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INTRODUCTON
L]

The discussion {n this paper I3 Dased on eight years of experience on three different
nuclear waste repos(tory projects, two in beddad salt and the other 1n densely welded tuff,
The bedded salt projects are the Wasta [solatfon Pilot Plant (WIPP) Profect in New Mexico and
the Salt Repository Project {SRP) In Texas. The densely welded tuff {s the potential host’
rock being studied by the Bevada Nuclear Waste Storage Iayestigations Project, All activities
on these proJects were assocfated with designs from the concepts or conceptusl level to
designs released for construction. In the last 20 yzars of ry professicnal excarlence, all
major projects have proceeded through construction except the 1ast two repositories. As a
result, my current participation In review or developxent of 3 regository deslgn comes from
the practical deslign enginear's perspective. This includes being intimately concernad about
safety in the underground eavirorment, propee Interpretation and application of codes ard
requlations, adequacy of the design, lfcensability, application of quality assurance
requirements, constructibility and cperaticnal considerations, and econcmics. The dasign
engineer knows the day will always ccme when cne must be able to state the design fs good, 1t
rmeets all of tha requircments, acd now let's build ft. [t i{s fron this perspactive that the
following discussion is provided on the impact of thermomachanical behavior of salt on
repository desfgn and analysis,

Reck salt was identified 30 years ago by the Hational Acadery of Science as bdeing a -
potentially suitable host rcck for the disposal of nuclear waste. Salt has a numbter of
characteristics that make it attractive for disposing of nuclear waste:

2 Salt deposits ara availabdle that are sufficiantly deep, laterally axtensive, and
gealegically stable,

Many salt formations have remained water free far nillicns of years.

Salt has adaquate radiation-shieldiag properties.

Fractures at repository depths will tend to close plastically ard seal themselves,
Salt has a high thermal conductivity corparad to most other host rocks.

Heat is generated by the nuclear waste, and the thermemechanical response nf the rock salt
to this heat is a major design issue.

*» o © O

Increasad salt temperatures result'in higher creep
rates. Accelerated creep enhances the closing and sealing of fractures in the salt. On the
other hand, the higher creep rates impact the retrievability and underjround regository
designs, s

Understanding the aature and magnitude of the thermomechanical rasponse of the hnst rock
is important throughout tha site selection and design process. It is imperative that the
serformance assassment specialist, geologist, hydrologist, and design enginecers work closely
tegether durfng the evolution of a repasitory design to be sure the performance and design
requirements are integrated effectively., For a repository in salt, scoping calculations
stould be performed at the =arly stages of site selectinn to allew objective comparisans of

any differences fn the thermomechanical behavior of salt at different sites or in different
salt formations at the sama site,
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Ingact of Thermcmachanfcal Behavfor of Salt on Peposftory Dasign and Analysis

This papar s organized into six sections that discuss considerations of the fafluence of
31t creep ca geology, repository design, retrieval, and thermomachanical analyses, The flrs:
section Includas a discussion on site selectfon and the role of thermomachanical analyses in
this process. The second scction covers the {xpact of salt creep on some nf the design
features of the repository. Section thrae contains a discussion of tha retrievadility fssue.
The fourth section discusses thermomechanicil analyses and associated uncefiainties.. Section

5 discusses werification and validation of cosputer codes, and Section 6 provides cencluding
rexarks,
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1.0 SITE SZLECTION

Salacting 2 nuclear waste repository site 1s 2 long and involved procaes fa the United
States. The thermcmechanical respense of the host rock 1s cnly one of 3 multituda of fssuzs
that must be considercd !0 the sft» selection process, }t {s nnt the purpnse of this paper to
discuss this favolved process; hewever, 1t 1s important to cephaslze tha significaisce of
tharromechznical analyses {n the site selection process for 3 nuclear waste repository in
bedded salt. A5 the site screanirg process narrows fros cegions to areas and fimally to
sites, the thermcsachaniéa! caﬁcu!;:icns becnRz more (xpactant, .

Secause vacertafnty in thermomechanical calculatfons already exists (as will be discussed
Tater), sitas should be selected with simple geology, when possible, to keep the
therscuechanical calculations as simple as possible, Within the repositocy area, the gealogy
should be uniferm and predictadls, Depositional features such as barrier reefs, river
charnels, solutfoning fronts, etc., should be avoidad. [a selecting a good repository site,
one should ctrive for cleansr salt, s2lt thicxness of Pundrads of feet.’minimun aumber of
interseds, low formation dips, low fn situ roct temser3turae, and a xinimea depth consistent
with perfarmance assessamnt and requletnry reaguirements. In general, the purer the salt, the
higner the strength and thermal conductivity. Salt is the aaterial that forms ths cococn _
arcurd tre nuclear waste and forms cne of tha barriers that isolates waste from the accessible
eavirorment.  The aumber of interbeds sheuld be minimized to refuce the complexity of the
therrozechanical medel and incraase the confidence of thermemechanical calculations. It fs
mora desirable to have a repository site with {n situ temperatures of 259C than to have a site
with 826C, Since signiTicant quantities of heat must de accormmddited in the dfsposal of high-
level auclear waste, lower in situ rock salt temperatures will result in a smaller nuclear
waste repository with lower creep rates.

This can be summarized in t.- oxamples, a cemplex geology and a simble geology. Figure 1
is an exampla of the type of geology that should bz avoided for a nuclear waste repository in
salt. The grology shown 5 complex. Fermation thicknesses vary significantly and there are a
larg2 nunber of intarbeds and clay seams sccurring on a reqular basis. The formaticns have a
sigaificant 4ip, the in situ rock tezperature is relativel, high (example fs 50°C}, aml the
salt teds are thin, Independent of tha other implicaticns asscciited with the gaolagy shown
in Figure 1, developing an accurate thermomechanical madel of the formation shown would be, at
test, difficult and expensive. ’

Figure 2 is an example of a simple geology for a nuclear waste repnsitory. Tha formations

_are uniforn with salt beds that are very thick. Tha dip 1s low, and there are anly a few clay

ceams. Tha in situ rock temperature s low {example is 257C), and the purity of the salt is '
higher, The thermcmechanical model in this formation will te less complex, and the confidence
in the results will b2 higher.

The simplified situation of a complex or simple geology is, of course, not the real werld.
For most sites, the genlogy fs somewhern between the two geologies described. The point is,
for thermomechanical analyses, a site tending toward the simple geolngy is more desirable. 1t
is also obvinus that this 1s not, and cannot, be made an absolute requirement.
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Irpact of Thermomochanical 8zhavior of Salt on Repository Design and Analysis

2.0 [IMPACT.OF SALT CREEP GN THE DESIGH APPRCACH

Salt creep 13 one of the major dasign {ssues that {s ever prasent with the design *
engineer, and the fmportance of accurate thermomechanical calculaticns to the desiga approach
carnot ba overemphasfzed, Tre thermomechanjcal response .of the salt to the underground
excavations and emplacement nf ruclear waste has an impact on many aspacts aof repositary
¢esfgn such as the overall underground repository laycut, underground ventilation, room and
piNar desfgn, and the waste packige,

Idaally, one would 1ike to stop salt creep during the operaticnal and retrfevabiifty time
perfods, Then after operatfonal and retrieval requirements have been fulfilled, start, and
perhaps eves accelerata, creep.  Several things can b2 dene in deyaleping the underground
rezository layout so that this ideal condition can te approached. First, the extraction
ratics shculd b2 kept low, praferably 20% or less. Low extraction ratios keep the deviatoric
stresses lower and result in reduced croep rates. Hext, the waste-gencrated hest per unit of
disposal area should be kepi lcy, The Salt Repository Project fs presently using an areal
hoat Yoad of 10 /M2, This areal hzat load results ia lcwer host rock terperatures ard In
reduced creep rates, In additien, axcavation of emplacement reoms should not be cemplated far
in advance, tut cnly iomediately before the waste is emplaced. Finally, the waste erplicesent
rosas should be backfilled with a crushed salt or reccnstitutad (Srick) salt to reduca the
total creep and to enhance final closure of the roonm. .

Aa underground conceptual layout for the SAP.is shown fa Figure 3, This figura is bace
upen current werk being performed by the SIP repasitary architect aagineer. The zhep area,
miin 2ntries, and ventilatien return drifts should have zn aperating life of about 100 years.
The ro>as will centinve to close during this time gericd as 2 rasult’'of craep. The amount of
creep closure =must be knnwn so the veatilaticn systen can be desiaored for the higher pressure
dreps asscciated with smaller and rougher underground drifts. Eventually tha creep closure

#ill be larga enough to require remiaing of the ventilation drifts to maintain adaguote cress
sectinnal area: and smcothness. The amount and Ffrequency of thae renining will de estimated
from the thermcaechanical analyses for many areas under varying conditiens. Tho drifts that
contain operating equipment will also have to be renined pericdically to maintaia adaquate
clearances. .

Ca the Salt Repositary Project, the conceptual design of tha waste package for
cansslidated spent fual is about 33 cm in dizmatar, and about 350 c¢ai long, Figure 3 shows a
cross section of the emplacement package with an outer container (ASTH 216 steel) designed for
the temperature, pressures, and corrssicn cenditions. In salt, the container must ba designad
for lithostatic pressures; however, higher pressures can be induced by the lecal thermal
axpansicn of salt around the-container if fnadequate vaid space arqund the centafner is
provided. Also, the corrosion of the container is sensitive to temperatures at the
saltlcontainer interface., (it is important chat analytical methods are available to accufﬁtely
predict the waste package container design envircnments of pressure and temperature.
Accordingly, salt creep strongly affects the design conditions in the vicinity of the waste
package. These design conditions must be.accurately bounded. :
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© 3,0 RETRIEVABILITY

In the United States, retrievsbility Is an important requirement that increases the
fzportance of thermcmachanical mcdeling and analyses for nuclear waste reprsitories disposing
of high-lavel nuclear waste, Ia the Code of Federal Ragyulations, the U,S. Nuclaar Ragulatory
Casnission (KIC) rzquires that any or all of the erplace! waste be retrievable for up ta 50
years, The esplaced ouclesr waste ust also be retrieved In approximately the sama time
period as 1t teck to emplace §t, Since the operaticnal time perfcd to emplace all of the
70,603 NTU of nuclear wast2 is ectimated at about 25 years, a1l of the nuclear waste will de
eiplaced before the SO0-year retrievability réquireﬁenc expires, Reascnable 3ssurance must be
srovidad to the MRC that retrieval of any or all of tha waste will be possible during tha 50
years, fatrieval must be conductzad in a safe warking environment using state-of-the-art
equipment and techaology, FHowever, this requiresent dles aot preclude new engfacaring
d-yelopment or designs to meet tha requirexzents,

And so, salt creep, one of the major advantages of salt as a host rcck, beccres 2 major
design Issue with respect to Yeong-tara retrievability. Battelle, in support of tha Salt
Repository Projact, started a retriayal ccapliance study a feu months ago., This study will
astasiish a3 ~lan which will ultinately provide tha retrieval and zrocf-of-principle Jdztails
nzcassaey to suppart cepository adveanced concentual dastgn aad fucility Vicensing, Tha
chjectives of this study are as follows:

32 Develep aa intarpretstion of the retriavasitity/retriaval issue.

Datire key circusstancas that may ultisstely call for retrieval,
Defina the asproach to retriaval systen deslgn.

G O @

Estanlich an approach to licensing as it azplies o ratriaval,
Davelop and dafine tha SRP interpretation and appreach to testing for prototype

&

aquirment and retrieval deaonstrations,

In most of thase sbjectives, the thermomachiaicdl respense of salt to tha excavated
cpaning and emplaced westa will be very itdortant. Thertcmacianical podels will ba developed,
asd calculatisns will cover time seriods of up to 10D years., Thiese azdels must include
accurate resrzsentaticns of the gaalegic formatlions and the rasponse of these fermaticns to
virying roem and pillar de{fgns ind thermal eavirorments. la a2dition, the crplacenent reons
will 52 backfillet with crushed sait. Cver tima, this salt will te recensolidated 25 3 result
of racm closure pressures and incraased temperatures frea the anplaced waste, Hoaace, the
thermemachanical codes will neod to have the cipadility to enalyze roans backfilled with
crushed salt.

Long-tarm ratrievability is, theraefore, a requirement trat glazes new demands upon the
qestachnical and design anginecrs. The challeagns are cemplicated and multiple. As the
destgn requiresents and designs beccme more scpiisticated, the associated thersiomechanical

analytical methods must be expanded to meet thase challenges.

v
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4,0 THERHOMECHANICAL AMALYSIS

Tharocmechanical analyses, therefore, play an frpertant role in the d2sign of 3 nuclear
wiste repository., The Salt Repository Project must comply with tho requiresents defined by
the Huclear Regulatory Commissfon 1n 10 CFR Part £9, and those systems and ccmponents
irpartant to safety or waste fcolation will be ravicued by the Mucle:r Regulatory Cemiission.
To weet the roquirements for a licensed facility, cae zust be able to'analyze and predict the
tehavior of the host rock, and the analyces must provide reaconadle dssurance to tie NAC that
the repository will z2rform as designed.

In 2dditicn, =ork ¢n a nuclear waste repository is performed under ccastant pubdlle
scrutiny; public confidence and trust are very Importaat to such projects. All groject work
fs 2vailable to the public, and 1t s sudJect to multiple internal and external rovizws by the
U. 5. Cepartment of Energy, other project participants, other Federal agencles, state ard
12cal governmonts, and othar interasted organizations and citfzens, As a result, the
trermemechinical }nalyses will be revlewed thorcughly by many crgenizations,

Analyses of tha rapository hast rock uscally fall fato cre of thraa categerles. First are
tha thermal caleulaticns of frcreased tesperatures of the host rock resultiag frem ne heat
Seing preduced by the nuclear waste package. These tooperaturss are used $o halp asizblish
the loczl waste packay? envircnﬁcnt. the spacing of the nuclear 2522 paskasgas, and the
tharzal anvirgnment of waste disposal rcoins during retrieval.

Fext are tha nschanical caleulatisns {fsotiermal) of the host rock at arbioent
temperatures. Thase calculatiens are used in estadblishing the waderground design of Jrifts
cot suhject to heat frea the wasta packagas, Shaft pillar arazs, whare the Shsps and
warctrnses are loceted, ara in this catesory. Also iazludad are the miin aatides and
yontilation return drifts.

In the third czt250ry ara the thorremechanical analysas of s.placament reems which are
heatad Sy nuclear wiste packages which 2ct as tr2asiaast heat ssurces. These caleulitions are
uzad to evaluate the reszense of the waste disposal reaas o the evplaced waste and to
zr3luate the creap rosganse of the haatad salt Juring vaste reirieval,

Initial Indicaticns are that the tharmal calculaticas iad asseciated cedes of tha first
ritajory are relatively straightferward, and the coaparison of rasults beluzen difforent codes
fte gocd. Sgecifically, thermal calculations on the sema pradlem have d2en cenpared at
112 using KEATINGS and SPECTRCASL (Ref. McHulty, Scott, 1975). Resuits fr2a these codes

the same orcblenw ustally are within 10%-20%3. In the second ‘faste Isalatien Pilot Plant
{417P) banchiark prodlen (Mergan, 1231), the calculated sali tarperature historias at the
theoe lecatioas wara quita siailes for seven of <he nine codas tested. In additicn, test
results reportad by Molacke and-B3eraun (1983) showad geed coerrelation with the calculated
tizperatures, excapt for the first few days after the Seater startuo. .

Tre salt crecp phencmenon of the second category has been studied fér many years., The
last eight years have provided many opportunities for addressing and resolving design issues
associated with the repository underground designs. At the start of the WIPP preliminary
dasign, salt creep and the assoclated rocm and pillar designs were fdentified as major design
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fssues. Since most of the nuclear waste Scheduled for disposal 3t WIPP 1s nan-heat preducing,
the WIPP? salt creep design fssue fs not nearly as fnvolved as the salt creep {ssue for a
repository Jisposing of spent fuel, Eight years 3go, 1t seemed obyicus that tha salt creep
phencennca would be solved, but data to date frem ¥WIPP indicates a solutlon has not bean.
found., The WIPP quarterly geatechnical field dita report (HIPP-COE, 1984) Indicates the
measured vertical closure is alzost twice that pradicted. Other fnvastigitors (Margan ct al,
1635) analyzing YIP? data, 1ndfcate that rzasured clogure Jata are 2 to } times larger than
calcutated. Howercus calculations were performed to try to understand the difference between
the calculated a~d reasurad closures. The recults of thils work sre sumnarized {a the

follostn) quota froa the work by Morgan, et al, 1985:

*in fact, aven when the most premising s3lt property vacisticns dre conbined with the
sost proaising non-salt piraneter varfations, the curruted and measurzd closures are

et

still significantly didforent. This secns to i7ply that some {mportaat phencmenon or
phencazna, yet to be idertified, ar2 aissing fron the nodel.®

1n 2 saries of regorts oa the protest raference calculatiens for various Heated roon tasts
at HIFP, Morgaa and Steme expact the uaresclvad discrepzacies observad in tha south drift to
also aspaar ta the caasurcd data frox the hzated recn tosts, .

With test dita to data tadlcating caleulated clesure fatas nay ba lce by a Ficter of 2 to
Y o Zor2, 3t occams oup 20Tty to perfomy Lherrcrachinical =aleylstions on bedded salt
excaads cur a2ility to accurately nrodict gr‘"al fn sity oo o2 Tais Joesn't 2o we
should step performing these calculations, lawerze, deslyn engineers should use tha resulls
with c2utien and with an urlarstanding of the assceiated uncortziatias, The cedas are still a
valuznle teal for perforaing tradeoff stutfes and for ecking conpariccas of alternate designs.
Likesiza, thoy sheuld not take closura rates 2s adbsolutes, But use thaw cn!y as ralative

indicators.
A 2z oczearation of thormer

chanieal cades s readed to cupsort the desiga engineer, Mo
the ccdas should be moditied is not necessarily ohvinws, noe 4ill it ha ewsy. Several areas
loak prewising for fagroving cole accuracy. Considaraiica shauld ta 5ivea to medifyiag the

constizutive eguatiens to dccount for wultipla lead paths, Militicailly, large strzia cedes

azed to bo doavoleped to hangle larga Jafcencticas in salt.
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5.0 COMPUTER COOE VE?!rICATluJ AND YALIDATIOR

Tha S22 15 aleo required to m2et the quality assurance raguirezsnts as deflsed In 10 CFR
Part 50, forendix 3, HGA-1, 2nd cthor [OE orders. These requiremants rizult In 3 2erfes of
feroal rigorays proceduras, 33a2 of which place specific procedural riqeirzzants oa the design
e~d ¢n yarifying asd walidating covputer codes, Varification 1s raquired for 2ll codes,
whereas validaticn s caly reguirad for cedes used 1a support of a Yicense application,

Yerificatfon ¥s the proress vhich 3ssures that the macrematical calculaticas are performed
correctly In the rurrrled] redal, Yeriffcation can b2 accewzsliched by crmparing the results
with hard caleulitions, with cther analytical solutlens cor apprexinatiens, or with the results
of 3 verified cci2 tha? performs the s2z2 typ2 of analysis (benchzarking),

Corputer ¢ada validatian 15 the precess whieh assuces that tha rasulls of the cemputer
€242 ar2 a corract rrprasentation of the actual precass or systim. Yalidatlen §s usually
sehfaved by comparing the cemputer ¢oda easults with phystcal data or with the rosults from
snacker validated couputer ccda thal garforms the sam type of analysis (validatlea
taachoarking). I adfitien, coda viiidatian can b2 achioved with a roor review when {2 {5 the
oaly toaas availadle for validatiag ths coda,

At Battale, for cod2 v«rifica?i01 a veriflication plan s srainnmad, Ingludal ia the
varification plaa §s ¢ha co ter cade versica nu 3
nreaess, and g dafiaitica of the dzcrmentatien regulesd fn the vartficatien recort to assure
that tho verificaticn Ras beaa emplated, Tia olan s sediect 13 2a internal raviow, and 2l
S.22t5 o the plav are resolvad, AL Yeast oan af tho iuiivitials Invelved {a the datails of

the vaeification rrocass must ba dalesondent of the cida developraat offert,

dascrizeien of the varificatien

Tha rosults of thy verificatinn grecoss are inciudsd tn 2 vorificatica rapert, If the
verificattion is u‘iuc’essful, rocemsandad wodificatinas ta tha ecde aro Qascridad for

correzting the error(s). If the-varificaticn Is succeseful, tha conditizas under ~ich the
verificattic n was ceuploted 2re dascribzd. This includes the ranges, cotions, and any
soprcsriate restiiettons. In efthar case, the verificaticn raport 15 subjecisl ta 22 internal

resisy, and tha resiew cocrments are resclved. The apsroved verificacica plian aad varificstion
ragort become part of the parmaneat racord for that 'Jr:{cular coda,

A'siﬂll'r process 15 used for compu ster coade validat! cn with en2 passible excaclicn: a
validatfon canel may ba established wiich includes ena o wore ransars who are fadezandent of
the ccde develepmant effort. The validation panal rxrriripatns in tha review of the
validaticn plan and velidatien report, Again, the approved validaticn plan and velidation
report tecome part of tha.permanent record for that particular coda,

to thermal and theruaechanical c¢edes baing used by 2atielle hava beon verified., When
the cndas are transferred to Battelle's cemputer, they are reverivied by compering the results
o verificaticn preblems cdbtained cn the new system to the results obtained during the

oxtzrnal verification process. Again, this process is documented in tha verification plan and
racort. : !
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The Salt Reposftary Project fs in the site characterization ;haséa Part of the work to be
accomplished during this phase Is the ennstructfen of the Exploratory Shaft Facility (ESF).
The ESF wil) consist uf two 3.66 M dlameter shafts constructed to the repasitory depth and

approximately 1500 meters of test rooms. Data cbtained frcm these test rooms will be used as

part of the validation process, 1f required. Also, peer reviews may be used for validatfon of
the long-term (100 yasrs) thermomechanical response aof the repasitory rooms.
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Irpact of Thermemechanical Behavior of S11t ¢a Repository Desfgn and Analysis

. ’ 6.0 COKCLUDING REMARKS

An overview fron a design engineer's perspective has been provided on the need and
{eportance of thermomechanical analyses in repcsitory site selection and deslign {n bedded
salt. Computer codes #re avallable that accurately calculate temperature distridutions areund
emplaced nuclear waste, Inftfal fn sftu test results Rave confirmed the accuracy of these
analytfcal methods., However, the actual thermomechanical eespansa (creep) of excavated rooms
has been significantly highar than the calculated creep rates. V .

