-log, neutron log and acoustic borehole
imager ABI. The FWS uses piezoceramic transduceétls mominal frequency 20 kHz. The ABI tool uses
focused seismic ray with wave frequency 1.2 MHz.

The output from FWS data interpretation were veiesiof P- and S-wave, density-log determined bulk
density of rock surrounding the borehole, the rpdkosity determined by neutron log and all macrpgco
discontinuities (bedding planes, cracks) presenthan borehole wall provided by the ABI tool. FWSolto
measures in a direction parallel with borehole aios only, and as signal transmission between toal
borehole wall is provided by drilling fluid (waten} does not distinguish potential polarizationSyvaves. In
this parallel direction, with the use of isotropiedium approximation, dynamic modidy, andvp have been
determined from acquired data. The values of ve&xidetermined from well logging data from the ttiep
corresponding to the depth where specimens have faden are later compared with velocities measimed

26



Acta Montanistica Slovaca Volume22(2017), numbef, 22-31

the laboratory on corresponding specimens. Thdtsesimeasurements are given in the next chaptéable 1
for VLCS site and Table 3 for Kosov site.

The values of velocitiesp andvs, moduli Ep, vp, Es, vsin Table 1 determined on specimens (FS1-FS4
respective FT1-FT4) represent averages of fouregafiare their standard deviations.

In Table 3, values o¥p andvs, determined by laboratory measurements on spesiraad measured by
FWS in corresponding depth, are presented.

Acquired data do not contain any information abrogk properties in a plane perpendicular to thesbole
direction. Anisotropy of studied rock has beendddby ultrasonic laboratory measurements in thratuatly
perpendicular directions and also by (micro) textanalysis of mutually perpendicular thin sectipasformed
on optical and electron microscope. The resulhé&t the anisotropy is very weak, so rocks from Hesting
sites can be, with satisfactory accuracy, consiie@tropic.

The results of measurements and modelling, resultiscussion

Measurements at the VIS site verified that in practice, values of stati@l dynamic moduli E from FWS
could come very close to each other, provided wasme in intact rock. The determined average diffee
value was circa 7 GPa, which corresponds to aivelarror of 10 % with respect tBy values (Tab. 2).
Analogous comparison of andvp values from FWS shows an average difference &Q.@hich corresponds
to the relative error around 27 % (relativets). Very slight or no damage of rock was confirmed ABI
measurement. Detected inhomogeneities were eiirgrtkiin cracks, almost under the detection lirithe tool
or bedding planes consisting of a thin layer oferiat different from the rest.

Tab. 1. Results of measurements at thé¥/kite (boreholes V-1, V-2), in each pair of adjaaews there is the result of laboratory
measurement first and then corresponding FWS IsglteAverage values and their standard deviatarespresented.

specimen | "2, [r?f.vg)l] (el [r?q(.vss')l] Velvs |1o dgy| Yo | So) | vs | st [(Elga] [SéEDa)\] [GEPSa] é%;]
FS | 6324 | 226 | 3244 313] 195 266 0B2 0005 020 001240 | 10 | 639 | 46
Z\:"S 6275 | 346 | 3150| 177 199 266 083 0005 |- | 702 6 O
T 6335 | 753 | 3361 260] 189 260 08B0 1416 (27 007892 | 12 | 715 | 42
'(ZI‘:’YF)S 6350 | 71.4 | 3347| 198 199 269 081 0003 |- L 7d2 51

In the case of dynamic tests, the moduli from FW& laboratory ultrasound measurements are prdgtical
identical (average difference betwegnfrom laboratory and FWS in Table 1 is 2 GPa, wi$pect to measured
values ofEp the relative error is between 2 — 3 % (relativéhi higher oy values). Comparison ef values
gives average difference 0.007, adequate to awelatror of 2 %. It is obvious that in the frequgmange from
20 kHz to circa 200-300 kHz, acquired moduli valaes independent of frequency. When damage camgisti
from cracking and weathering occurs, moduli valces differ.