With the published differences between calculated and measured creep data, riore emphasis
should be placed on the importance of early site characterfzation and fn situ testing.

Early creep data from the actual repnsitory host rock formation will be valuable to both the
grotechnical and design engineer. In addition, efforts should continue on developing
anilytical methods that correctly describe the creep response of excavated rooms in salt,

¥hile this work is continuing, the design engineer should use the results of )
thermemechanical calculations cautjously, Thermomechanical calculations can and should be
used for comparing relative differences between sites and design options. However, the
calculated closures and creep rates canaot be used as yet to set absolute values. In fact,
actual closures and creeps may be significantly higher. S0 where does this leave the design
engineer who must develop a design?

If possible sites should be selacted where the geclogy §s simple, uniform, and
oradictable, The repository harizon at a givea site should de selected whare the geology near
the underground openings has minima! bedding and discentinuities. Simple cesigas should be
developed with reasonable flexibility for adjusting the desiga for unforseen circumstances,
extraction ratios for the underground excavaticns should be kept belew 204, and the initial
areal heat loid shculd be kept low Lo accesmsdata retrievability requirements,

Even if the uncertainties in the thermomechanical calculaticns ara net rascived ia the
eear futura, regasitery designs in Srdded s2lt can and +ill be groneratad, Thece uncertainties
can be accermadstzd by including reasonable cansarvatism in th2 repasitery desiza., This will
previda flexidility, if requirsd, to ddiust the designs in the future,

-
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KYDROGEOLOGIC MODELLING OF FRACTURED ROCK

fernard FEUGA
. . Bureau de fecherches Géologiques et Minféres
. . B.P. 6009 - 45060 ORLEANS CEDEX 02 - FRANCE
ABSTRACT

The hydrologic modelling of fractured rocks is necessartly based on knowledge of the real
distribution of the fractures and the{r characteristics. Recent studfes, usfng a geostatis-
tfcal approach, show that the distributfon ofnatural fractures fsorganised {n space to form
nested structures. ’

wvhile the hypothesis of an equivalent continuous wedium is satfsfactory in some cases, mo-
delling of the natural fracture network is necessary fn others. In these cases we may pre-
fer a geostatistically equivalent network model to an exact copy of the natural fracture
network. Numerical codes have been developed to generate simulated fracture systems with
statistically equivalent characteristics to those of natural fractured rock (fracture orfen-
tatfon, length, aperture, etc.). The final model is achfeved by attributing an hydraulic
connectivity coefficient to each fracture of the network. Recent studies show that the flew
in narrow fractures {is concentrated in certain channels representing only a very small part
of the fracture surface. The hypothesis irtroduced for the hydraulic behaviour of the frac-
tures requires verification by appropriate in situ testing.

This modelling of flow in tractured rocks is a step in the construction of models of
radfoelement migration beneath the earth's surface.

For the near field, it is necessary ~0 couple the hydraulic and thermo-mechanical behaviour
of the fractured rock. Thermo-mechanical coupling requires the introduction of mechanical
characteristics measured directly on the natural fractured rock field.

INTRODUCTION

Projects for the underground storage or burial of radivactive waste materials are confronted
with a major problem, namely, the transport towards the biosphere, through the 1ntérmed1ary of circu-
lating groundwater, of radionuclides that may be released from the deposit 2fter a shorter or longer
time underground. The resolution of this problem requires the possibility of modelling the under-
ground flows and the mechanisms of transport by the fluid, or of retention in the surrounding medium,

of the substances in solution. This paper deals only with the first of these aspects.

In the case of hare fractured rocks such as granite, subsurface flow occurs through the fracture
A knowledge of the

system, and the study of flow cannot be separated from that of the fractures.
fracturing and the subsurface circulation s {mportant at various stages in a project for the dispo-
sal of radiocactive waste. Selection of a site will be made in an area of low fracture density, and
whose natural hydraulic gradfent induces downward flow. At the planning stage..a forecast must be
nade of the antic{pated inflow durfng the constructfion and exploftation of the deposit n order to
be able to control or possibly limit ft. It can be noted in passing that a good knowledge of the
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fracturing (s slso fmportant for the geotechnical aspect, proper of the project - dimensfoning and
orientation of the wnderground spaces and specifications for their support.

fFinally, an faportant part of the analysis of safety factors, which §s based on a forecast of
the long-term evolution of the reposttory and {ts envlronment. uses modelling of the fiows and of
tbcfr varfatfon 1n time.

THE [IFLUENCE OF VARJATIONS IN STRESS AND TEMPERATURE O FLOW IN A FRACTURED MEDIUM
The fractured medius s theoretically distinguished from the porous (continuous)

: lidium by a basic difference in properties, in that the state of hydrodynamic characteristics of

the former are a function of the state of stress, sfnce they are related to the fracture network
that cuts the medfum and which, as will be seen, becomes deformed under the effect of stress varia-
tions. (In realfty, 1t has been shown experimentally that the hydrodynamic characteristics of certain
natursl porous media also vary with the state of stress, but this is nevertheless much less marked
than in the case of fractured rocks). This has two consequences. The first is that, with constant
fracture density, the permeability of fractured terrafn decreases with depth, due to the closing up
of the fractures caused by the fncrease of stress brought on by the increasing weight of overlying
rock. The second consequence is that, at a given point, the hydrodynamic characteristics of the ter-
rafn can vary {f the stresses themselves vary. Such stress variations may be due essentfally either
to the excavation of the underground spaces or to variations of temperature. The various hydraulic,
mechanfcal and thermal phenomena mutually influence each other as shown diagrammatically in fig. 1.
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Fig. 1 - Diagram showing the relationships between hydraulic, thermal and mechanical
phenamena fn a fractured rock mass.
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1f only the flows sre being considered, their characteristics (flowrate or velocity, and head)
can be calculated, for a given fisld, if the hydrodynamic properties of the medium (permeability,
coefficient of storlge, f1eld boundary conditions (flow and head))and, fn the case of an unsteady
state regime, the {nit{al conditions are known.

If only the thermal aspect of the problem {s befng considered, {n the absence of any flow, heat
propagation 1s effected solely through sol{d conduction and the distributfon of temperature can be
calculated, given the thermal conductivity and specific heat of the medium, the fie]d boundary condi-
tions (temperature or heatflow) and 1f necessary the fnitfal conditions.

However, t {s very often fmpossible to fgnore flow in the study of thermal problems, since flo-
wing water fn fact transports heat, and such "convective® flow s often far froe negligible. Further-
nore, varfatfons {n the density related to varfatfons fn tesperature (the density of water at 0°C fs
999.87 kg/m3, at 20°C ft {s 998.23 and at 100°C 1t 1s 958.38 kg/m3) of the water may cause the appea-
rance of convectian cells (this {s ®natyral convectfon®, as opposed to "forced convection® in the pre-
ceding case). Finally, the viscostty of water {s strongly temperature dependent (ag 0°C {ts kinema-
tic viscosity is 1.8 x 10-% m2/s, at 20°C ft is 1.0 x 10-¢ w?/s, and at 100°C ft 15 0.3 x 10°¢ wi/s).
— This means that the permeability of the rock medium, which fs fnversely proportional to the kinematic
viscosity, increases considerably as temperature increases (all other :hings being equal, 1t fncreases
by a factor of six between 0°C and 100°C}

— In the case which concerns us, only the last of these nced be tzken inte account. In effect, the

! permeability of fractured rock media is in general sufficiently low that heat transported by flow is
i negligible cempared with that transparted by conduction. As far as natural convection is concerned,
L . calculations show that it only becomes effective above a certain sfze of space avaitable for the cir-
culation of water, which is much greater than that offered by a low-permeability, fractured medium
{1J. Thus the thermal can be dissocfated from the hydraulic calculation. The values of viscosity
derived from temperature distribution are required for the latter, but temperature calculatfons can
be ‘made without taking flow iate account.

The object of mechanical modelling s to calculate the distribution of -stresses and displacerents
in the medium. The parameters required here are the deformability of the rock (given by the elastic
wodulis, the Poisson coefficient and the shear modulis, for anisotropic elastic behaviour, which is
2 reasonable assumption for the rock matrix in the case of ¢rystalline rocks, and the laws of beha-
viour of discontinuities), the applied exterior forces (in particular grav{:}) and the boundary con-
ditions, expressed in terms of stress or of displacements {zero in most cases).

T

As mentioned above, the deformations of fractures die to stress variations, which can be dater-
| nined by the mechanical calculation, cause important variations in the permeabflity cf the terrain,
which in general cannot be ignored in the hydraulic calculation.
_ Conversely, the circulation of water generates flow forces (specific forces equal, in a conti-
) nuous medium, to Yy qrEdo. where vy, is the specific mass of the fluid and ¢ the head of water in
§ metres) that can play a very important mechanical role. Obviously these forces are added to buoyancy,
L__ and are 3 way of expressing the pressures exerted on the tips of the fractures, which tend_:c reduse
the effective normal stresses acting upon them.
If these flow forces are weak, they can be neglected and the mechanica) calculation can be dis-
socfated from the hydraulic calculaticn. In this case only the variations {in permeability due to va-
- vlatfons 1n stress are taken into account, the latter being calculated without taking into account
‘ the flow forces Influences {but without forgetting buoyancy).
i The influence of temperature upon stress, and therefore indirectly upon permeability can never
— be fgnored. While 1t is possible, at a first approximation to ignore the varfations fn the mechani-
cal characteristics of the rock, the sime cannot be done for thermal expansion, which being restric-
L__ <o .-
| .
I
S




I i A

S N S G

r

Bernard FEUGA

. e
. ted within a confined elastic medfum, results fn a Increase in stress equal to EadT/(1-2v) (where E

{s Youag's nodului. v 1s the Poisson coefficient, a 1s the coefficient of Vinear thermal expansion
and AT fs the {ncrease {n temperature) ' .

for & granite with average characteristics {E = 60,000 KPa, v = 0.2, « » 8 x 10°6Kk"1) ¢ 1°* {n-
cresse in temperature results in a stress fncrease of 0.8 KPa | This demonstrates the fmportance of
the phenomenon, which more and more 13 l2ading specfalists §n underground works to look for the cause
of certain ruptures o varfations of temperature, -

In real discontinuous medfa, the presence of fractures, much more deformable than the rock ma- .
trix, at least for low stresses, has the effect of diminishing this increase of stress ¢f thermal ori
gin, but does not eliminate 1t.

Taking temperature into account in the mechanical calculation presents no problem as long as no
mechanfcal pheromena fnfluence the distributfon of temperature which is a perfectly Justified assump-
tion in the case under consideration. .

In short, ft can be said that, in a fractured rock mediun subjected to the type of hydraulic,
thermal and mechanical influences that are 1{kely to exist in the vicinity of a subsurface radicac-
tive waste repository, the only interactions that need, in a first approximation, be taken fnto ac-
count in the calculations are the following :

2. Therzmal/mechanical - thermal stresses
b. Thermal/hydraulic - variations in the viscosity of water
¢. Mechanical/hydraulic - deformatfon of a fracture network resulting
in modification of its hydrodynamic characteristics.

MODELLING THE FRACTURED ROCK MEDIUM - EQUIVALEKT CONTINUCUS MEDIUM OR KEDIUM WITH DISCRETE FRACTURES 2

1t is a natural tendency, when confronted with the problem of rodelling a medium or a complex

phenomenon to simplify it in order to reduce it to a form that one is able to deal with. It was in

this way that the notion of an "equivalent continuous medium® was conceived in dealing with fractured
rock media, 2 concept to which we shall return latéer. It soon became clear that this approach had
certain limitations that prevented its application in certain cases, and "this led to the development
of "discrete fracture” models.

Although they have appeared more recently, these arewvhat we shall speak about first, for the
very good reason that before speaking of an “"equivalent continuous medium® it is a2 good idea to defi-
ne what {t §s that the medium {s equivalent to, which is of course the real fracture field., It {s
clear that only a good knowledge of the fracture field and of the properties of the individual frac-
tures that constitute the field will enable eventual definition of the “equivalent continucus medium®.

DISCRETE FRACTURE MODELS

The very 1dea of a discrete fracture model, that is to say, a model in which each individual
fracture fs taken into account, comes up agafnst the problem of scale - how to describe the medfum,
which {s accessible only through outcrops, gallerfes or drillholes? Where are ‘the fractures? What
{s their orfentation, their shape, etc.? These are known only along a small number of lines and sur-
faces of observation. Short of taking the rock body apart block by block, the {dea that 1t {s possi-
ble to desfgn models that will exactly represent the real medfum must be abandoned from the beginning.
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People therefore maturally turner towards models giving a statistically exact model of the real

"mediume, Aaong the most recent work in this direction, particular mentfon must be made of that of
~ Jane Long [2] and Danfel B1llaux {3} and that of Hamid Massoud and Jean-Paul Chiles [4). The work

of Long and Billaux {s the subject of another talk to be given at this symposium.

GEOSTATISTICAL MODELLING OF A FRACTURE FIELD

The work ef Massoud and Chiles, uhose-point of departure was the geologfgts‘ observatfon that
fractures are mot randomly distributed but on the contrary possess a certafin spatial organization,
afmed first st fnvestigating the structure of the phenomenon of *fracturing®, so as then to develop |
techniques for generating simulated fracture fields with features statistically and geostatistically
analogous to those of real fracture fields.

The geostatistical study of a phenomenon {s {n general made in two stages. The first consists
{n an approach to the structure of the phenomenon, utilizing a first sampling. .Once the mafin fea-
tures of the structure are known a second sampling can be defined that {s adapted to the particular
case 1n question and will be able to serve as a basis for modelling.

The first sample used by Massoud and Chiles resulted from detailed fracture surveys carried cut
ifn the Saint Sylvestre granite north of Limoges, in the Massif Central, The surveys were made 2t
four stations on surface and in the galleries of the Fanay-Augdres mine, at depths down to 200 =o.

2 940 fractures longer than 0.20m were recorded along a total length of gallery and quarry wall of
260m, and a height of 2m. fach fracture was precisely located and fts strike and dip were recorded,
as well as fifteen or so other parameiers releting to its dimensions, width, sorphology, relatioas
to other fractures, etc. . -

Fracturing is a complex phenomenon that cannot be defined simply by values along a sczle at 2li
points in space, as fs the case for example for metal content values in an ore. Fractures fora di-
rectional families, within which a greater or lesser amount of dispersion occurs., It quickly becace
evident that, in order to be efficient, a geostatistical approach must distinguish the virious fami-
lies, preferably according to the episodes of brittle deformation that caused them. Within a givea
family certain parameters can be recorded at points, but others can only be recorded over an area.
Massoud and Chilés, in their study, took the following variables into account for each fumily : the
number of fracture centres on a giver wall area (in general 2 5m x 2m rectangle), the cumulative
length of fracturé traces on the same wall area, the strike and dip (in fact, the variable recorded
was the angle between the poles to two adjacent fractures), and the interfracture distance along 2
horfzontal line. “

Yariographic study of these parameters showed a random component in the structure that was more
or less impertant in different families, and which was\unifested in a “nugget” effect. .This effect
can in part however be explained by errors in measurement or by the existence of a structure smaller
than the survey unit area. .

The experimental variograms brought out clearly, for most of the families and parameters stu-
died, two levels of nested structures, respectively of 5 to Im and 20 to 40m (figs 2 and 3}. The

¢ This does not mean that research into methods, direct or indirect, for locating and precisely
characterizing fractures should be abandoned, quite the contrary. This information is essential to
establish good statistical models. It will, in particular, slways be essential to precisely idectify
the major fractures, vhich play a dominant part with respect to flow in the meighbourhood of a waste
tepository.
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larger of these corresponds to the organfzatfon of the fractures n the “packets” or fracture zones
observed so many times by geologists, while the smaller grouping characterfizes the organfzation of
the fractures within these packets.

This first stage made possible satisfactory characterization of the structure of the fracture
system over short dfstances (up to 100 m), leaving the question of estimation of the varfogram over
greater distances (100-1000 m) to be resolved.

Since such an estimatfon would have required further surveys at widely spaced staticns, repre-
sentating a considerable amount of additional work, Massoud and Chilés wondered {f ft would be pos-
sible to reduce the amount of work required by taking tmto account only those fractures that excee-
ded a certafn size. This fn turn led to consideration of the role of the small fractures in the ove-
rall structure. To resolve this problem, the variographic analysfs was made again, eliminating in
successive phases all fractures whose trace was shorter than 0.5=, 1.0m, 1.5m and finally 2.0m. This
showed that the critical dimension, beyond which the structure of the fracture field began to change,
was 1.5 (ffgs 2 and 3). Thus, from this approach, the following sampling procedure can be deduced :

1 - Survey systematically all the fractures whose trace is longer than 0.20n at several

stations on the order of 100m long. ‘

2 - Determine the critical trace length.

3 - Carry out surveys at stations from 100 to 1000 m zpart, discounting all fractures

shorter than the critical length.

At Fanay-Auglres the elimination of fractures shorter than the critical length reduced by a
factor of five the number of fractures to be recorded and by half the total cumulative length of the
surreyed fractures.

Having determined and characterized the structural organization of the fracturing in a given do-
main it becomes possible to prcceed to modeiling, that is to say, the creation of a simulated frac-
ture field representative of reality.

Massoud and Chilés, as a basis for this work, used the first two moaents (average and variance)
of.distribution of the paramete}s studied, ana the shape of their variograms to assist the choice cf
a family of random processes. More precisely, the procedure falls into two stages, the generatiovn of
2 swarm of points, each representing the centre of a fracture, followed by the allocation to each
point of the characteristics of the fracture that it represents.

"The first phase itself comprises three steps - choice of a type of mcdel, search for 2 method of
estimating its parameters from the data, and confirmation of the suitability of the mndel for repre-
senting reality. The Poissonian model is cormonly used,obut here does not allow correct modelling
fo the location of the centres of the fractures. The work of Massoud and Childs brings out the par-
ticular interest of two more general models.

The ®parent-daughter® process {or the Poissonian swarm) attributes a random swarm of points to
each point or seed of a Poisson process. The number of points in each swarm is indefinite (randem),
and the position of each point relative to the seed is independent of those of the other paints byt
obeys a certain law of distribution (Massoud and Chilés wused a Gaussian law 25 an a pricri model).
Tﬁe first two moments of this model are compatible with the experimental moments calculated for all
the fractures of a famfly, but it does not take into account the regionalization of the fractures sa-
tisfactorily for all the families. .

The regionalized density Poissonian process takes {nto account not only the rarndom aspect dut
also the regionatization of the density of fracturing. In this process, %he density of the seeds
@{x), depends upon the point x. It is a random function that {s characterized by a varicgram, and
whose average {s assumed to be constant. This model seems to be particularly well suited to the re-
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presentatfon of large fractures. A substantisl amount of work remains to be done to fully validate
these two models, but, In view of their simplicity, this 1ine of research can be considered very
proaising. :

The attributfon of the characterfstics of indfvidual fractures to the swarm of pofnts generatecz
by one or other of these methods requires further research, undertzken, as far as the density of the
fractures is concerned, by Massoud and Childs, who have devised a method by which the distribution
of the real length of the fractures can be determined from field surveys, without the 21d of a mode}
based on an a prior! law. -

Figure & shows examples of histograms of the reconstructed real lengths of fractures for four
statfons st the Fanay-Augires mine. It can be seen that they are appreciably different from one .
another, which cannot be explafned only by the fact that the surveys were made by different people,
and that they cannot be represented by a single law of distribution, The entire madelling can be
done §n two dimensions or directly {n three dimensfons, if for example, the fractures can be consi-
dered as discs. .

Research {s obviously not complete, and work continues to be done on a number of questions, such
2s the variability over great distances or in a vertical directfon.

The possibility of generating a field of fracturss representative of reality and on vhich it
would be possib!é to carry out hydrogeologic modelling, by gzostatistical or any other nethod, as-
sumes good sampling, not only of the geometrical characteristics of the real fracture field, but also
of its hydraulic characterictics. We shall see later the problems that are posed by definition of
these characteristics. Nevertheless, in a simplified approach, one can simply use the notion of

LASSAGNE LOISEAU
01232456 7 8Bn 012 345617 a
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0 27}'\& ‘5 4] 0 1 é n
Fig. 4 - Histograms of true fracture length at 4 places of the
_Fanay-AugéFes mine (after [4])
. el : :
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an “equivalent hydraulic openfng®, defined as the opening of an imaginary fracture plane with smooth
walls, whose degree of separation 1s equal to 1 {f.e. without connecting bridges), and whose flow/
gradient relatfon {s {dentical to that determined in situ on a real fracture.

A tnowledge of the sfgnificant distributfons of such "equivalent hydraulic fractures® can only
be acquired through programmes of hydraulic testing in boreholes, on fractures {solated between
packers. These programmes are costly, which is why there fs as yet so 1{ttle informatfon avaflable
in this fleld. Figure 5 represents the distributions of the equivalent hydraulic openings of the )
five princfpal fracture families identified {n the Fanay-Augires granite, determined by fnjecticn
tests between packers, {n the context of work carrfed out by the BRGM and financed by the French
Atomic Energy Commission, More than two hundred tests have been carrfed out, and were fnterpreted in
the steady state, a method which assumes a number of simplifying hypotheses that are unnecessary when'
using the unsteady state. It should be pointed out that the average equivalent opening of the frac-
tures of 30.m, determined by the tests, fs ten times smaller than the apparent opening deduced form
the examination of cores.

70 701 . 70}
60 4 €0 4 60 -
> 50 50 4 50 4 ot 3
<
g o4 Set 1 40 - Set 2 40 4 et
g: 30 4 30 4 30 4
1.
20 4 20 4 20
10 4 10 4 10 4
0 - 0 0
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* Aperture (m x 10-5) . . 5
701 70 S?t 1 2 3
60 - 60 Binimm g 47 3.20 9.47 9.47 9.47
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fig. 5 - Examples of histoegrams of hyd}aulic aperture derived from water tests {n boreholes
for each set of fractures in the Fanay-Augires mine (after [3})

Once the problem of the generation of fracture fields has been resolved, that of their vtiliza-
tion arises. A cube-shaped mass of granite measuring 100m a side contains several million-fractures.
The manfpulation of such models {s clearly beyond the capacity of computers, even the most powerful
ones, It will therefore be necessary to simplify these models {n order to apply them to large mas-
ses of rock. At least two approaches can be envisaged to achieve this. The first consists in sear-
ching for a critical fracture dimension such that {gnoring fractures below this threshold will have
no significant effect on the hydraulic calculations. The second fs to use mixed models, in which
only large fractures are treated individually, the smaller ones being {ncorporated into an equiva-
“lent continuous medfum.
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KODELLIKG THE HYDROMECHANICAL BEHAVIOUR OF A %RACTURE ) .

The effect of stress varfations on the hydfaul1c behaviour of a fracture has been mentionned
earlfer. Taking this phenomenca fnts consideratfon {n the calculations assumes that {t can be mode
led {n & fairly simple way. The influence of ths varfations {n normal stress upon the opening and
the hydraulic conductivity of a natural fracture fa granite has been studied by Gentfer [S], fn the
Gueret granite, {n the French Massif Central. .

Since the classfcal laws of flow in a fracture (see, for example, Loufs [6]) use a certain num-
ber of morphological parameters {opening and degree of separation, height of asperities) that may
also govern the mechanical behaviour of the fracture, Gentier's basfc idea was to quantify these par
meters by a fine morphologic study of the fracture, to be able to fntroduce them first of all into a
wodel relating opening and normal stress, and then fnto a model relatfng hydraulic conductivity ard
normal stress. Using fracture profiles such as that shown in fig. 6 she was able to estabiish theo-
retfcal curves gfving the relatfon between the degree of separation (ratio of open surface of the
fracture to fts total surface) and the opening of the fracture (distance between its 1ips), given ir
fig. 7. These curves are derived directly from the widths of the space in the fracture,

A series of simple compression tests on test blocks contafning a fracture perpendicuylar to the
direction of application of the force enabled curves of stress/normal displacement to be established
(fig. 8) which show that virtually all the deformation of the fracture has been acquired by 15 ¥Pa.

Different behaviour models were tested in order to reproduce the results of these experisents b
calculation. A model called the ®confined tecth model™ was found to be the most suitable fer this
pucpose. In this model, one of the walls of the fracture fs assumed to be plane, the other consic-
1ing of “teeth" whose distritution and elevations are the complement of the space-widths previously
dat mined. Each tooth, confined by its neighbours, {s assuwed to have perfect elastc-plastic dxha-
viour, the rupture criterion used being the empirical criterion defined by Heek and Brown [7].

]
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Fig. € - Example of fracture profile {below : representation of the fracture by
4 rough surface in contact with a plane) Guéret granite. After (5]
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Flg. 7 - Exavple of the relationship between the aperture of a frecture in a2 granite
and its degree of separation (ratio of open surface over total surface)
After [5]

Imprints of the fracture taken during the tests at different loads were processed by inac2 anz-
lyser, giving curves of surface-of-contact/applied stress that were conpletely in agreement with what
would have been expected from the stress/displacement relations and the distritutions of space-widtta

Tests of percolation under pressure in the fracture were xade on different test-blocks, with
divergent radial flow and in the steady state. The results obtained varied consideradbly fro= one
test-block to another, even though thevy had all been taken on the same fracture (fig. 10). They stow
Targe deviations with respect to the cubfc law of }Iow. which signifies that consideratfon of the va-
riatfons of opening alone is {nadequate to describe the hydromechanical behaviour of a fracture under
normal) stress. The reduction of the surface available for flow due to the closing up of the walls of
the fracture and the creation of new contacts must be takéh into account, not only as such (reduction
of the degree of separation) but also and especially because of the phenomenon of “channeling® that
it entrains.

This channeling, which can have effect even at low levels of stress, is illustrated by fig. 11.
This represents the points of emission of the coloured fluid used in this experiment at the edge of
the fracture on the surface of the test block (its trace is 38 cm long) for various stresses. It can
be seen that flow, essentially generalfzed within tha fracture at lcw pressures, tends $3 boccme con-
centrated in a2 gradually decreasing number of channels as the pressure increases. Above 15 -MPa, the
threshold already found in the study of deformability of the fracture, the number of channels stops
decreasing, and remafins constant. .

This phenomenon was evidently not taken into account by the experimenters to whom we awe the
classical laws of flow in fractures, that were established for relative roughnesses (ratio of the
maxinue of hefghts of the asperities to the hydraulic diameter) not exceeding 0.5. [n fractures that,
because of the pressures applied to them, are very narrow, relative roughness can be much above this
value, which can explair the phenomenon of channeling.
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It can be understood that the introcduction of the cubic law into the “confined teeth” mode} did
not make it possible to reproduce by calculation the results of the experiments on percolation undir
stress that were carried out by Gentier, It is nevertheless sti1l possible that a more detailed ena-
Vysis of fracture morphology would lead to the proposal of laws of flow that take into account the
phenomenon of channeling, :

Before leaving this subject, an important observation must be made. It has been seen that above
a certain threshold, the fracture no longer closes up and {ts hydraulic conductivity stops decreasing,
For the fracture studied this threshold was sftuated at about 15 MPa, which corresponds to the 1itho-
static pressure at about 600 m depth. This means that open fractures can be expected down to great

depths {n granites.
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IMPORTANCE OF THE EFFECT OF SHEAR ON THE HYDRODYKALIC BEMAVICUR OF FRACTURLS

The consideraticn of normal stresses alene is not sufficient to account for the variations {n
permeability of these fractured rock media. Fig. 12 gives the results of calculations of flow at
1000 m depth around a geothermal doublet of the "hot dry roci type®. The hydraulic conductivity of
fractures cutfing this medium s in one instance constant, and fn the other varies simply with the
effective normal stress (total pressure minus water pressure), 2ccording to a law of the type :

tf.e = g8.0%,

where kf = hydraulic conductivity
e = aperture
o = normal stress
A lew of this kind, as p%oposed by Gale [9], takes intc account quite satisfactorily the results

of laboratory testg. Calibrated against the results of Cgp:ier it gives the follow{ng valuss for his
two parameters : |

a =-0.9

8 =1.43 x 1078 m?/s

It can be seen on fig. 12 that the equipotential curves caiculated on the assumption that hy-
draulic conductivity varies with the normal stress differ very little from those obtained with cons-
tant conductivity. The calculated varfations cf permeability, which do not exceed a ratio of 2.
appear tu be too low in view of the measurements made {n the Carnmenellis granite in Englend by the
Camborne School of Mines, which showed that locally, permeability can be multiplied by more than 10
at a depth of 2000 m, under the effect of 2 5 MPa overpressure, .

The same tests 21so showed the importance of shear along the fracture planes, {nduced by fnjec-
tion. It may be that this shearing {s the cause of the important observed varfations {n permeability,
aue to the dflatancy that accompanies {t. Fig. 13, taken from Tsangand Witherspoon {10}, i}lustrates
this phenomenon qualftatively. Consfderable experimental work remains to be done to quantify {t, ho-
wever. The morphologfcal analysis of fractures will undoubtedly be of great ut{lity in this respect.
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Fig. 10 - Examples of normal stress-displacement and normal
stress-intrinsic transmissivity relationship for
two samples (1 and 2) taken from the same fracture
in granite. Guérit granite. After [5]

{Intrintic transmissivity : hydraulic conductivity x hydraulic aperture)
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THE EQUIVALENT CONTINUOUS MEDIUM

Consideration of the real fractured medium as an equivalent continuous medium for the purpose

of calculating flow is not new. It raises two problems, that of the very existence of ithe equiva~

lent continuous medium (or of the possibility of defining it) and that of determiring i¢s characte-
ristics. While the second of these problems, by the nature of things, has from the outset. held tre
atteption of researchers, it is only recently that attention has been paid to the first {Feuga [11]).
Definition of the equivalent continuous medium assumes the notion of a physical basis, known
fn this case as the representative volume. The smallest basis allowing the equivalent continuous
wedium to be defined is called the “representative elementary volume®. This must contain a suffi-
ciently large number of fractures for such a formalization to be possible, a requirement that deter-
nines its size, for the size will be greater as the density of fractures fs lower and as the size of

the fractures is smaller (note that these two factors both imply poorer connectivity).
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tut, and th;s hzs not aiways been cleerly.perceivei. there is zlsc an upper limit tc the size
of the representative elementary volume. This results f{rom the nested character of the fracture
structure, for if, in order to contain a sufficiently large number of fractures, the size of the re-
presentative elemantary volume, which is assumed tc contain fractures only of the first structural
order, has to be so large that it includes one or more Sractures of 2 higher struclural order, ft
is nq longer possible to define an equivalent continucus medium.

Cne approach to the noticn of the cquivalent contincous medium {s that developed by Jane Long
(cf. her talk in the present symposfum}. In this approach, the question of the existence of this
redium and of the size of the representative elementary volume s treated 2t the same time as that
of the determinatfon of ts characteristics.

The first attempts to determine the hydraulic characteristics of the equfva]ent continuous we-
dium from the characteristics of the fracture field and of the {ndividual fractures assumed that all
the fractures were of Infinite extension and were therefore perfectly connected to one another {see
for example Bertrand et al, [12]). Howewer, this approach gave calculated permeabilities several
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orders of magnitude greater thin those evaluated from fn-sftu tests. It was first of 211 considercd
whether this considerable difference could be due to overestimaticn of the opening of the fractures
used in the calculation, but it appeared that this was not sufficient to explain all of the observed
diffrrence,

The difference is in fact largely due to limited extension of the fractures, 1t was realised
that it was not enough that a medium should contain fractures, however wide their opening, fer t %o
be permeabie on the large scale ; it is also necessary that they intersact cach other, >nd this oc-
curs the more as the fractures are Tonger and more numercus.

A completely original apprcébh to this preblen of the connectivity of fractures in a2 ffeld wes
made by heterogeneous material ghysicists. Charlaix et al, [13], using considerations lLased c¢a the
thecry of percolation, chowed that it was possible to define a certain threshold of size, sicyly'as
a function of the density and length of fractures, below which the fracture network is not intercon-
nected ; §t §s at best composed of finite permeable rasses that ere not connected to one another,
and its permeability is zero. Above this threshold, however, thz network {s interconrccted and it
beccmes possible to envisage the existence of a continucus radium that is eguivalent toc the network.

This approach does not enable quantification of the permeability of the egquivalent continuous
rediun, but {t does make 1t possible to see very quickly xhether or not a given fracture field can
have large-scale permeabil{ty.

The considerations developed above are based on regarding the fractures as thin slices totally
avaflatle to flow, whereas we have seen that very commonly, and in particular when the fractures are
subjected to Increasing normal stress, flow beccmes concentrated in channels in the plane of the
fracture. This further complicates the problem of interconnectivity, which must be posed in terms

~of the {ntersection not only of portions of planes, but 2lso of conduits within these planes. An

{mportant consideration, dictated by field observations, fs that the fntersectigns of fracturas them
selves very commonly constitute channels of preferential flow. If this were not so, one would come
across very few deep fractured rock masses with large-scale parmeability, since the probability of
channelways anarchically distributed {n space intersecting one another {s extremely small (fig.12).
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Fig. 34 - A, fractured rock block with two sets of fractures
B. Conducting charnels cn set 1
€. Ccnducting charnrnels cn set 2
0. Fractures intersections and {nter-connected channels

The prodlen of the determination of the hydrodynimic characteristics of the equivelent conti-
nuous madiuvm, which is not simpie and is still very far ;}om being solved in a practical manner in
the case where it is assumed that flow occurs throughout the plane of the fracture, is still further
complicated. if chanelling {s taken finto account.

The problem of the varfation of hydredynamic charscteristics under the influencc of variations
of stress {s 21so very poorly recsolvad, to the extent thet the problem of the hydraulic conductivity
of an individual fracture is itself, as we have seen, poerly resolved.

A1l that has been said so far concerns the continuous medium equivalent to a real fractured ce-
dium from the purely hydraulic point of view. 1In so far as smechanical and/or thermal phenomena also
intervene in the problem, it §s also necessary to define the medium equivalent to the real medium
relative to these two aspects. . :

While, as far as temperature is concerned, non-consideration of the presence of fractures still
allows calculations to be made that have been shown by in situ experiments to represent a satisfacto-
ry approximation to reality, as far as the mechanica) aspect of the problem is concerned, the ques-
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tion of the equivalent continuous medium s not on the way to being solved, 1ts complexity being
even greater thzn that of the hydréu1(c domain,

An {mportant observatfon must be made here, which is that researches fnto continuous medfa equi
valent to real fractured media cennot be made independently of one another without the rfsk of {n-
corpabiifties arising, removing any physical sensc from the modellings carrfed out. As an exargple,
the work of Gentfer showed the complexity of the notion of the opening of a fracture ; the models
she established have led to the consideration of three types of opening - geometrical, mechanical

.and hydraulic, Thase three types of opening should clearly be related to a single, quantifizble,

rorphological reality In order to reduce the models to the same basfs so that they can be used in
coupled calculations.

CONCLUSION

This talk in no way pretends to presents a body of doctrine on the hydrcgeclogical modelling of
fractured rock media. This is a field that s in full development, and fn which, althouyh spectacu-
lar progress has been made in recent years, a great deal still remains to be done, as we have attew¢-
ted to show.

Considering the very high cost of is situ tests {n deep fractured medfa, and the difficulty of
characterizing large masses of these media, due to their very low pzrimeability, the author would
tend to favour an aprrcach bzsed on synthetic models ¢f fracture ficids, constructec upon date {fréc-
ture surveys and mzasurements of conductivity of individual fractures) whoce cost of acquisition is
well balow that of data relating to the large-scale hydraulic characterizaticn of rock wisses, Theoe
rccels should of course be validated by in situ tests designed specificelly for this purpose.

In view of the cczplexity of these models, Loth in terms of their generaticn and of their appii-
caticn, their preferred vtilization might be in the determination of the validity of the
notion of equivalent continuous madivm, and determiration of the characteristics of this mediun, on
23 given site.

As far as gractical applications are concerncd, 2t lcast in the field cf redicactive waste re-
positories, w2 shall prolably see the developient of the mixed models rentioned above (scce of vhich
alrcady exist, under the name "double porosity models”™), in which only the large fractures are taloo

individually into account, all th2 smaller fractures being incorporated into an equivalent contirwus
nediun. ’
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Coupled Processes in Single Fracture,
Double Fractures and Fractured Porous Media

Chin-Fu Tsang

Earth Sciences Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT ' .

The emplacement of a nuclear waste repository in a fractured porous medium provides a heat source of
large dimensions over an extended period of time. It also creates a large cavity in the rock mass, changing
significantly the stress field. Such major changes induce various coupled thermohydraulic, hydromechanic
and hydrochemical transport processes in the environment around a nuclear waste repository.

The present paper gives, first, a general overview of the coupled processes involving thermal, mechani-
cal, hvdrological and chemical effects. Then investigations of a number of specific coupled processes are
described in the context of fluid flow and transport in a single fracture, two intersecting fractures and a frac-
tured porous medium near a nuclear waste repository. The results are presented and discussed.