Tab. 2. Comparison of differences between modiuies acquired by ultrasonic tests in the laborgt{dtynamic; subscript “D”), by FWS
log (dynamic; subscript “FWS”) and by uniaxial coregsive tests in the laboratory (static; subsctt). Relative errorsé are calculated
with respect to higher of compared values.

compared modulilaveragedifferencelstandard deviation relative error 8(v) averageA;:Ehfferencdstandasragiwatlorrelaﬁve error 8(E)
values Av S(Av) [%] [GPal [GPal [%]
FSo-FSews 0.010 0.0101 3 3.8 1.61 5
FSo-FS 0.125 0.0166 39 10.1 5.56 14
FSews-FSe 0.135 0.0166 41 6.3 5.18 9
FTo-FTews 0.003 0.0052 1 0.0 271 0
FTp-FT< 0.034 0.0805 11 7.8 5.39 10
FTewsFTs 0.038 0.0809 12 7.7 5.66 10

At the Kosov site, the K-1 borehole perforated ktames with various degrees of damage. In the upgmer
of the borehole profile, the damage is isolatedlistrete cracked zones with intact blocks in betweaore
consistently damaged limestones are in depths b&w. Thanks to drilling through the same rocketyp
intact and in damaged state, it was possible totheseffect of damage on moduli values. Values@méed in
Table 3 relate to that. Specimens 1A, 2A, and 4@hecdrom a less damaged part of the borehole.
The differences in values &p from FWS andEg are from 3 to 9 GPa, in average 6 GPa. The carelpg
relative error with respect to higher of comparetles Ep) is circa 8 %. Comparison betweesn from FWS
andvs gives a difference of 0.047, which with respecthe higher value of corresponds to a relative error of
17 %. On the other hand, specimens 5B and 7A coom €onsistently damaged part of borehole profild a
have the difference betwedty from FWS andEs from 12 to 15 GPa, in average 13.5 GPa (relativere
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18 — 21 %). In the case of average difference batwg from FWS ands a value of 0.025 (relative error 11 %)
was calculated.

The comparison between values of @etermined by laboratory tests and FWS log hasvshihat in
the case of specimen 1A, 2A and 4C, this differaasnaller than 3 GPa, on average 2 GPa, whidhm#pect
to compared values &p gives a relative error of 2 — 3 %. For determinatlies ofvp, this difference is 0.013
(relative error up to 5 %). This finding is in cespondence with LS results described earlier. In the case of
specimens 5B and 7A, the difference fy is 6 respective 4 GPa, the relative error is herthe range of
6 — 8 %. For values of, the difference is 0.040 (relative error 18 %).

Tab. 3. Results of measurements at the Kosotbsitehole K-1); in each pair of adjacent rows thés¢he result of laboratory
measurement first and then corresponding FWS lseglte

depth of sampling
/ measurement | specimen [ m"';l] [ mvz'l] VplVs [ é’ ] Vo [(EB al Vs [GE; al
m] . . g.
205 1A 6145 3367 1.82 2.69 0.29 78.3 0.28 74.8
) FWS(1A) 5932 3470 1.71 2.65 0.24 79.2 - -
450 2A 6056 3354 1.81 2.69 0.28 77.3 0.19 68.2
) FWS(2A) 6086 3388 1.80 2.55 0.28 74.7 - -
915 4C 5934 3260 1.82 2.71 0.28 73.8 0.20) 67.0
) FWS(4C) 5809 3166 1.83 2.77 0.29 71.7 - -
11.10 5B 6005 3301 1.82 2.69 0.28 75.3 0.20 62.9
) FWS(5B) 5427 3265 1.66 2.67 0.22 69.3 - -
14.30 7A 5084 3054 1.66 2.82 0.22 64.0 0.17 49.5
) FWS(7A) 5325 3266 1.63 2.72 0.20 69.6 - -

Comparison of dynamic, static and effective moduli

Moduli determined from laboratory measurements,| viefjging and T-matrix modelling (effective;
subscript “ef”) are presented in Table 4. Deterriomes and modelling have been done on data froroisEas
and data from corresponding depths of K-1 borefi&esov site).

Tab. 4. Comparison of dynamic (subscript “D") agttic (subscript “S”) moduli determined in borebdK-1 at the Kosov site with
effective (subscript “ef”) moduli calculated usifigmatrix model. Superscript “lab” denotes laborayameasurement, superscript “FWS”

denotes FWS well log and superscript “well” denatesisity-log.

depth : lab FWS Ep® Eo "® Es Eer N e

[r?]] Specimen| Vo Vo Vs Vet [GPa] | [GPa] | [GPa] | [GPa] [gp.cm'3] [gp.cm'3]
2.95 1A 0.29 0.24 0.28 0.26 78.3 79.2 74.8 72.6 92.6 265

4.50 2A 0.28 0.28 0.19 0.26 77.3 74.7 68.2 68.8 926 255

9.15 4C 0.28 0.29 0.20 0.27 73.8 71.7 67.0 65/8 127 277
11.10 5B 0.28 0.22 0.20 0.21 75.3 69.3 62.9 59/8 69 2. 2.67
14.30 7A 0.22 0.20 0.17 0.19 64.0 69.6 49.5 55.6 82 2. 2.72

Comparisons analogous to ones carried out in tegiqus chapter have been done to compare moduli
determined by measurements and modelled ones $Jab.