Introduction to Coupled Processes

The assessment of the long-term performance of a nuclear waste repository involves the evaluation of
the travel time and rate of transport of radioactive elements from the repository to the accessible environ-
ment. This evaluation involves understanding the combined eflects of many different processes that may
affect such transport. These combined or coupled processes are initiated or induced by the large perturba-
tions to the rock mass due to the emplacement of a nuclear waste repository. The rock mass is perturbed in
two ways. First, the nuclear waste repository represents a heat source of large dimensions over an extended
period of time. Thermally induced buoyancy and rock expansion effects do not depend directly on the value
of temperature rise, but on the integrated heat input into the system. Thus, a relatively low temperature
rise over 2 Jarge volume 2nd a lorg period of time could cause major busyaney eflects. Second, the reposi-
tory represents a large cavity constructed out of the rock mass, changing significantly the original stress dis-
tribution.

The coupled processes induced by these drastic changes involve mainly four different effects, namely,
thermal (T), hydrological (H), mechanical (M) and chemical (C). Among these four, there can be only 11
(i.e., 2‘—5) types of couplings of various levels of importance. These are listed in Table I, which also indi-
cates one example for each of these ccuplings. It may be useful to draw definite distinctions between
diflerent degrees of coupling in order to clarify what we mean by coupled processes. Table 1I displays
schematically several possible connections between processes. The fully uncoupled processes conceptually
have negligible influence or effect on one another, so that they can be evaluated independently. The sequen-
tial case implies that one process depends on the final state of another so that the order in which they are
evaluated becomes important.

The one-way coupled processes demonstrate a continuing effect of one or more processes on the others,
so that their mutual influences change over time. The two-way coupling (or feedback coupling) reveals a
continuing reciprocal interaction among different processes, and represents in general the most complex form
of coupling. In this study, the term coupled processes refers to either the one-way or the two (or more) way
couplings among the physical processes considered.

In many studies for the performance assessment of 2 nuclear waste repository, some of these coupled
processes, such as buoyaney flow in a porous medium, have been addressed. However the value of consider-
ing these coupled processes in an overall way as suggested by Tsang (1980, 1985) and Tsang and coworkers
(1982} lies in the compreliensiveness in the consideration of all possible /ccupled processes that may occur.
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Table I

Types of Coupled Processes
(T = Thermsal, M = Mechanical, H = Hydrological, C == Chemical;
single line indicates weak coupling, double line, strong coupling)

Type Examples
T=C ’ " e.g. phase changes
T=H e.g. buoyancy flow -
T=M ¢.g. thermally induced fractures
H=C ) e.g. solution and precipitation
H=M e.g. hydraulic fracturing
cC—M e.g. stress corrosion
T e.g. chemical reactions and transport
A in hydrothermal systems
C H
T ¢.g. thermomechanical effects with
A change of mechanical strengths due to
M C thermochemical transformation
T e.g. thermally induced bydromechanical
f&E behavior of fractured rocks
)3 H
M : e.g. hydromechanical effccts in fractures
that may influence chemical transport
Ay
T e==H e.g. chemical reactions and transport in
|% fractures under thermal aud hydraulic
M C loading

Thus one hopes that all significant coupled processes will be properly evaluated in the performance assess-
ment. The safety of a nuclear waste repository presents a problem of unusual requirements to the scientific
and engineering communities. Oge is required to make predictions thousands of years into the future and
one is also required to predict not just the mean arrival time of radionuclides which may have escaped from
the repository, but also the early arrival times at low concentrations. With these extraordinary requirements,
coupled processes that may usually be neglected may become of significance. In a panel report devoted to
this discussion (LBL, 1984), a few of the often ignored coupled processes were pointed out. Onre example is
the piping eflect, i.e., the formation of fluid flow tubes due to pressure induced chemical dissolution and cther
processes. Such an effect is known in the fields of mining and soil mechanics, but is not much addressed in
the nuclear waste storage problem. Another example is the osmotic effects (thermal osmosis and chemical
osmosis), which may have significant control of radionuclide transport through clay backfill materials, thus
having important impact on the source term for the geosphere transport modeling. A recent international
symposium (LBL, 1985) surveyed many of the coupled processes and discussed their significance. Many of
the papers in this symposium have been updated and will be a good source of information on this subject
(Tsang, 1687).
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Table II

Diagrams of Uncouplea and Coupled Processes
(T = Thermal, M = Mechanijca), H = Hydrological, C == Chemical)

Uncoupled Proccsases

M o c

Fully Uncoupled T
Sequential, e.g. T —— M—» ' H——» C—

Coupled Processes

T M H C
—_— — —_—
One-way Coupling, e.g. .
—_— — —_—
T C H M
Two-way Coupling, e.g. > —_— -
{Feedback Coupling) y ‘ -
—_— _ —_—

The present paper will describe results of investigations by the group at Berkeley on a number of cou-
pled processes for the case of a single fracture, two intersecting fractures and fractured perous media. The
topics are:

(1) Tracer transport in'a single fracture under stress, based on the channel model.
(2) Hydrothermal buoyancy flow in two intersecting fractures.
(3) Modeling of non-isothermal hydrofracturing of a porous reservoir.,

{4) Thermohydromechanical process in a fractured porous medium around a heat source.
Aflter the discussion of these results, a few brief conclusions and comnments will conclude the paper.

Solute Transport in a Single Fracture Under Stress Based on the Channel Model

In this first example, we shall consider the transport of chemical solute through a water-saturated single
fracture under mechanical stress (Tsang and Tsang, 1986). The flow through cach fracture is most com-
monly treated as the flow through a pair of smooth paraliel plates separuted by a constant aperture, and thus
the fluid flowrate varies as the cube of the constant separation. However, @ real fracture in-rock masses has
rough-walled surfaces, and, unlike parallel plates, portions of the frasture may be blocked by filling material
or closcd when subjected to normal stress. As a matter of fact,’it is the blockages or contacts between upper
and lewer surfaces of a fracture that provide a correlation between normal mechanica! stress variations and
the fluid flow that is controlled by fracture aperture closure {Tsang and Witherspoou, 1981, 1983).



[

Coupled Processes Chin-Fu Tsang

Table I

=

-

.

[

[~

Dizgrams of Uncoupled and Coupled Processes
(T = Thermal, M = Mechanical, H = Hydrological, C = Chemical)

Uncoupled Processes

Fully Uncoupled T M H C
Sequential, e.g. T —» M——s» ° H—>» C—
Coupled Processes
T M H C
—_— —_— —_—
One-way Coupling, e.g.
s a—— —
T C H M
Two-way Coupling, e.g. y - ’ — ’
(Feedback Coupling) .
— —_— _—

The present paper will describe results of investigations by the group at Berkeley on a number of cou-
pled processes for the case of a single fracture, two intersceting fractures and fractured porous media. The

topics are:

(1) Tracer transport in a single fracture under stress, based on the channel model.

(2) Hydrotherma! buoyancy flow in two intersecting fractures.

(3) Modeling of non-isothermal hydrofracturing of a porous reservoir.

(4) Thermohydromechanical process in a fractured porous medium around a heat source.

A

-

After the discussion of these results, a few brief conclusions and comments will conclude the paper.

Solute Transport in a Single Fracture Under Stress Based on the Channel Model

In this first example, we shall consider the transport of chemical solute through a water-saturated single
fracturc under mechanical stress (Tsang and’ Tsang, 1986). The flow through cach fracture is most com-
monly treated as the flow through a pair of smooth parallel plates separated Ly a constant aperture, and thas
the fluid flowrate varies as the cube of the constant separation. However, a real fracture in rock masses has
rough-walled surfaces, and, unlike parallel plates, portions of the fracture may be blocked by filling material
or closed when subjected to norinal stress. As a matter of fact, it is the blockages or contacts between upper
and lower surfaces of a fracture that privide a correlation between normal mechanical stress variations and
the fluid flow that is controlled Ly fracture aperture closure (Tsang and Witherspoon, 1981, 1983).
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Theoretical studies (Tsang, 1984) have shown that only at low applied stress, when fracture is essentially
open, does the parallel-plate idealization of a rock fracture adequately describe fluid flow. Because of the
contact areas between fracture surfaces and constrictions of the fracture subject to stress, flow through z sin-
gle fracture takes place in a few channels which are tortuous, have variable apertures along their lengths, and
which may or may not intersect each other.

Evidence that flow takes place in channels also occurs in field and laboratory experiments. In the field
experiments of solute migration in single fractures in the Stripa mine, Sweden (Abelin et al., 1985; Neret-
nieks, 1085), the observation that the amount and time of tracer returns at two near-by sampling points were
very different, and that many of the neighboring collection holes registered no tracer {(non-sorbing) return at
all lends support to the channel nature of fluid flow within a single fracture.

The laboratory experiments of Pyrak et al., (1985) and the ficld experiment carried out in a single frac-
ture in Cornwell (Bourke et al., 1985; P.J. Bourke, personal communication, 1986) also demonstrated that
flow in a single fracture took place in a limited number of channels.

On the basis of theoretical and experimental observations referred to above, we have studied fluid flow
and solute transport in a tight fractured medium in terms of flow through a limited number of tortuous and
intersecting channels. These channels have variable apertures, b, along their lengths. Figure la shows
schematically the channeling eflecct in a single fracture. Each chaunnel in Figure 1a is repiesented schemati-
cally in Figure 1b. 1t is defined by the aperture density distribution n(b) along its length. The channel
width is assumed 12 be constant, of the same order as the correlation length, X, since, by definition, the corre-
lation length is the spatial range within which the zpertures have similar values. The channel length does
not equal the linear length between two points, but is not expected Lo vary more than a factor of two to
three from the actuzl linear length. For a given aperture density distribution and corrclation length,
different realizations of statistically equivalent channels may be generated (Tsang and Tsang, 1986) using
geostatistical methods.

» L

X8L ES3-15T10A

Figure 1. (a) Schematic diagram of the channel representation of fluid flow in a single fracture.
(b) Schematic sketch for one chanpel.
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When a pressure difference is applied between two ends of a single fracture, flow takes place along a
number, M, of these channels in the fracture plane. If we assume that a step function input of chemical
solute (iracer) at constant concentration be injected at the high pressure end, we can calculate the tracer con-
centration breakthrough curves at the exit end. Figures 2a through 2d show the tracer concentration Lrezk-
through curves as a function of time for M = 32, 16, 11 and 8, respectively. We note a rather steep rise in
the concentration curves in the early times, then some “‘stair-step” structure due to the finite delay for the
solute carried in the next channe] to breakthrough. The early arrivals correspond to flow in fast channels,
those with few very small aperture constrictions. The stecp rise therefore indicates that a large proportion of
the total flow is in fast channels. In Figures 32 through 3d we reproduce the breakthrough curves from
laboratory experiments (Moreno, et al, 1985) performed on a single fracture in a 18.5 cm core. Careful
examination of Figures 2 and 3 indicates that the prominent featurcs in the theoretical curve based on the
channel mode] are also evident in the observed curves. These features (such as the steep rise in tracer returns
and the stair-step structures) are not found in the conventional advection-dispersion curves. We are aware of
the fact that there are data measurement errors in the laboratory breakthrough data, hence railsing a ques-
tion made over the claim that the stair-ste; structure in the experimental breakthrough curve arises from the
channel nature of the flow. Discussions with Eriksen {private communication, 1986) who performeé the
experiments as shown in Figure 3 about the precision of the measurements led us to believe that the stair-

_'- . step struclures are not merely data scatter.
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i Figure 2. (2) - (d) Theoretical tracer concentration breakthrough curves for a set of M channels with
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Figure 3. (a) - (d) Tracer concentration breakthrough data from laboratory mcasurcments on z single

fracture in a granitic core 18.5 em in height and 10 em in diameter (Moreno et al., 1983). The
four curves correspond to different runs involving differcnt injection flowrates and different
tracers (NaLS or I).

When the normal stress across a fracture is increased, the reduction in channel apertures affects the
tracer breakthrough curves. One may start with the experimental concentration breakthrough data such as
in Figure 2~ o~ Snterpret them in terms of our conceptual channel model. Making the assumption that all
the apertures in the fracture are reduced by 6% due to the mechanical stress, a new tracer breakthrough
curve may be derived (Fig. 4). This figure indicates thal even with a small change in the mean fracture aper-
ture (6% reduction), 2 large change in the breakthrough curve resulted. The reason is that the small change
aflects significantly the constricted part of the channcls, which controls the flow rates. Thus the signature of
channeling in fracture is in the stair-step structure of the breakthrough curves and their scnsitivity to stress
applied across the fracture. These suggested possible coupled hydromechanical laboratory experiments which
may be performed in order to further investigate the channel nature of fluid flow in fractures. Note that
these hydromechanical eflects would not be expected if flow through fractures were approximated by flow
between smooth parallel plates.

Buoyancy Flow i in a Two-Fracture Model

The coupling of heat and fluid flow in porous media around a nuclear waste repository is studied b\ a
number of authers. We made 2 study of such a coupled process in two intersecting fractures. These two
fractures may be either one horizontal and one vertical (Wang ¢t al., 1980; Wang et al., 1979} or both verti-
cal (Wang and Tsang, 1950). Rccent buoyancy flow studies (Tsang and Pruess, 1986: Pruess. et al., 1983)
also considered two-phase flow in a highly fractured porous medium, in which water vapor and air may also
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Figure 4. Predicted tracer concentration breakthrough curves for flow through a single fracture subject

to normal stress, based or the laboratory data shown in Figure 3c.

be present. In this case, for example, water may evaporate into vapor near heat source at the repository and
condense as the vapor moves vp away from it. For our present illustration of coupled buoyancy flow we shall
present the simple case of single phase flow in a system of one horizontal and one vertical fracture.

It is well known that variations in the temperature of the rock mass cause changes in the density and
viscosity of water in the rock fracture system and induce buoyant flows. The permeability of many crystal-
line and argillaceous rocks arises mainly from the hydraulic conductivity of fractures. The concern on frac-
ture flow is related to the important question of the possibility of weste components being carried by the
fracture water from the repository to the surface. The model used is comprised of a horizontal fracture at
the depth of repository connecting a recharge zone to the repository, which is also connected to a discharge
zone in the opposite direction, and the horizontal fracture is intercepted by a vertical fracture from the
center of the repository to the surface as shown in Figure 5. Before the repository is loaded and the rock
mass subjected to changes in temperature, it is assumed that the original groundwater flow is horizontal from
recharge zone to discharge zone. As the rock temperature increases, the water initially at the depth of the
repository will move upward in the vertical fracture by buoyancy forces.

The repository is assumed to have a radius, R, of 1500 m and is positionced at D = 500 m or 1000 m
below the land surface. The temperature rise is calculated by a heat conduction model assuming an instant
emplacement of nuclear waste with a heat output density of 10 \\’/mg. The heat power output variations
with time are assumed to be given by P(t} o ]O(t/Lo)_"’/4 This corresponds approximately to the power out-
put curve for spent fucl (Wang et 2l., 1979). The thermal diffusivity for the rock formation (granite) is
assumed to be 15 x 107° m?/scc and the thermal conductivity is 2.5 W/m/*C. The recharge and discharge
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zones are assumed to be far away from the repository and maintained at normal hydrostatic prescure and
ambient temperature. Before the emplacement of wastes, an ambient temperature field of 20°C at ground
surface and a normal geothermal gradient of 30°C/km is assumed. The buoyaney force is proportional to
the density contrast between the heated water in the vertical fracture and the cooled water in the recharge
and discharge zones. In Figure 6, the upward movement of water initially at the depth of the repository is
plotted as a function of time. The resulls in two cases, one with the repository at a depth of 500 m and the
other at a depth of 1000 m are compared. There is little difftrence due to the change in depth. Essentially,
the flow of water as a result of buoyancy depends upon the average temperature of the water throughout the
length of the vertica! fracture. The more important factor zffecting the buoyant flow of groundwater is the
ratio between the distance L from repository to the recharge zone and the depth D of the repository. For the
particular case illustrated in Figure 6, the repository is assumed to be located a distance, L. = 5000 m, mid-
way between the recharge and distance zone. The vertical and horizontal fractures are assume to have the
same aperture b, = by = 1um. ’

In addition to the temperature change and hydrologic connecting distances L and D, the buoyant flow
depends sensitively on the apertures and permeabilitics of the fractures. For a fracture with aperture b, the
permeability k = b"‘/l? for Jaminar fracture flow (Lamb, 1932; Witherspoon et al., 1980) is assumed in the
calculation. If the horizontal fracture representing the recharge path from the surrounding formation has &
given finite aperture, the dependence of the buoyant flow on the vertical aperture is of great interest. In Iig-
ure 7, the results of a constant horizontal aperture b, =1pum and with a range of vertical apertures
b, =10 prm, 1 pm and 0.1 um are shown. The movement of the groundwater in the vertical fracture is
significantly slower both for the case of b, = 10 by and of b, = 0.1 b, than with b, = b,. For nonzero distance

L and a finite Lorizontal aperture b,, the buoyant flow does not become infinite as the vertical fracture zper-
ture b, increases. On the contrary, the buoyancy flow decreases as b, increases. This can be easily explained
by the fact that a large vertical fracture with large storage capacity reduces fluid flow velocity. Thus, the
buoyant flow in the vertical fracture is controlled by the finite recharge capacity through the horizontal frac-
ture.

Although the thermohydrological model used for the analysis above is very simple, it possesses the same
physical behavior as that of the more complex repository systems. Accordingiy, it should provide a good
insight into the dynamics of the thermally-induced groundwater flow, and illustrate the sensitivity of this
flow to various parameters. The actual numerical resulls should be considered as no more than an order of
magnitude estimation. It must be pointed out also that the transport of nuclides does not take place at the
same rate as that of the groundwater. Nuclide transport is retarded in a certain degree by various plkysical
and chemical processes, such as sorption.
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Figure 5. Two-fracture model for simulating buoyant flow.
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Figure C.
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Effects of repository depths on the water movement along the vertical fracture.
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Non-isothermal Hydrofracturing of a Porous Medium

In this example of coupled process, we consider fluid injection into a fracture embedded in a permeable
porous medium (Noorishad and Tsang, 1987). In general, the deformation of fractured rocks in response to
fluid pressurization (e.g., by Nuid injection) is 2 well-known phenomenon. Repressurization of hydraulically
induced fraclures in hydrofracturing experiments is commonly used to obtain better estimates of in situ
stresses. In this procedure the compressive stress in the fracture is neutralized by the pressure of the injected
fluid, resulting in an increase in fracture aperturc. The deformation process, both in the rock as a whole and
in the fracture specifically, is a coupled phenomenon. Thus far, realistic simulation of fluid irjection has not
been possible because of the lack of data and the complexity of analysis. These limitations are even greater if
one considers nonisothermal injection, which is used in hot-dry-rock experiments or cold-water flooding of il
reservoirs. Cold-water flooding entails a triply coupled thermohydromechanical (THM) process among the
flow of heat, the flow of fluid, and the host medium deformability. Theoretical developments of Nowacki
(1962) and other observations (e.g., ‘Stephens and Voight, 1982) have pointed to the important role of ther-
mal <t-ess in the process of fracture deformation. Even though the scarcity of data and complexity of the
processes prevent the realistic simulation of THM phenomena, the availability of numerical procedures
{Noorishad et al., 1984) does allow a scoping analysis of some observations to be made. This calculation is
intended to explain the observations made for the case of cold-water flooding of 2n oil reservoir.

Field equations of THM phenomena, the general setup of 2 THM initial boundary value problem, and a
numerical solution spproach are given in Noorishad et al. (1984). That work also provides a basis for an

understanding of the role of the thermal stresses in the THM phenomena through inspection of the stress-

strain relationships. To investigate the role of thermal stresses in circumstances where transport of energy is
enhanced by fluid flow, as well as in conjunction with the mechanical aspect of the flow of fluids, numecrical
techniques such as the code ROCMAS (Noorishad et al., 1984) must be used.

The numerical simulation in this work is based on semi-quantitative data on cold-water flooding experi-
ments provided by an oil company. In these experiments, it was noticed that hydrofracturing andfor reopen-
ing of existing fractures in the warm reservoir consistently took place at pressure gradients that were about
1.5x 1073 MPa/m less than the expected values. For a reservoir at a depth of abcut 3000 m, the above
reduction in gradient implies a shut-in pressure reduction of about 5 MPa. Using the code ROCMAS we con-
structed a hypothetical two-dimensional (x-y) model of the reservoir to study this problem. Figure 8 shows a
sketch of the geometry and the initial and boundary data. In the field experiments, water is injected at con-
stant rates until well pressure stabilizes; the rate is then increased by a constant amount, and the procedure
continues for a period of a day or more, during which one or two hydrofacturing cpisodes is observed. A
realistic simulation of the experiment is not possible; instead we seek a crude approximation. We do this by
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Figure 8. Schematic geometry of the non-isotherm:«.l.fracluring model and initial and boundary condi-
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obtaining a THM response of the mode! though a series of steady-state HM calculations that use the results
of a coupled transient thermal analysis. The approximation is justified because of the large difference
between the time constants for fluid flow and heat flow. The fracture in the model is regarded to Le closed
initially (with aperture 1077 m). Pressurization of the reservoir opens the fracture clastically against sus-
tained compressive stresses. This increase in the aperture allows further penetration of the pressure front
until the fracture goes into a tension state and hydrofracturing takes place. In the simulations, the
occurrence of hydrofracturing is marked by instability of the system in the numerical solution. The presence
of thermal stresses accelerates this phenomenon. Tigure 9 show the resulls of an isothermal (HM) calculation
and nonisotherma! (THM) calculation of the model. As can be observed in the figure, the system become
unstable at an injection pressure close to one order of magnitude less than that of isothermal injection caleu-
lations. Figure 10 depicts the advancement of the thermal front in the fracture, and Figure 11 displays the
calculated TH and TIDM pressure distributions in the fracture as they separate from cach other with the
advancement of time. .

Thermohydromechanical Process in a Fractured Porous Medium Around a Heat Source

In this last example, we present the results, based on the numerical code ROCMAS used for the problem
in the last section, of thermchydromechanicel behavier of a fractured porous medivm zround a nuclear waste
canister liole (Noorishad et al., 1984). The nuclear waste canister is represented by a 5-kW heater located at
a depth of 350 m in granite. A horizontal fracture is assumed to lie 3 m below the hLeater mid-plane and to
extend from the heater borehole to a hydrostatic boundary atl a radial distance of 20 m from tle borehole.
The propertics of rock and fractures are given in Noorishad et al. (1984) and the two-dimensional axisym-
metric (r,z) finite-clement grid is shown in Figure 12. The heater drift, approximated by cylinderical hatched
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area, is simulated by assigning a very low value of Young's modulus to the elements. Before the heater raises
the temperature of a Jarge volume of rock, the flow from the hydrostatic outer boundary to the atmospheric
(“zero” hydraulic pressure} borehole is high. Later in time, with the heated rock above the fracture expand-
ing and the fracture aperture near the heater borehole closing, the flow decreases sharply, as shown in Figure
13. The evolution of the fracture aperture profile, together with the variations of the pressure and tempera-
turc distributions, are shown in Figure 14. As may be secn in the pressure-distance graph of this figure,
before the tapping of the fracture at 0-day, full hydrostatic pressure prevails in the fracture. This pressure
diminishes rapidly at 0.25-day before a major development of the thermal front. However, as thermal

- stresses are established, the fracture starts closing. As a result the pressure inside the fracture starts rising,

thus leading to the establishment of full pressure in the fracture at 14-day, similar to the situation at 0-day.
These results may provide a better understanding of some of the observations made in the-in situ heater
experiments in the Stripa granite. The delayed responses of the extensometers in these experiments (Wither-
spoon et al., 1981) may be explained by the closing of the fracture. ‘Similarly, gradual stoppage of the water
inflow into the heater borchole (Nelson et al., 1981) can be explained by the same phenomena.

The above example indicates & case (“one-way coupling,” Table I} where thermo-hydro-mechanical
changes take place in the ficld near a heat source. Such changes are hard to calculate if one considers the
three phenomena T, H, M independently.

Overburden 8.74 MPa
TR rya\ IR B N S O R R I O e
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&
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Figure 12.  Finite-element model of an heat source environment.
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CONCLUDING COMMENTS

The performance assessment of a nuclear waste geologic repository requires a capability to make predie-
tions of transport of low concentrations of radionuclides in the geologic formation for thousands of vears.
This represents a major challenge. The consideration of coupled processes provides a convenient framework
to survey and address major elements that need to be evaluated or modclled in order to perform 2 proper
safety assessment. Such a consideration has opened up new areas of rescarch, such as combined effects of
heat transfer, fluid pressure and mechanical stress-displacements in fractured rock masses. Chemical dissolu-
tion and precipitation accompanied with temperature gradients and steam-water flows are also new areas of
rescarch currently underway. '

The present paper attempts to introduce the coupled processes framework, to describe four examples of
specific coupled processes in fractured media and to provide references for further study.
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Dr. Devraj Sharma

Principia Mathematica Inc.
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Evergreen, Colorado 80439
U. S. A.

The primary object of this paper is to present salient features
of a mathematical model designed to predict f£luid motions, and concomitant
transport of heat ans mass, within variably-saturated porous media. Import-
ant features of modelling, which are often obscured in the literature, are
discussed. Their relevance to the disposal of high level radicactive waste
in underground repositories is also discussed. Special importance is given
in this paper to mathematical formulation of problems and to the design of
numerical solution algorithms.

1.0 INTRODUCTION

‘"The primary purpose of this paper is to feocus the reader's attention

on features of formulation, mathematical representation and numerical
solution of problems wvhich involve fluid motions in porous media. Features
associated with the transport of heat, and of mass, as a result of such
motions are also presented. Descriptions are provided with special
reference to hydrogeoclogical problems concerning repositories for high
level nuclear waste (HLW). Despite the attention this subject has received
in recent years, and the burgeoning number of publications which purpert to
describe 'complete' prediction procedures or models, several important
features remain curiously obscure. It is the author's intention in this

paper to bring such features to the limelight.

The contents of this paper necessarily cover the mechanisms of fluid
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flow in porous media and the concomitant transport of mass, of dissolved
chemical species, and of thermal energy. The latter are introduced,
vherever appropriate, to demonstrate the inextricable linkage between the
mechanisms. That such linkages reguire careful attention, in each cf the
problem features referred to above, is emphasized in this paper. The
importance of unifications in mathematical representations, terminology and
symbolism wused, in devising of numerical éolution algorithms and in
computer program development are discussed. It is not the purpose of this
paper to distract attention with 1long drawn out discussions of the
limitations imposed by simplifications adopted in problem representetions.
Neither do approximations which may be made in imposing boundary conditions
or in comparisons of a particular numerical method employed with cthers ’
reported in the literature to solve ostensibly similar problems receive

attention.

Laét, but by no means least, the reader's attention is drawn to the
implications of the computing system employed on the numerical solution
algorithms adopted to solve fluid dynamical problems. Such implications ard

their relationship to computing coding practices are described.

2.0 MECHANISMS CONSIDERED

The mechanisms considered in this paper are: dynamics of fluid flows
in variably saturated porous media; and, the conccmitant transport of mass
and heat. The media considered are heterogeneous and anisotropic rock which
do not contain large amounts of dissolvable material; hence salt formations
are excluded from consideration here, although application or the technique
is reported elsewhere (Sharma et al., 1980). Within the media considered, a
variety of man-made features associated with a host of possible repositery
designs may be present. Although the host medium will, in general, be
variably saturated with water and contain complex fracture systems. The
latter are also excluded from explicit consideration in this paper. Such
features have received increasing attention in recent vears (see for

example, -Huyaknrn et al,, 1983); in fact, elaborate treatment of such

Modelling in High Level Radiocactive Waste Disposal. Dr. Devraj Sharma
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features are expected to be presented at the same workshop where this paper
will be presented. The transport of mass and heat may be the result of
either natural or man-made events; thus, water entry accidents into a HLW
repository which cause the transport of radionuclides into the geosphere
réceive the same attention as thermal recirculatory motions of ground water
due to temperature changes brought about by thermal energy releases from
the repository. All such mechanisms are 1inied, and, under certain
circumstances the linkage involves mathematical coupling; a feature which

receives special attention in this paper.

The mechanisms of fluid motions, and those associated transport of
mass and heat, which may be associated with a HLW repository necessarily
occupy three dimensional space, and are strong functions of time. It is
therefore quite important to represent such mechanisms, in scale ané irn
magnitude,> in adequate mathematical fashion. The test of adequacy 1is
naturally associated with the particular solution algorithm devised to
solve the representation, its verificution and calibration to site

conditions. These topics receive attention in the following sections.

3.0 MATHEMATICAL REPRESENTATIONS

" In the following discussions, ‘proklem dimensionality will not be
invoked as a restrictive assumption. Three dimensional space is consicdered
and, in order to aveoid distractions, a cartesian cocrdinate system is
adopted with tensor notation for illustrative purposes. Within this
framework, mathematical representations of the problem consist of applying
four conservation principles. These are: conservation of fluid mass;
conservation of fluid momentum; conservation of fluid thermal energy; and

conservation of mass of conserved chemical species dissolved in the fluid.

The emphasis on fluid mass and not, as convention would dictaze, fluid
volume is deliberate; the implication is that variations in fluid density,

whatever the root causes, are important to consider. The principle of fluic

mass conservation for a variably-saturated porous medium is represented in
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the general form noted below. This form includes man-made features as well

as natural changes of fluid mass within an elemental contreol volume.
C? d? « W ’
T.{p’nSqJ + ——7/‘07757‘(/‘.} = m . ()
at [z

where the symbols employed are described in the nomenclature liét. It is

[~

[

nonetheless important to note that £ denotes variable fluid density, 72 the

[ .

porosity of the host medium, S; the local degree of saturation of this
medium with the fluid considered, CG-the local fluid particle velocity

O 4 .
vector and 777 the man-made sources and/or sinks of mass. The changes to

A7

{ fluid mass within a control volume encompassing the variably saturated

porous medium thus may be wrought by chénges to fluid density, to porosity

[~

and to the state of saturation. It is the changes to fluid density which,

under the guise of the so-called Boussinesqg approximation, is often

neglected. Furthermore, account of changes to the degree of saturation is

[

fraught with difficulties in obtaining solutions and requires special
atterntion. Finally, account of man-made influences should consider the

features of repository design such as shafts, galleries, methods devised

for isolation sections of the repository, progressive character of reposi-

tory construction, etc. Since most such features violate primary assump-

tions concerning the behaviour of fluids within porous media, special
attention is necessary to accommodate them. In such cases, fluid inertia or

momentum forces, and conseguently, fluid turbulence may no longer be

ignored.

— X generalized form of the Darcy formulation made be adeguately adopteé
to represent, in abbreviated form, the changes to fluid motions within the
variably saturated porous medium. Much discussion is made in recent litera-
ture of the adequacy of such a representation; little satisfactory evidence

is reported to rationally justify departures from it. For purposes of

applications to problems associated with HLW repositories, the following

representation is adopted:

3
b

[

ﬁ[f cib + 1253 529J/

ns u = - PK, — 7 -—

. (2)

-
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where the additional paramecters introduced are: /(+ which denotes relative
permeability, k(f the intrinsic permeability of the formation, A/ the
fluid viscosity, /b the static pressure of the fluid, & the local
acceleration due to gravitational forces and 2} the true direction of
gravitational acceleration. The composite Darcy velocity is the product of
the three variables on the left hand side of equation (2); this will be

referred to as the generalized Darcy velocity.

It should be noted at this stage that eguaticn (2) may be considered

to be an abbreviation of _the general princivle of £luid momentum

conservation. Such a principle, i.e. the set of Navier Stokes equations
representing turbulent fluid motions, needs to be invoked when fluid
motions within shafts, galleries and chambers of a HLW repository are to be
represented. Just such a principle may be implemented by noting that the
following élgebraic adjustment may be simply made in such cases:
» — éﬁ?
b, - feyf - ek (P gl
. J J
where the terms possessing an asterisk superscript denote ﬁnertial and
diffusive influences of fluid momentum. Such implementations have been

successfully applied in a number of cases (Sharma et al., 1978}.

" The combination of eguations (1) ané (2), or (2a), gives rise to the
so-called fluid pressure eguation; it is convenient to express this
equation in terms of three normalized parameter groups. The convenience
stems both from conceptual understanding of the coupling mechanisms as well
as improvements to computational efficiency. The normalized groups are

defined as follows. First of all, fluid pressure head is defined as:

[ = Y . (3
89
Next, dimensionless forms of fluid viscosity and density, i.e. specific
gravity, are defined as: '

M o= Ho , (4a)
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B 4

A Y. (4b)
£

In the definitions presented above, fluid property variahles employed with

]

a subscript "o" dcnote values evaluated at a reference, i.e. known,
thermodynamic state. It may be recognized even at this stage that
significant computatioqal advantages accrue from the use of dimensionless
variahles instead of their primitive forms. Such’uses are considered part
of the general concept of unification of the manner with which governing
equations are expressed. In keeping with this same concept, the general
definition of hydraulic conductivity is expressedé in terms of the reference

state fluid as:

.. ﬂoj_ _
¢ Ho

Employing the above stated definitions in combining equations (1) and (2},

n

(5}

or {2a), yields the so-called fluid pressure eguation. First however, the
time dependent term of equation (1) is recast (see Sharma, 1982) into a

physically correct and computational efficient form thus:

d g J
ﬁfpﬂ&,f = 51,/77—&?- o+ Pd;

054 0”@ o7
7 Sarm*'/

where, it may be observed that the dependence of fluid density upon other

. (6]

significant variables is taken into account. The first two terms may be
groupea together in the conventional manner as follows:

00 d b
wfnf o eEIR - slmweeomdE

» (7)

with the additional definitions:

s = Ofnpe + (1-7)af

/6’77'8__5_{ ;
- gp T -2

. (8)

o

n



S e S I S G R R

[-"M.

—

Hydrogeological Modelling of High‘Level Radiocactive Waste Disposal. Devraj Sharma

The third term represents the central cause of difficulties experienced in
obtaining numerical solutions (see Sharma, 1981) and is, for the moment,
left unaltered. The fourth term, which denotes the rate of change in fluid
density with time, takes account of the dependence of density upon scalar
properties such as temperature and concentration of dissolved chemical
species. These terms constitute one component of linkage, and hence of
mathematical coupling,” between the equations of fluid motion and of scalar

property transport in porous media.

The general form of the fluid pressure, or flow, equation is thence

derived, after dividing throughout by reference fluid density,

0 , as:
¢9¢ _ ét@
RS,S, o8 = {RK K M/é’x, . ]f
. 7_)-7”’ as* ' BR 57' . {10)
+ -?)0— - Rn ﬁt - ﬂ5f a dt f

Note that the general definitions presented previously have been employed
in this derivation and that two of the time dependent terms have been
grouped into the right hand side of equation (10). Furthermore, explicit
algebraic relationships must be found to represent relative saturation and
relative permeability as functions of fluid pressure. Such expressions have
beeﬂ reported elsewhere (Sharma et él., 1981) and are not repeated here.
These actions are not merely accidents but the result of much research in
chtaining ghysically plauvzible and accurate numerical solutions to the
equation under strongly coupled conditions. Furthermore, simpler or more
convenient forms of the governing egquation may be obtained under the

constraints of appropriate approximations.

The general form of the transport equation for thermal energy in
variably saturated porous media may be expressed (see Sharma and Pralong,
1982 for details) as:

%-_{Rn‘sf &GTh e ?i;/@né; Y. C,7f
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,(11)

where, additional variables such as specific heats and effective thermal
conductivity have been introduced. The corresponding transport egquation for

concentration of dissolved chemical species " " is expressed (see Sharma,

1982) as: CT
{Rn m )+ //es(/ nm.f + d//?nSUmgf
, (12}

= é) /7’75 iz;ng:[f + -—;2—777/’;

where, to complete the formulation for a liguid phase, the storage of suckh
concentrgtions in the immobilized or solid phase is introduced. lNote that
each of the terms is expressed in mass rather than in volume units for it
i§ the former which is conserved. Furthermore, the source/sink term ‘is
intended to represent both reactive contributions such as those caused by
radicactive decay as well as man-made contributions. The concentration of

the same chemical species in the immobilized phase is expressed through the

general relation:
G

™, = ¢ <+ C,m ,(13)
which in turn may be expressed according to particular convenience as any
one of the linear, Fruendlich, Langmuir or other ‘isctherms' (Sharma et
al., 1981). Each such expression of equilibrium between phases, or time
dependent expressions as in the case of kinetically controlled phase
transformations of the chemical species, requires caution in the manner cf
its expression and hence of solution. For further discussions in this
paper, the commonly employed lirear isotherm will be presumed to be
satisfactory. Finally, the effective dispersion coefficient introduced in

equation (12) is expressed, according to convention (Bear, 1979}, as:

m . £4~L§
Wy o= & JUTE o+ (F =)o 1)
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The object of a numerical solution algorithm is thus to seek efficient and

accurate solutions to the primary equations (10), (11), (12) ané (13) under

appropriate initial and boundary conditions. Before proceeding to describe

just such an algorithm, the important features of present mathematical

representations are summarized as follows.

(a)

{b)

(c)

(Q)

(e)

Mass, rather volume, conservation principles’ have been employed. This
implies that the significant influences of fluid density changes have

been correctly represented.

Fluid density changes resulting from temperature and concentration
variations are accounted for in the fluid flow equation. Such account
is referred to as mathgmatical coupling and regquires simultaneous
knowledge of the thermodynamic state of the fluid, i.e. the values of

fluid temperature and chemical species concentrations within it.

Rate of changes to fluid density, and state of saturation, with time

are expressed in an unconventional manner by direct transposition to

. the right hand side as unknown terms to be evaluated iteratively. In

order to evaluate such expressions, additional relaticnships
connecting fluid density to temperature and concentrations as well as

degree of saturation to fluid pressure are required.

The némenclature ana representation of the governing equations of flow
and scalar property transport are unified. Advantage is taken of the
essential similarity between mechanisms to obtain similar expressions.
Such similarity in expression possesses advantages both in deriving
the numerical solution algorithm and in operational efficiency of the
computer program which embodies it.

In order to derive the discretized forms of the governing equations in
a manner which is suitable for efficient solution, the equations are
subjected to a transformation. In this transformation, each dependent
variable is expressed as being composed of a ‘'gquessed' or estimated

vGIUS &ad a curtection' valve, thus:
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+* /

¢ = @ + P : . (15)

Substituting this expression into the appropriate governing equations
vow=i+r +honm to be cast into the so-called residuval forms. It is such

forms which are actually solved by the computational algorithm; a

feature which in itself possesses several advantages.

-

4.0 NUMERICAL SOLUTION ALGORITHH

The purpose of this section is to identify significant features of the
numerical solution a}gorithm devised to obtained the above referenced
solutions. This algorithm has been reported elsewhere (see Sharma et al.,
1921; Sharna, 1981; Sharma and Pralong, 1982; Sharma, 1982; etc.) and hence

only salient features are summarized here.

{a) The numerical solution algorithm is of the implicit integrated {finite
difference (IFD) variety., Cartesian coordiﬂate systems are generally
employed and the numerical grid cells are rectangular but irregularly
si.cl. ALl variables, with the exceptions of flow velocity components
and effective dispersion coefficients, are presumed to be located at

~grid nodes identified at the geometric centers of grid cells. The
exceptional variables are located at corresponding grid cell faces
which will not, in general, lie midway between adjacent grid nodes.

ims  eiee wwe o fectangular grid cells is not as restrictive as confusingly
referred to in the literature. The loss of flexibility is usage of
non-rectangular grid cells in order to represent irregular geometric
features of a problem, are more than compensated for by increases in
computational efficiency. Such increases are contributed to by a

rumber of features of the numerical algorithm.
(c) The discretized form of each governing differential egquation is

derived by integrating it over each grid cell which serves as the

control volume for applying conservation principles. In conducting the

10




[~

Hydrogeological Modelling of High Level Radiocactive Waste Disposal. Devraj Sharma

[

integration, the assumption is made that variables progress linearly

[

between adjacent grid nodes. Important exceptions to this rule are
made in respect of: hydraulic conductivity; degree of saturation; ard,

fluid velocity components. Such exceptions do have gquite important

[~

consequences, for, seemingly trivial adjustments can make all the

difference between an otherwise unworkable algorithm and its efficient

-

counterpart. Every term of each equation thus has to be expressed in a
‘unique way which preserves its special differential character and yet

interacts consistently with other terms.