Tab. 5. Comparison of differences between avevagiees of dynamic moduli from FWS, static modolirfiaboratory and effective moduli
calculated using T-matrix model. Static and dynawaicies of moduli have been averaged for less dathagper part of borehole profile
from values determined on specimens 1A, 2A, anédCconsistently damaged lower part of boreholefie, values determined on

specimens 5B and 7A have been averaged. Relatiwes érare calculated with respect to higher of compavatlies.

Vo ¥Sove 3(vo "S-vg) VerVs 8(Vervs) Ep "S-Es 3(Ep""5-E9) EerEs S(EerEs)
[%] ° [%] [GPa] [%0] [GPa] [%0]
less damageq
part of 0.047 17 0.040 15 5.2 7 -0.9 1
borehole
consistently
damage part 0.025 11 0.015 7 13.3 19 -1.2 2
of borehole

Table 5 shows that the difference between dynanoiduin from FWS and static moduli from the laborgtor
is always bigger than the difference between statid effective moduli. The difference reductioncisarly
visible in the drop of relative error values. Thisrresponds with the initial intention to be aldentove via
modelling from dynamic moduli from FWS to static duti determined by standard methods in the laboyato

In the less damaged upper part of borehole prdfile,difference between values of modulus E deerkas
from the original 5 GPa (corresponding to a rekatvror of 7 %) to 1 GPa (corresponding to a nedagirror of

1 %). In the case of, the original difference was 0.047 (correspondinca relative error of 17 %), and it
decreased to 0.040 (relative error 15 %).
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In consistently damaged lower part of borehole if@ofthe difference between values of modulus E
decreased from the original 13.3 GPa (correspontling relative error of 19 %) to 1 GPa (correspogdio
a relative error of 2 %). In the casewfthe original difference was 0.025 (correspondimg relative error of
11 %), and it decreased to 0.015 (relative erri)7

The comparison of effective values of Young moduigswith valuesEs determined by measurements
clearly shows correspondence in order of first GPa.

In the case of values of Poisson’s ratjahe correspondence of; andvs is good; nevertheless, relative
errors are considerably higher than in the cagg. dfhe results of could be improved by incorporating fluid
movements in pore space as is defined in Jakobsah €2003b). In the framework of this researdhis t
modification was not used.

Conclusions

This research aimed at differences between staiit dynamic moduli of rocks with relation to rock
damage. In the case of intact rock massif, the goockespondence between dynamic moduli from FW$ logl
and ultrasonic tests have been verified. The diffees between compared moduli values were in tefms
relative error in the order of first units of penteThis finding has proven independence of modalues of
frequency in the range from 20 kHz to 200 — 300 .KHze difference between dynamic moduli from FW8 an
static moduli from the laboratory was in the ca$é&eoup to 10 %, in the case of it was up to 27 %. In
consistently damaged rock massif, these differenaze for E up to 21 %, forit was up to 11 %.

Thanks to the knowledge of geological profile andkrproperties acquired by well logging, the gealab
description of the core and the laboratory measergs) it was possible to implement a model, capable
producing so-called effective moduli values, eqléaaito static moduli values, from values of dynammoduli
determined by well logging. Apart from dynamic mbdwell logging results are needed, such as vahfes
porosity, density, a record of the position andrabter of discontinuities present in the boreholall.w
Furthermore, static moduli values determined inl#t®ratory on specimens from core samples aressacg
The functionality of the model has been verified r@al well logging data and specimens acquired ih K
borehole, which has been drilled in the framewdrthe research at the Kosov test site. After tlulalling was
carried out, significant correspondence betweeectffe and static moduli values was observed inttdep
intervals respective to specimens used for uniaxdatpressive laboratory tests. The differences &etwalues
of E modulus, originally up to 20 %, decreased atugs similar to previously described differenagesnitact
rock, i.e. order of the first units of percent.the case of values, demonstrable reduction of dynamic values,
approaching static values was achieved, the ragutiifference being less than 15 %.

In the future, the functionality of this model wile tested on a whole borehole profile; effectiafigs will
be calculated between the depths of core samplihg.result will be the curve of effective modulivesing
the borehole profile completely.
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