. ["""

{(d) Each set of discretized equations is considered to be manifestation of

[

the appropriate conservation principle in discrete form. This feature
is often overlooked by otherwise ’elegant' algorithms. The methods of

solving the discretized set of egquations must hence preserve this

[

principle throughout its application. This is also a feature which is
sometimes ignored. A number of alternative methods are implemented

into the algorithm for solving discretized eguation sets; they range

from point-by-point techniques such as Gauss-Seidel elimination to

slab-wise cimultaneous techniques. Their application is dependent upon

[~

the type of dependent variable and the type of boundary conditions

which reguire to be accounted for.

[

{e) The Sequence of numerical operations in the algorithm plays an

important role in obtaining convergent solutions. This is especially

——

-

true of mathematically coupled problems wherein fluid density, for
example, 1links the flow equation with that of thermal energy

transport. In natural convection dominated systems, it has been found

-

to be of vital importance that discrete forms of the flow and thermal
energy transport equations are solved simultaneously for each grid

cell. 1t is only in this way that satisfaction of the conservation

-

principle can be rigorocusly ensured.

— {f) Nonlinear features of problems associated with HLW repositories such

as fluid motions within open spaces rather than porous media, flows

witichh are strungly dependent upon natural convection forces arising

11
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from density differences, etc. are all accounted for in an efficient
manner.

Important facets of the numerical algorithm will be presented and discussed
at the workshop.

5.0 COMPUTER SYSTEM USE

The use of computational procedures to solve hydrogeological problems
associated with HLW repositories involves the coding of numerical solution
algorithms and the running of computer programs, together with site
specific data, on conputing systems., Both these features receive relatively
little attention in the reported literature; perhaps they are considered to
be comparatively minor importance. It has been the author's experience
however, that they play an important role in the efficiency and accuracy
with which reliable solutions are obtained. The following points summarize

the important features of computing system use.

(a) A variety of computing systems, ranging £from powerful main frame
computers such as the CRAY-XMP2 to microcomputers such as the IBM
PC/AT, are being used to solve hydrogeological problems connected with
HLW repositories. Each possesses different numerical truncation,
numerical roundoff, disk storage space and disk access speed, main

memory allocation per user, and arithmetic operations characteristics.

-
[

It is cftcn important to recognize such characteristics and take them

into account when devising the numerical solution algorithm as well as

the computer program structure and coding practices.

(b) In analyzing problems which involve large variations in material
properties such as hydraulic conductivities, great care is needed in
preserving consistency of fluid mass fluxes and in minimizing the
effects of roundoff errors. Those sub-regions which are associated
with large values of hydraulic conductivities will, in general,

respond with small gradients in fluid pressure heads. If care is not

12
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)

{d)

Bear,

taken, such gradients can often be masked by the buildup of roundoff
errors during iterative solutions. Performing large numbhers of
iterative computations in such cases does not yield better solutions!
The "“guess-and-correct” numerical algorithm described previously is
one efficient way to overcome such difficulties whatever the type of
computer being employed. It does so by requiring that, any any given
step in an iterative process, only those numbers of significant digits

which are required to be preserved are indeed retained.

Sudicious choices of model domain sizes, numerical grid cell sizes and
shapes as well as sizes of time steps to suit the features of a given
problem remain important assets in obtaining reliable solutions. With
the exception of current generation of microcomputers, most computers
nowadays permit extraordinarily large numbers of grid cells to be
employed in representing hydrogeolegical problems. For instance, a
single 32-bit computer workstation such as the Apollo Domain 3000 can
permit the user to employ as many as 100,000 grid cells to represent a
three-dimensional near field hydrogeological problem in HLW repository
performance evaluation. With such facilities becoming accessible to
many, a new look has to be taken at the nature of computational
difficulties which used to be faced in their absence. Certain issues

such 2s numerical dispersion difficulties can now be simply resolved.

Much, by way of efficiency and accuracy, can be gained by paying close
attention to computer coding practices and especially those practices
which are designed to take advantage of the special characteristics of
the particular computer intended to be employed. The use of double
precision arithmetic for specific numerical operations, the use of
structured programming, modifications to algebra in order to suit

array processing machines, etc. are all examples.
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7.0 NOMRNCLATURE LIST

Cv,Cp Specific heats at constant volume and constant pressure.
C},C},Cs Coefficients in the immobilization relationship.

kcf Tensorial form of intrinsic permeability.

K}j Tensorial form of hydraulic conductivity.

k{)' Tencorial form of effective thermal conductivity.

k??f Tensorial form of the effecive dispersion coefficient.
Ky melative permeabilityv.

7ﬁm HMan-made sources and/or sinks of mass.

M Viscosity Ratio.

7 eovosity.

P Fluid static pressure.

K Fluid density ratio, or specific gravity.

k@ Soil density ratio, or specific gravity.

Sz Degree of saturation.

¢ Time.

T . e e

L&' Local particle velocity vector.

X Cartesian coordinate direction

D o~

General fluid static pressure head.
General dependent variable.

Fluid density. '

Fluid density at a reference state.
Fluid viscosity.

Fluid viscosity at a reference state.
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VERIFICATION AND VALIDATION OF GEOSPHERE ASSESSHMENT MODELS. SREARY OF

THE INTRACOIN AND HYIROQDIN STUDIES

Bertil Grundfelt*, Kjell Andersson“, Alf Larsson**

* KEMAKTA Consultants Co, Stockholm, Sweden

** owedish Nuclear Power Inspectorate, Stockholm, Sweden

Abstract T

In this paper two international studies managed by the Swedish Nuclear
Power Inspectorate are sumarised. The first study, INTPACOIN, which is
now finalised, has dealt with the evaluation of radionuclide transport
models. The second study, HYDROCOIN, is still running and addresses the
issue of verifying and validating the models used for grouhdwater flow
calculations, This summary comprises the major conclusions of the
INTRACOIN study and the current status of the HYDROXCOIN study.

1. BACKGRCUND AND ORGANISATION

The performence assessment of geclocical ‘repositories typically involves
the evaluation of the groundwater flow, the calculation of radionuclide
release from the repository (near-field), the modelling of radionuclide
transport through the geosphere (far-field) and the assessment of
ecological transfer and bicaccumulation of radionuclides including an
estimation of the resulting radiation dose to man (Figure 1)}, In all
these steps rathematical models play an important role.

As the Swedish waste management programme developed during the second
half of the 1970:s the Swedish Muclear Power Inspectorate {SKI) realised
an increasing need to evaluate the models used in the perforance assess-
rent both with respect to the reliability of the numerical algorithms
used and the validity of the conceptual models. After having investi-
gatedA the interest among organisations in different ccuntries the
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TRANSPORT AMD |
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Figure 1 Major modelling areas in performance assessment of
repositories for radicactive waste,

INTRAODIN study (INTernational RAdicnuclide transpert (0de INter-com-
parison) was initilised in 1981 with the participaticn ~¢ 1 ~rearica-
tions in eight countries (see Appendix 1). The precject work of the
INTRACOIN study was finalised in 1984 and has been published in two
reports /1,2/.

In order to broaden the model evaluation to cover not only the far-
field radionuclide transport but also the groundwater flow a second
study, HYDROOOIN (HYDROlogical (0de INtercomparison study), was
initiated in 1984. This study is scheduled to be finalised during 1987.
In HYIROOOIN, 13 organisations in 10 countries participate (see Appendix
2). In addition the Nuclear Energy Agency of the OICD and the Nordic
Liaison Committee for Atcmic Energir Matters participate i r-e oroject
secreteriat.

Both projects have been organised in the same way (Ficure 2). The study
is set up by Parties, Each party has a representative in the
Coordinating Group which takes the decisions necessarvy for the progress
of the project., SKI acts as Managihg Participant and appoints the
chairman of the Coordinating Group.
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COORDINATING GROUP

Project
secreteriat
[ T |
Party ‘ Party
Project Project Project ~
team team team

Figure 2 Project organisation used for INTRACDIN and HYDROQOIN.

Each party is responsible for the organisation of one or more Project
Teans that carry out the calculations and other work within the project.
A Project Secreteriat is set up to act as an executive body, e.a. for
defining test cases, compiling results, preparing reports and carrying
out all sorts of acministrative work. KEMAKTA Consultants Co acts as
Principal Investigator and is responsible for the techniczl work within
the secreteriat. ‘ '

The Parties cover the costs for their own participation including the
work of their Project Teams. The Project Secreteriat is set up by SKI
with some support from other organications (see Appendices 1 and 2 for
Getails). This organisation means that no roney is transferred over the
national borders. This has proven to greatly facilitate the set up and
management of the studies.

2, TECHNICAL STRUCTURE

The technical structure has been the same for both INTRACDIN and
HYDROCODIN. The studies have consisted of three parts, called levels,
with the following principal objectives:

Level 1 Verification and benchmarking of corgputer codes,
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Level 2 Study of the capabilities of mathematical models to de-
scribe experiments in order to partially validate the
models. ‘

Level 3 Sensitivity and uncertaini:y analysis.

At level 1 the numerical accuracy of the codes is tested by comparing

"mumerical solutions with analytical solutions and by intercomparing

numerical solutions of well defined test cases. The test cases have been
selected on the basis that they should form adequa.te tests for the codes
rather than being realistic scenarios for the radionuclide waste manage—
ment problem., The number of test problems formulated for level 1 is
seven for both INTRACOIN and HYDROOOIN. The results of INTRACOIN level
1 has been published /1/ whereas a final draft of the level 1 report for
HYDROODIN is currently being reviewed by the participants,

Level 2 addresses the difficult issue of model validation, i.e. building
confidence that the model describes the reality reasorably well. In the
studies presented in this paper this is done by selecting carefully
designed and performed experiments out of the litterature and forrulat-
ing test cases with the aim to simulate these experiments with models.

In INTRACOIN two experiments, one for a porous medium and one for a
fractured medium were selected. In addition a hypothetical test case
involving two media with different permeabilities and transport proper-—
ties was defined /2/. .Level 2 of the HYDROCOIN study is currently
running and only preliminary results have been presented in werkshops.
Five test cases have been defined for level 2 of HYDROQOIN.

The design of level 3 is slightly different for the two studies. Level 3
of the INTRACOIN study was a rather limited exercise aiming at studying
the sensitivity with respect to physical phencmena of a given scenario
/2/. This was done by either including or excluding the different
phenomena (dispersion, sorption, matrix diffusion, etc.} in the model.
In the HEYDROCOIN study level 3 is more oriented towards studying
different methodologies for sensitivity and uncertainty analysis. This
exercise is presently on going and preliminary results for the seven
test cases defined have been presented in workshops.
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3. SMMARY OF INTRACQOIN RESULTS
3.1 i i S . dionucli I3

Level 1 of the INTRACOIN study comprised seven test cases designed to
test the various types of models used for radionuclide transport in the
context of repository performance assessment. The cases can briefly be
described as: '

1. One-dimensional advection-dispersion, constant migration para-
meters (ground water velocity, retention factors and disper-
sivity), and constant leach rate.

2. One-dimensional advection-dispersion in a layered medium
(piece-wise constant migration parareters).

3. One—dirensicnal advection-dispersion with continously varying
parareters.
4, Two-dimensicnal advection-dispersion with constant retertion

facters ana aispersivity.
a) Parallel flow field and radial ‘dispersion
b) Two-dimensional flow field and radial dispersion

5. One-dimensional advection-dispersion with diffusion into the
rock matrix.

6. Two-dirensional advection-dispersicn with matrix diffusion.
a) Parallel flow field and radial dispersion
b} Two-dimensional flow field and radial dispersion

7. One-dimensional advection-dispersion with linear mass transfer
kinetics and constant migration parameters.

wWhen the test cases were defined the boundary conditions to be used were
only loosly stated. As a consequence much of the result evaluation in
the final report /1/ was focused on the influence of boundary condi-
tions, Figure 3 shows the maximum concentrations for one of the
parameter variations of test case 1 (advection and dispersion aleng a
SOO_m long path with constant retardation factors) as calculated by
different codes. The three frames of the figure corresponds to the three
radionuclides in the decay chain 234y - 230qy, -~ 226ga, It can be seen in
the figure that the agreement for the parent nuclide of the decay chain
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; is good between most of the codes when the same boundary condition is
i used. This is further illustrated in Figure 4 showing the outlet con-
centration versus time. The results in Figure 4 show four distinct bands
representing different combinations of boundary conditions.

For the daughter nuclides the;e is some scatter in Figqure 3 (within
approximately a factor of 2). For scme of the codes the scatter stems
from an approximative treatment of the transport with chain decay
(GETOUTO and NUTRAN) whereas for some of the codes the dispersive
character of the test case (Peclet number is 10) has caused some diffi-
culties to obtain a convergent solution, In parti.cular this is so for
the codes in which the dispersion is simulated by giving particles a
velocity distribution using random numbers (MJFT/DVM, FMTIDENL, MMIVTT
and DRAMA),

The relative magnitude of the advective and dispersive terms of the
— transport equation has an effect on the sensitivity of a tench-warking

exercise like level 1 of the INTRACOIN study. As shown in Figure 5 the

scatter of raximuzm concentrations is greater at lower Peclet numbers
— (high dispersion).

L B The character of the problem also has an impact on the solution
algorithm to be chosen. Algorithms like Finite differences and Finite
elerents are well suited for problems with a hich dispersion. For more

— advective problems, methods like Discrete Parcels or the Method of
Characteristics can be nore advantaceous. Also rany analytical solutions
are better designed for advective cases since the highly dispersive
situations cften require numerical integretations.

[

The results of INTRACOIN level 1 show that there exist algorithms to
solve the seven test cases in an adequate way. As mentioned above, a
given aigorithm may be better suited for some situations than for
others. It is obvious from the level 1 results that when an algorithm is
used outside the context for which it is best suited, the application
needs a substantial amount of "finger tip feeling” to yield reliable
results. In particular this seems to be true for discrete parcel-random
walk algorithms when applied to predominantly dispersive problems.

[

Some of the test cases were not enouch taxing for the codes to yield
sensitive results. In future bench-marking studies care should be taken
in the design of the test cases that they tax the codes in an approp-

riate way.
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Figure 4 Concentration of 234y versus time for Case 1 of INTRACOIN
level 1. The bottom frame is a close-up of the region around
the peak concentration,
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of the INTRACOIN study consisted of three test cases:

An idealised two-dimensional porous medium situation with a
radionuclide source in a low permeable medium.

This test case is purely theoretical and not based on
experimental data.

A single well injection-withdrawal experiment in a shallow sandy
aquifer in Canada using 1311 ang 85¢ as tracers /3/. The
Project Teams were asked to simulate breakthrough curves for
85sr at several locations using the 1311 _ preakthrough curves
to characterise the hydraulics ard Kg-values for Sr measured on
sediment cores in the laboratory. Figure 6 gives an impression
of the scale of the field experiment (approximately two metres
radially).

A dual well tracer experirent performed in a cranitic bedrock in
Sweden /4/. The tracers I-, Srét and Blue Dextrarce (2 larce
molecule organic dye) were injected ketween two packers at 100
metres depth. Water was continucusly purped out of a 30 m
distant borehole in order to assure a radial, mass conservative
flow field (Figure 7). The kEreakthrough curves from the field
wvere complemented by laboratory data on the sorption /5/ and
the diffusivities in the rock ratrix /6/. The Project Teams were

asked to sirulate the Sr2t kreakthrough curves using the break=-

through curves for I~ to characterise the hydraulics and the
laboratory experiments as independent data sources for other
transport parameters.

In the following only cases 2 and 3 will be treated since case 1 is a

purely theoretical exercise that was used primarily for benchmarking and-

to study the possibilities to use for flow-tube approximations of the
radionuclide transport in a two-dimensional flow field,

10
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Figure 6 Schematic of the experiment used for Case 2 of INTRACOIN level
2. The sampling points for which the Project Teams were asked
to simulate the breakthrough curves are marked with crosses.
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Single well injection withdrawal experiment

The sandy aquifer where the experiment was performed was modelled as a
stratified medium with five layers by both teams that tackled this test
case. Reasonable fits between experimental data and the simulations
could be obtained using the advective dispersive equation. However, the
number of free parameters used in the fitting procedure was too large to
allow for any conclusions that the models are validated. In particular,
one of the teams showed that the best fit was obtained if the ground-
water flow rate is allowed to increase with an JAncreasing distance from
the injection well. It was also shown that this apparant inconsistency
in the flow conditions could not be explained by transfer of tracers
between the layers by transverse dispersion unless a dispersivity value
approximately 10 times higher than that obtained by fitting the break-
through curves was used.

It was concluded that the scale of the single well injection withdrawal
experiment was so small that heterogeneities could not be averaged in
order to justify a homogeneous porous medium approach in the modelling.
Possibly heterogeneties such as clay lenses, that were not identified
during the exrerimentél progratne, should have been included explicitly
in the models.

Dual well tracer experiment

The third test case was tackled by three teams. This case was subject to
a rather broad analysis in terms of different model concepts tried for
the dispersion phenomenon and for the transfer of radionuclides between
different flow regimes in the rock, Figure 8 illustrates scme of the
corncepts applied.

The focus of the discussion of the experirent interpretation came to lie
on some specific features as described below.

The breakthrough curves for I‘ has pronouncedly long tail. This could be
explained by either different variants of multiple pathways (multiple
fractures with different apertures, channeling within a fracture plane
etc.) or by diffusion in and out of the rock matrix. It was not possible
from the available information to distinguish between these two classes
of explamations. Figure 9 illustrates the effect of the matrix diffu-
sion,

The value of the diffusivity used for the fit in Figure 9 is in the
order of 500 times larger than the value measured in the laboratory. A
possible explanation is that the rock adjacent to the fracture might be
more porous due to interaction with the ground water or porous fracture
fillings chemical atterations of the rock surface.

12
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Ficure 9 Illustration of the effect of matrix diffusion 1T in Case 3 cof
INTRAQOIN level 2.
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Figure 10 Fit between calculated and measured concentrations for Sr2*
with two diffusivities. The full 1line corresponds to the
laboratory data and the dashed line to the best fit for the
field experiment.
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The diffusivity and sorption data that was determined in the laboratory
for sr2+ gave, when applied to the field experiment, a too strong
interaction with the rock. The diffusivity value that gave the best fit
was about an order for magnitude smaller than the value from the labora-
tory (Figure 10). The reasons for this can be that the sorption of sr+
is non-linear, i.e. the Kg-value decreases when the concentration
increases, or that the laboratory data were derived from rock samples
with much greater specific surface area that the in-situ rock since the
samples had been crushed. The data available does not allow firm conclu-
sions on this point, ’

A final important feature of the field experiment was that the Sr2*
recovery was only 60% while 98% of I~ was recovered. The st concentra-
tion in the injected solution was fairly high (9.4 - 1072 mol/l1) in-
dicating that a precipitation of e.g. SrC03 is not unlikely. Another
eryplanation could be sorption onto the walls of the injection hole.

Summary of INTRACOIN level 2

In sumrary several possible conceptual models have been applied in
attempts to explain the experiments chosen for INTRACOIN level 2. It has
been possible to tune most of the models to fit the experiments reason
ably well. However, in this fitting procecss several free parameters have
been used.

Although the experiments were selected on the basis that they were well
defined and documented they still failed to form a good data set for
model validations. In particular there is a lack of independent observa-
tions leaving to many degrees of freedom to the parameter fitting
procedure, This pippoints that there is a need for close cooperation
between modellers and experimentalists to develop data sets suited for
valdiating radionuclide transport models.

3.3 S o!~ u! : : .! ] .

For INTRACOIN level 3 a scenario based on advection, dispersion and
sorption on the fracture walls in a 100 m long fracture was defined as a
central case. Twelve variations representing different combinations of
dispersion, sorption, matrix diffusion and different source terms were
defined and calculated (see Tables 1 and 2).
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The results showed that the matrix diffusion was the by far most impor-
tant retardation mechanism, Also the dispersion is very important when
matrix diffusion is active since it causcs a porticn of the radicnuclide
to move significantly faster than the ground water.

3.4 State of the art in transport modelling
The results of the INTRACOIN study show that:

- there exists solution algorithms solve the radionuclide
transport models currently applied. The choice of algorithm
should be made based on the character of the problem at hand.

- the validation of radionuclide transport models reguires input
from several independent experiments, There is an advantage if
the experiments could be designeé in coopcration between the
modellers and the experimentalists.,

- the rhenomena ratrix @&iffusion and dispersion including
different types of chaneling potentially have important impact
on the results of the radionuclide transport modelling and
shoulé therefore be looked into carefully.

4. STATUS OF THE HYDROQOIN STUDY

The HYDROCOIN study has been running for two years and is anticipated to
run for another year. As mentioned earlier in this paper a final draft
report on the level 1 effort is being reviewed by the participants for
publishing during the first half of 1987 /7/. Recarding levels 2 and 3
oreliminary results have been presented to the group in workshops.

At level 1 seven test cases were defined according to the following
brief descriptions.

1. Compares numerical solutions with an analytical solution to a
problem involving transient flow fram a borehole in a2 permeable
medium containing a single fracture.
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Table 1 Variations for INTRACOIN level 3
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Varfat{ion
i nunber Descriptionl)
}
|
- )
1 No dispersion, no sorption .
, 2 No dispersion, no sorption, matrix diffusicn
{ 3 No dispersion
L_. 4 No dispersion, matrix diffusion
. 5 No sorptioen .
6 No sorption, solubility lirited source temm
7 Solubility limited source tem
L 8 Matrix diffusion
- 9 Matrix dfffusion, solubility limited
source term
. 10 Kinetically controlled sorption
; 11 Alternative exit boundary conditions
12 : Transverse dispersion
— 1) The term sorption refers to sorption on the fracture walls.
Matrix diffusion is diffusion through microfractures in
the rock blocks and sorption on interior surfaces.
L
Table 2 Calculated maximum discharge rates (activity units/year)
Tarta- rmul? CYASAZAERE (221 tm Polydyrazics
S tion
. fo. Analytical Suverieal XAMID cETorT Eurghl RANCHY TROUGH
Central 1.97.1076 1.53.16°8 1.62.1078 1.97.507¢ - 1.96-1¢"%
: 1.30.1073 - 1.49.1073 1.50.1073 1.50.107% 1.49.3073 493073
- 2 - 1.26.1008 - - 1.63.10°% 1.03-10~3°
3 1131073 - 1.15.1073 TN Lot A W T T 1.18-10°3 1.15-207%
- n - 5.37.30°30 . - 1.26.10729 1.28.30° 2
s 1.13.1073 - s tu9.3078 1.30.10673 1.50-1073 1.69.10°% 1.49-1¢73
6 1901007 - 1.6%.2077 - 1721077 1.69-1077 1.70-1077
— ] 1.32.1077 - 138007 - 1.32.3077 1.35.3077 14543077
' 1.76.10713 2920071 29000713 - - 2.09.10°13 2.89-10712
[} s.1.1071 ana0t? w03 o - T 3eett3 9.87.107 08
- - 3.49-1078 1) 1.95.10°% 3y - - - 371675 3y
- - 216107 3y - - - .82.10°% 3) i
. - - 1439078 3y - - - y.82.30°3 3)
1.1 - - 1.50.1078 - - -
; v - - 1.52-10%¢ - - -
i
;
[ .
J) The éischarge rates calculated by the XTH-tem fnclude only the convective part.
. s ane tean shows decay cwrves and break-through eurves for s stadle suclide.
i
} s Tne results are not comparsble becsuse of different data and conceptusl models for the kinetic s>rption.
—
Lo
)
i
1
H
: -
— .
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2. Simulates steady-state flow in a two-dimensional domain com
taining two permeable fracture zones interacting each other.

3. Ssimulates partially saturated flow through a sequence of
’ alternating pervious and low permeability sedimentary rocks.

4. Compares analytical and numerical solutions of thermal convec-
tion driven- flow where the heat is evolved from a spherical
source with a decaying heat output.

5. Simulates water flow and salt transport in a two-dimensional
domain with the fluid density dependent on the salt concentra—
tion.

6. Simulates steady-state flow in a three-dimensional domain

representing a ceneric badded salt geologic setting.

7. Simulates steady-state flow through a shallow land-burial site
in argillaceous media.

The results /8/ show for six of those seven test cases a reasonable
agreement. For the seventh case, Case 3, no team manag_ed to get a
converged solution with the data from the original test case specifica-
tion, Some of the Project Teams tried to calculate the case with a data
set that had been modified to decrease the non-linearity end the per-
meability contrasts close to the groundsater table. However, there is no
concensus between these attempts about the way the data modifications
should influence the solution.

In some of the test cases, in particular case 5, the agreement about the
~~Inticn has been reached only after several reiterations including mesh
refinement, reformulation of post processing algorithms etc. A special
workshop was held in March 1986 to discuss the problems in conjunction
with brine transport in general and especially Case 5.

It seems that the calculation of the primary field quantities, e.g. the
groundwater pressure, is comparatively easier than the calculation of
derived quantities such as fluxes. The latter generally require a
higher discretisation density. It is obvious that the very nom-linear
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test cases 3 and 5 have taxed the codes and seem to be frontline
problems regarding flos modelling in a porous medium continuum. It
should be pointed out that all efforts at level 1 of HYDROCQOIN concern
~~-timwr approximations.i.e. there is no test case for fracture flow
wmiGcas included in level 1 of HYDROQDIN,

1n summary, level 1 of HYDROCOIN has met it's objective to test the
nimerjcal accuracy of groundwater flow codes. In addition it has served

as an efficient means for initiating research and development efforts, '

™~ response from the participants has been ove:"whelming resulting in
slightly more than 1500 data files that have been compiled.

5. CONCLUDING REMARKS

The INTRACOIN and HYDROOODIN studies have provided an eofficient means for
redel testing, The objective has been to test and evaluate models but
not to rank them.

In both studies workshops have been held at regular intervals. Due to an
infermal atmosphere, the Poject Teaws have been very frank in their
presentations of results and to 2 degree includad also failures. The
workshops have therefore been extremely valuable in the prolifiration of
needi-t~ of the trade" and in identifying problems associated with the
different test cases. As a result many model developments and other

the labor of the Project Teams.
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Appendix 1

Lsde v, _parties participating in

the INTRACOIN study,

coordinating

21

group

nenpers and project team leaders

Party Coordinating group Project team
member leader

Atomic rnergy of Canada Ltd (AECL) Mr K Dormuth Mr T W Melnyk

Commissariat 3 1"Energle Atomique/ Mr A Barbreau Mr P Goblet

iliscarui ue Protection et de Sureté

Nucléaire (CEA/IPSKN)

Nationale Genossenschaft fiir die Mr C McConbie Mr J Hademmann

Y a~avwne~ Uodjipaktiver Abfdlle (MNAGRA) Mr R J Hopkirk

National Radiological Protection Board Ms M RHill Ms M Hill

fenno Y

Navou oy

Projekt Sicherheitsstudien Entsorgung Mr E Blitow Mr E Bilitow

fnery

Technical Research Centre of Finland Mr E Peltonen Mr E Peltonen

(4 nalech

Swedish Nuclear Fuel Supply Co Mr I Neretnleks ¥r I Neretnieks

{SKbF/K53)

Swedish Nuclear Power Inspectorate Mr A Larsson Mr B Grundfelt

(SKI)

weee wvo-.lz Energy Authority/ Mr D P Hodgkinson Mr D P Hodgkinson

Atomic Energy Research Establishment

(rreretaTre

U.S. Department of Energy
(U.S. DOE)

.e.s . ..2.2aY Regulatory Ccamission

Mr G E Raines
(OXW1)

Mr K Eisenberg

Mr
Mr
Mr
Mr

Mr
Mr
Mr

R Cole
Jansen
Pahwa
H Pigford

J McCartin
Ross
Reeves

N Finley

Managing participant:
Principal investigator:

Coordinating group:

Chairman:

Secretary:

Project secretariate:

SK1
KEMAKTA

Mr A larsson, SKI
Mr K Andersson, SKI

Mr X Andersson, SKI

Mr B Grundfelt, KEMAKTA
Mr A Bengtsson, KEMAKTA
Mr J Hadermann, EIR ’
Mr F Résel, EIR
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LIST OF HYDROCOIN PARTICIPANTS

PARTY AND COORDINATING GROUP MEMBER

PROJECT TEAM(S) AND TEAM LEADERS

Atomic Energy of Canada Ltd (AECL)
‘o v, Dormuth

,

Atomic Energy of Canada Ltd
T. Chan (AECL)

British Geological Survey (BCS)
J.A. Barker

British Geological Survev
D. Noy {BGS)

Commissariat A 1'Energie Atomique/ (CEA/IPSN)
institut de Protection et de SQOreté Nucléaire

1. Commissariat 8 1'Energie
Atomique {CEA)

P. Raimbault

J. Lewi
2. fcole Nationale Supérieure
des Mines de Paris {EDM)
P. Goblet
Ceselischaft fir Strahlen- {GSF) Technical Univ. of Berlin
und Umweltforschung’ E. BlUtow (TUB)
E. BUtow

Japan Atomic Energyv Research Institute (JAERI)

1. Jepan At. En. Research Inst.

S. Muraoka (JAERL)
H. Nakamura
2. University of Kvoto {U0K)
Y. Ohnishi
3. Hazamagumi Ltd (HAZ3)
4, Okunuragumi Ltd (OKLM)
5. Central Research {CRIEPI)
Institute of the
Electric Power Industry
Nationale Genossenshaft fiir (NAGRA) |1. University of Neuchatel (UON)
die Lagerung Radioaktiver Abfille L. Kiraly
P. Hufschmied
2. Motor Columbus (MC1)
¥W. Huerlimann
3. ETH - ZUrich (ETH)
J. Troesch

Rijksinstituut voor Volks- ’ (RIVM)
gezondheid en Milieuhygiene

P. Glasbergen

(Deputy: T. Leijnse)

Rijksinstituut voor Volks-
gezondheid en Milieuhvgiene
P. Glasbergen (RIWM)
(Peputy: T. Leijnse)

A. Larsson

Swedish Nuclear Fuel (SKB) The Roval Institute of (KTH)
and Waste Management Co. Technology

G. Bdckblom R. Thunvik

Swedish Nuclear Power Inspectorate (SKI1) Managing Participant.

Technical Research Centre of Finland (\VTT)

[ \]
VYoeori

L

Tech. Research C. of Finland
K. Meling (\TT)
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PARTY AND COORDINATING GROUP MEMBER

PROJECT TEAM(S) AND TEAM LEADERS

United Kingdom Atomic Energy (UKAEA/AERE)
Authoritv/Atomic Energv Research Establishment
Harwell

P. Jackson

1. Atomic Energv Research Est.
P. Jackson (AERE)
{Deputy: A. Herbert)

2. Atkins Research and (ARD)

Development
T. Broyd

U.S. Department of Energy . (pcz)

C. Cole

1..Basalt Waste Isolation (BWIP)

Project. Rockwell, Hanford
P.M. Clifton

Program. Office of Nuclear
Waste Isolation
S.K. Gupta

3. Office of Crvstalline (OCRD)
Repository Development,
Battelle, Argonne
A. Brandstetter

Project. Nevada Nuclear
Vaste Storarge Investigpations
R. Prindle

2. Salt Repository {ONWI)

4, Tuff Repository (NNWSI)

U.S. Nuzlear Reculatory Commission (NRC)

T. Nicholson
{Deputy: R. Codell)

1. U.S. Nucl. Rer. Commission

2. Sandia National Laboratorv
P. Davis {SANDIA(NRC))

T. McCartin (NRC)

Organization for Economic Co-opera- (OECD/NEA)
tion and Development/Nuclear Energy Agency
{Observer)

Member of Secretariat:
Organization for  (OECD/NEA)
Economic Co-operation and
Development/Nuclear

Energy Agency

Managing Participant: SKI

Principal Investigator: Kemakta

Coordinating Group:

Chairman: A. Larsson, SKI

Vice chairman: T. Nicholson, NRC
Secretary: K. Andersson, SKI
Project Secretariat: K. Andersson, SXI

B. Grundfelt, Kemakta

P. Jackson, AERE

C. Thegerstrsm, OECD/NEA®
U. Tveten, NKA/IFE
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ABSTRACT )

Fracture hydrology is s relatively new science. Advances are slow because many elassical techniques fail.
To begin to solve these problems, we have put together an inter-disciplinary approach including the fields of
bydrology, structural geology, statistics, geophysics, fluid mechanics, rock mechanics and geoci:emistry.
Some efforts in (his direction are described in this review paper. Our work can be conveniently divided jnto
single fracture and fracture network studies. Within eaéh. we have efforts to characterize the geometry and
eflorts to model the bebavior. Eventually, what we learn about single fractures should be incorporated into
the network models and what we learn about the networks should be incorporated into rezional models. In
the area of singie fracture behavior, fieid and iaboratory experience has shown that the assumption of paraitel
plate flow may not always be good. To study the aflect of fracture geometry on fow bebavior we bave writ-
teu a model to solve the Navier-Stokes equations in a single fracture whose voids have been described in
detail. Photographs and profile data from fracture surfaces can be used to obtain this geometric data for the
model. At the same lime, we are medeling seismic rays passing through {ractures and and studyisg the rela-
tionship of the fracture geometry to fracture stiffness and seismic wave attenuation. Such relationships wili
belp in interpreting seismic survey datz in terms of the hydrologic properties. In parametric studies of frac-
ture networks, we have compared the behavior of fow in fracture networks to the behavior of an eguivalent
continuum. As the connectivity of fracture increases, the behavior is more like porous media. Percolation and
fractal theory may help to explain scale efect obeerved in these networks. In another parameter study we
examined how the variation in aperture decreases the permeability and esuses the transport behavior to be
dess Fickian, If aperture is correlated to length, the oppusite is true. These studies suggest techniques for
deriving likely fracture models from borehole data. In eflorts to model a real field site, data was incorporated
in 2 2D network model for the Fanay-Augeres mine. This modet included the use of geostatistical simulation
techniques to model spatial variability in the fracture pattern. An extension of this work to three dimensions
is underway. In this modei, fractures will be represented as discs in spéce and include a regionalized parent-
daugbter statistical model to generate fracture swarms. To enhance our ability to obtain data for these
models, we kave developed analytical solutions for well tests in composite systems which consist of a few [rac

. tures intersecting the well in the inner region and a network of fractures which behaves like an equivalent

continuum in the outer region. These sciutions ailow an estimate of the aperture and iength of ke {ractures.
Seismic tomography has been identified as a potential mapping tool for fractures. In sum, this work
represents a strong multidisciplinary approach to characterizing and modeling fiow in fracture systems.
INTRODUCTION . '

“The flow of fuids and contaminants throuzh fractures in rock is controlled by the geometry of the frac-
tures. On the scale of the individual fracture, it is the gecmetry of the void space that controls flow. On the
regiona! scale, it is the geometry of the fracture network, je the location, orientation, size of the [ractures and
in turn, the void space in each fracture, which control the flow. These facts have guided our study of flow
snd transport.
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In fact, the geometry of vold space controls groundwater fiow in general, However, as opposed to frac-
tured media, porous media voids are usually small compared to the scale of the problem and there are a '
great number of them in a field scale problem. Also, connection between the voids is virtually guaranteed in
porous media. Problems of flow In such media are called problems at the “stochastic limit". As such they can
often be treated as equivalent continuum problems by treating the parameters of the problem as average
quantities. . ) ’

At the other end of the scale are problems of flow throxgh perfectly ordered systems, ie problems at the
Yerystal Limit”, {The terms “stochastic imit" and “erystal Gmit” were coined by Hasslacher, 1885.) An
example of such 2 problem would be flow through sets of equally spaced, parallel, infinite fractum, as solved
by Saow (1965), or flow through regularly pscked spheres. :

Relative to pores in porous media, there are few fractures in fractured rock, and they may be quite large
compared to the scale of the problem. Connection between fractures may or may not exist. Further, any
structural geologist who has looked at fractures can tell you that fractures are neither completely random nor
completely regular. Thus the problem is between the stochastic and erystal limits and as such, between the
two limits 'which we have known how to solve. Fracture geometry bas a seemingly random component and a
seemingly regular component. To characterize the geometry, both components must somehow be represented.
For example, fractures may form as conjugate sets as a result of a compressional tectonic event. Thus the
fractures will tend to be oriented in the conjugate directions, but certain heterogeneities in the boundary con-
ditions or rock properties will cause the pattern to be imperfect. In this case the question is what is the
theoretical pattern of fractures and how do the actual fractures vary from that pattern.

We can take at least four approaches to characterizing the geometry of fracture systems. The first is to
observe fractures En.outcrop, in underground openings, in core, ia laboratory samples etc. From these obser-
vations we can propose models for the geometry and use these models to produce stochastic realizations
which can in turn be used in a flow or transport model. Second. we can use hydraulic and tracer tests wo
m=asure properties of the fracturc system insitu. We may be able to interpret these tests in terms of the
specific geometry controlling the response, or in terms of average properties that can be related to geometric
parameters. Third, we can find new ways to “see™ fractures through geophysics such as radar or seismic
totnograpby and link the tomographic results to fracture pattern. Finally, we can explore the 5ena.'u of frac-
tures through the fields of rock mechanics and structural geology in order to identily fracture patterns 2s a
function of stress history. The first of three of these are discussed in this paper. The last is a new area of
research. )

If charzeterizing the geometry were straight forward, moc?eling of flow and transport would be straighs
forward, at least from a theoretical point of view, The numerical models would simply solve the appropriate
equations within the boundaries described by the geometry. However, a significant practical problem would
remain in that huge amounts of data would be needed to describe that geometry. As a result of the
difficulties involved in characterizing and incorporating the gecmetry, two types of modeling activities 2re
useful. In the first we adopt simple models of {racture geometry and vary the parameters of the models to
observe the eflect on bebavior. This type of modeling is usually done in two-dimensions as the computations
arc more facile; From this, we learn what features control flow and we may also learn something about

bounding behavior. The second activity is to attempt to model specific cases with as much accuracy s
possible. In this case the goal is to compare the behavior of the model with some observed behavior in the

Eeld or laboratory in order to confirm the model. In doing this, we hopefully learn something about predict-
ing bydrologic behavior.

 Fracture bhydrology s a relatively new science. Advances are slow because maay classical techniques fail.
To solve these problems will require & strong inter-disciplinary approach including the fields of hydrology.
structural geology, statistics, geophysics, fluid mechanics, rock mechanics and geochemistry. Some efforts in
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_ this direction are described in this review pap'cr. Our work esa be conveniently divided into single fracture

and fracture network studies. Within each, we have efforts o characterize the geometry and efforts to model
the behavior, Eventually, what we learn about single fractures should be incorporated into the network
models and what we learn about the networks should be incorporated into regional models.
SINGLE FRACTURES -

" In studyiog single fractures, we are Interested in three major chxnczeristics: void geometry, flow

" behavior and mechaaical behavior. The void geometry controls both the flow and the mechanical bebavior

"and thus is 2 link between the two. If we ean characterize the flow, then we can model it. If we can show the
link between Bow behavior and mechanical behavior, then we may havc a key to mlerpretmg the seismic
response of a rock mass in terms of its hydrology. : :

Yoid Geometry

Efforts to characterize the void geometry of a fracture have used two experimental techniques. The first,
profiling, bas been used in many studies, Brown and Scholtz, 1985; Tsang, 1986; Gentier, 1986 for example.
To collect profile data, one measures the elevation of the surface of the fracture along sample lines, prefer-
ably in two directions and along corresponding lines on both top and bottom surface, The second experimen-
ta! technique is new (Myer et al., 1988) involving injection of a low melting point metal into the fracture
under controlled stress and fluid pressure conditions. The resuit is a three-dimensional cast of the void space
ic the fracture.

Profile data is not void geometry data. To use this data to estimate the void geometry involves several
steps. First one, must make some corrections to account for the fzct that the profile lines do not live up with
each other exactly. This results in moving the *‘location” of sorcz lines relative to the others in a8 way which
best achieves certain criteria. For example, one might find a rigid translation/rotation which minimizes the
average aperture. This criteria might be used if the fracture sides were a tight fit to cach other. Now we have
two sets of profiles, one on each surface, but we Lave no aperture data because the profiles do not line up. To
get aperture data, we must estimate the topography over both surfaces by using techniques such as Kriging.
Finally, to obtain the void geometry at a specified state of stress we must calculate the deformation of these
sarfaces in contact. Techniques for calculating elastic. deformation of the voids as they are compressed, are
being developed by Hopkins (1986). - :

Metal injections can be pe.rformed on fractures under different normal loads. When the metal cools, the
fractures are takcn.apart and photographed at several magnifications. Some metal sticks to both surfaces, so
two approaches can be taken to reconstruct the void space from the photos. Oue can use stereoscopic tech-
piques to obtain measures of the thickness of the metal. This is very usefull but such data may be difficult
and time consuming to obtain. A second approach is to superimpose the photos. This can Le done such that
the void aress, ie. where the metal is, show up as white, and the contact areas show up as black. An example
of such a photo prepared from a fracture in crystalline rock at 85MPa effective stress is shown in Figure 1
(from Myer et al., 1986). Such a photograph can be resolved o give the percentage of contact area and the
distribution of the contact area. In combination with an analysis of profile data as described abave; 2 com-

plete description of the void volume can be estimated.

Flow Calculations

Given the void geometry, at some state of stress, we now wish to examine the hydraulic characteristics
of the fracture. From the point of view of fluid mechanics, a fracture is an irregular three-dimensional ehan-
nel with irregularly spaced and sized obstacles. In such channels we expect four possible Bow regimes. If the
fracture is sufficiently open the flow may behave like flow between paralle]l plates. As the Irécture closas the
distributicn of the contact erea will determine the characteristics of flow. If the contact area is not well dis-
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Composite photograph of sample E30 at 85 MPs effective stress;

Figure 1.
white is metal, black is contact area (after Myer et al., 1086).

tributed but occurs in sparse clumps, the flow may be non-ligear, even at low Reynolds numbers. Thus fiux
will not be proportional to gradient. If the contact arca is finely distributed, flow will behave like flow
through porcus media. Flux will be linearly related to gradient and potential theory can be ‘used o describe
Lead distributions. If the fracture is suliciently closed, flow will only occur in tortuous channels. In this ease,
fiow in the fracture plane becomes essentially one-dimensional.

The problem of fluid flow in an irregular geometry cag be solved theoretically only if a numerical
approach is adopted. Further, any such scheme must be able to handle boundary shapes which do not coin-
cide with coordinate lines. We have developed a three-dimensional grid generation procedure which maps the

- interior of a complex region onto the interior of a rectangular parallelepiped (Muralidhar and Long, 1986ab).
In the transformed region (computational space) the boundaries lie along lines which are parallel to one of
the new coordinate axes. The flow computation is performed in this newly defined region, and an inverse
transformation rule extracts values of flow velocitics end pressure in the real geometry coardinates.- The for-
mulation bas been developed in three dimensions, suitable for flow analysis in a single rock fracture.

Grid generation is accomplished through numerical solution of differential equations which insure that
the transformed grid in the real space is smooth and has a certain degree of orthogonality. The more nearly
orthogonal the grid is, the less truncation error results in the flow calculation. The grid lines in the physical
plane are the contours on which the newly generated coordinates take on constant values. There is a one-to-
one correspondence between nodal points in the physical space and nodal points in the computational space.

The grid generation procedure is sctually done backwards. That is, it starts with the orthogonalized
domain and calculates the location of each nodal point in the physical geometry, subject to the bourndary
shapes as constraint. Flow is computed in the regularized geometry, 30 it is on! s this inverse transformation

law which is of interest. R . e e e -

1
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Because we have transformed the spatial coordinates, we niust also transform the governing equations
for flow before they can be solved. In doing this, each term in the three-dimensionsl governing equations
becomes 81 terms. Thus we have traded complexily in geometry for 3 large number of unknowns. The
equations governing grid generation in three dimensious, ineluding a method to improve orthogonality cf the
generated coordinates snd the techniques for solving flow in che transformed region have been fully dcnved
in Muralidbar 2nd Long (1986a). o

These techniques bhave been tested for a variety of prob!rma md two examples are given bere. Work on
the ful! three- dimensional flow problem in a complex gecmetry is still in progress.

Figure £ shows grid generation in a wavy channel. Figure 22 is the physical domain in which the flow
process actually takes place. Figure 2b is the transformed domain in which the flow equations are solved. In
the computationa! space, the wavy edges of the physical channel are represented by straight edges. In Figu:
2a, orthogonality has been introduced in the ealeulation, both in the interior and at the boundary.
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Figure 2. Grid generation in a channel with constriction, aperture =
length = 6. (a) Physical region. (b} Transformed region.

A real fracture is also expected to have a number of contact areas serving as obstacles to fluid flow. In
this approach, the contact areas are mapped to rectangles, of about the same total arca. An example of this
procedure is shown in Figure 3. The actual contact area is circular (Figure 32) and in the transformed plane.
it is a square. (Figure 3b). The dimensionless duct is a size 6 X § X 2, dimensionless units and the obstacle is
of size 1.2 X 1.2 X2. The duct is closed at the Loﬁ and the sides.The grid in the physical domzin is graduzlly
distorted to accommodate the boundary shape which is not coincident with a rectangular mesh pattern.

Onuce the grid generation has been performed, the flow field can be solved. Flow enters on the left side
2cd leaves the right side, in response to a prescribed pressure drop. Resulls given below have been obtained
for specified Reynolds numbers, Re, where Re is Lased on the pressure drop in the channel.

Figure 4 shows a velocity vector plot at the mid- plane of the duct, at Re = 25. A symmetric roll pattern
is clearly visible on the rear cide of the obstruction, and is a consequence of assuming the flow to be steady.
As the Reynolds number is raised, the steady state computation retains the symmetric form of the recircula-
tion region, except that it grows in size. It is known from experiments in Sow past cylind'ers and spheres that
the symmetric bubble is stable only for low Re. At higher fow rates, the flow becomes unsteady, with a trail-
ing vortex street being produced behind the cylinder, which in turn destroys symmetry. The onset of
unsteadiness in Figure 4 would have to be determined from a full transient calculation. More than one obsts-
ele in the flow field provides a stabilizing influence 1o the Aow. Many obstacles would provide Darcy flow.

Figure § shows plot of mean velocity 2s a function of Reynolds number for the thiee-dimensiona! duct
consxdercd abowe (curvc 2) compared o a two dnmensxona] parallel cbnnnel (curve l) With increase in Re.
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the fow In the duct encounters greater resistance and the soo-linearities in flow bring out an overall tion-

linear bebavior of the system.

The cext step will be to obtain a data set from a real fracture as deseribed above and use it to create an
Input file for the grid generation and flow calculation models. We can obtain the geometry for different states

of stress and observe the changes in the flow regime.

. At the same time that we are studying the hydrologic behavior, a parallel study examines the stifiness of
the fracture. This is done theoretically using a pumerical model which prediets deformation of both the voids
{Hopkins, 1986). Stiflness is also studied in the laboratory using shear waves. The attenuation of the shear
waves as they pass thro‘ugh the fracture has been shown to be a function of the stiffness, which in turnis 2
function of the fracture geometry (Myer et al., 1085). Such an understanding of the attenuation and stiflness
of shear waves becomes critical to interpreting field measurements in seismic tomography as will be discussed

later.
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Figure 3. Grid gencration ir a square region with a circular obstacle (contact

area). (a) Physical region; {b) Transformed region.

Iy

LT i

1

L 3610-2644

Figure 4. Velocity vector plot in a three-

dimensional duct with an obsta-
efle. Re = 25.

®
-
g
®
&
L) .
-
e.0 Qe N0 x40 «a
RC 2L 0610- e84
Figure 5. Plot of mean velocity in 3 three-

dimeasional channel as a function
of  pressure-based  Reynolds
oumber. (a) Flow in a parallel

duct; (b) Flow in a duct with aa
obstacle.



[~

I S e S

B [

e e e B e e et e - <t RS eiet: e wmad ok e - h e e et -y

FRACTURE NETWORK STUDJES

Our studies of fracture networks have been mainly concerncd with parameter studies in two dimensions,
modeling of field sites, well test solutions tailored for fracture systems, and most recently, the behavior of
scismic rays in fracture networks. The parameter studies have been primarily focussed on learning how vari-
ous geomelric parameters affect flow. Under ficld site modeling, we bave developed a two-dimensional simula-
tion of the fracture system st the Fanay-Augeres mine in France (Long and Billaux, 1980). Extension of this
model to three-dimensions is underway (Billaux et al, 1986} In the area of well testing, we have developed
analytical sofuticns which are suiled for determiuing the properties of the fractures ictersecting the well.
These are solutions for composite systems in which Bow in the inner region is controlled by a few fractures
Intersecting the well and Bow in the outer region is cousidered to behave on average like flow in a continvum. -
The newet area of research is in producing synthetic seismograms for the same fracture systems we study
hydrologically. Such studies will bopefully lead to a kydrologic interpretation of seismic tomography. These
studies are reviewed befow.

Most of the parameter studies we have performed are, or will be available in thé literature (Louvg and
Witherspoon, 1985; Long and Shimo, 1086, and Long et &), 1052) so the review we give here will emphasize
rew results. These studies are all two-dimensional, but we feel that the results will apply qualitatively in
three dimensions. In these studies, the fracture system is conceptualized as a Poisson model. That is the frac-
tures are conductive line segments randomly located in the plane, where the orientation and lepgths arnd con-
ductivity of L iine segmeets are rundomly distributed. The constructica of such networks has been dis
cussed in Long et al (1082). We find ail of the intersections between fractures. The intersections are called
“nodes’, and the portions of the fracture botween the nodes are called “elements”. Flow through a squsre
region of such a network is ealeulated by assigning constant head values to the boundary nodes {i.e.. the ends
of the fractures which jnlerseet the boundaries). The flow ealeulation is made by assuming that the steady
flux in cach element is proportional to the gradient in the clement, ie., the difference in the hydradlic heads
at each of the associated nodes divided by the length of the fracture. Flux in each element can then be calcu-
lated essentially by solving Kirchhofl's laws.

By using boundary corditions which weuld produce a constant gradient in an anisoropic ecrtinuum, we
can calculate the total flux through the system in the direction of the gradient. By orienting the rectangular
sample in different directions, it is possible to measure the permeability in difierent directions. These diree-
tional permeability measurements can then be plotted as l/\/l?(—t;j where a is the direction of the gradiens. If
tlese measurements plot as an ellipse, the behavior of the system can be favorably compared to the behavior
of a continvum. The more erratic the plot is, the less the beDavior is like a continvum (Long et al, 1052;
Lozg, 1983).

Connectivity

The first study was initizlly concerned with how much can be learned about a fracture system from 2
line sample such as that provided by a borehole. In this study we fixed the fracture frequency (averaze
number of fractures intersected by a unit length of line sample, X)) and orientation distribution, as these data
are often available. We assume all the fractures have the same conductivity. The aim of the study was t5
determine the effect of fracture length (1), and areal density (number of fractures per unit area, X, on the
bydraulic behavior of the fracture network. Because the fracture [requency is fixed, appropriate values of &,
and 1 are not independent. They are refated by the protabilistic relationship:

-;_*f-_? - | )

where £ is the angle between the pole of a fracture and the borehole. Equation (1) means that the longer the
fractures are and the more fracture there are the more fractures are fikely to be intersected by a borehole,
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We start with an arbitrary fracture network specified by valuea of fracture density, orientation distribu-
tion and constant fracture length. To create a series of fra_cture retworks which all have the same fracture
frequency, we can increase the fracture length and decrease the fracture density by the same factor, or vice
versa. What we find is that as length increases at the expense of density, the connectivity of the fracture sys-
tem increases. An example of 8 series of petworks derived in this way is shown in Figure 6 along with the
amociated permeability plots. ’

If we could observe tkesc systems on an infinite scale we weuld sce the following: At high fracture densi-
ties (3,), but very small values of length, the fractures do not iztersect and, given the impermeable matrix,
the system has zero permeability. As the fracture length becomes larger at the experse of density, clusters of
intersecting fractures begin to appear. Longer still, we reach a eritical value of length and the clusters sud-
denly become infinite in size thus making the network permeable. Permeability increases as the fracture
length inereases and as the fracture length approaches infirity, the permeability approaches the assymtope
equal to the value derived by Snow (1970). )

However, we cannot observe the fracturc systems on an inficite scale. On the finite scales possible for
observation we tend overestimate the infinite permeability beczuse otherwise unconnected fractures or frac-
ture clusters are truncated by the boundaries of the finite flow rezion. e call this truncation error. In fazt,
if the length is below the critical value where permeability is thecretically zero, we can still measure 2 finite
permeability if we choose a random sample located in a fracture cluster. On the other hand, if the length is
sbove tks criticei vaiue we could choose a randair sz2mple that 13 ia 2 “hele” between clusters. In this case,
even though the petwerk is actually permeable on the iufinite scale, somme finite samples will not be perme-
able. Thus it may be difficult to know absolutely what the critical value of length is.

We can estimate the infinite permeability by performing a special kind of scale effect study. In this
study, we create the fracture networks with parameters as deseribed 2bove, We thea measure the permeabil-
ity of the samples for diflerent size nested sample squares (flow regicns) by applying the boundary conditions
suceessively to each square {Figure 7). At the same time that the the permeability of the flow regiom is caleu-
lated, the fow through the nested squares interior to the flow region {study regions) are caleulated. The per-
meability of the study regions is then said to be equal to this flux divided by the field gradient imposed by
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Figure 8. Permeability results for fracture lengths 2, 8, 10, and 12.
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the Loundary conditions. The permcability czlculated in this way is the appropriate value to use in 2
regiona! fow modecl when the “study region” is an element in the model 2t a distance from the applizd boun-
dary ccnditiors. Thus we have a study where we calculate permeability both as a function of scule 2nd as a
functicn of proximity to the applied boundary conditions.

[~

For a given scale of measurement, when the permeability docs not chz2nge as 3 function of distance to
the boundary conditions, then we assume we have eliminated trunecation error from the measurement. \Vhen
the permeability does pot change with increase in scale of mezsurcment, then we have also estimated the

[~

sssymtotic permeability. This asymbtot.ic value of permeability is the same as the value of permeability one
would find in a volume equal to or greater than the representative elementary volume (REV) of classical
Lydrology. An example of mean permeability results derived from the nested regions shown in Figure 7 is

[

given in Figure 8. It is reasonably easy to confirm that we have eliminated truncation error. However, it may
be dificult to determine the REV or the assymptotic value of permeability from the plots.

For systems where 1 is above the eritical value, we expea that the permeability plots (like those shown

[

in Figure 6) will be perfeet ellipses if the scale of measurement is as large as the REV. However, we find that
if the scale of measurement is smaller than the'REV, the behavior may be erratic. Thus, systems which are
connected and behave like equivalent continua op the infinite scale, may not bekave like equivalent continua
— ) on a scale smaller than the REV. Thus if a system is above but near critical it may not behave like an equil-

valent continuum at practical field scales.

The results of these studies are plotted on Figure 9. The plot shows average directional permeability for
— systems with the same fracture frequency as a function of 1. The relationship shown by the line on the plot is
estimated based on the data from Figure 8 and other similar plots for different values of 1. The “X's show
data derived from plots like Figure 8. The assymptope for permeability is K where K, is taken to be the
value which would be predicted using Snow’s technique for infinite fractures. We estimate that the critical
_ value of t to be about 9.

! . . If this curve shown on Figure 9 can be fit to an analytical expression, then we have a relationship
between permeability on the scale of the REV and fracture length for the fracture model we have adopted. It
ks worth repeating bere that the fracture model we have adopted is a Poisson model, with constant length
and aperture fractures and a specified orientation distribution. We would also like to know the theoretical

.
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relatlonship between the size of the REV and L 1o other words, we would like to fit the curve shown in Fig-
ure O to s sppropriate sozlytical expreacion. Further, we would like to know the expected value of permea-
bility for scales of measurement smaller than the REV, In other words we would like to find an analytical
expression to predict curves such those shown in Figure 8 for the case without truncation error. Answers to
these questions may come from percolation theory.

Percolation theory has been extensively applied to lattice rystems. Imagine, for instance a square lattice
where the intersections of the lattice lines are ealied “sites” and the line scgments between sites are called
“bonds”. Two types of problems are defined: site percolation and bond percolation. In boad percolation the
bonds have some probability, p, of being present and conductive. When p>p,, there is at least one infinite
cluster of sonnected bonds where p, is some critical value of p. Site percolation is similar. In this case we con-
sider the probability of a site being occupied or not. Another type of site percolation looks at the squares
formed by the lattice lines. In this case, p is the probability of a square being conductive, and 1—p is the pro-
bability of the squzre beirg pon conductive.

Studies of conduction in such lattice systems use the conjectured relationship:

. K~ (p-p.) (2
for prsp, and p > p; where K is the conductivity of the network on the infinite scale (Orbach, 1988; Engl-
man et al., 1983: Balberg and Binenbaum, 1985, and others). At the other end of the scale, for p =1, there is
a maximum permeability which occurs when all the sites or bonds are occupied. Further, Orbach (1986} gives
the relationship

§Safp—pl™ (i
Where a is the length of the sides of the squares in the lattice, v is an exponent thought to be exactly equal to
¢/3, and ¢ is the correlation length or pair connectedness lecgth for percolation. Orbach points out that
between the limits of a and £, the percolating network exhibits self-similar geometry, that is, it is fractal. On
tength scales above €, the network appears to be homogeneous. In hydrologic terms, £ is the REV.

We expect that similar relationships will bold for the random fracture systems we are studying. However
we must find an expression for p in terms of the network geometry parameters if we are to use these equa-
tions. Robinson (1982) and Pike and Seager (1974) have suggested that the counectivity is a function of the
average number of intersections per fracture. Hestir (1986) bas shown that this number, which we eall, ¢ ¥
equal to

-

€=>‘A(-1)2f fSinloa—alS(G)sfaa)d”d”. )
o %o

where gf 6)is the orientation distribution of the fractures. This equation is of the form:
s=M(1)e ()

where © is a function of the orientation distribution. This is consistent with the parameter study we deseribe
above where we have fixed the product of ), and T so that our ease, ¢ is proportional to | as we observed.
With this in mind, our results are made dimensionless by plotting K/Kg versus ¢. Because K is proportional
to N, these dimensionless results now apply to any value of A,

This definition of ¢ differs from that used by Englman et al. (1983): ¢; = (x/4) XAF, which s based on
making ¢; equal to the circular area swept out by rotating the fractures divided by the area of the sample.

Besides not having the factor of x/4, our definition includes the factor © which sccounts for the orientation
distribution. Thus 6, and therefore ¢, will be zero il all the fractures are parallel which is not the ease for ¢,.

L A U U U P i
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Note slso that in the above equation, ¢ is proportional to &, Thus connectivity is a function only of the
mean fracture length. However, Englman et al. show ¢ proportional to I%. Parameter studies using the saiue
data as described above but allowing the fracture length to be distributed rather than constant have
eonfirmed that permeability, which ts controlled by connectivity, is only 2 function of T. That is the morents
of the distribution of fracture length, 1 bave no effect. This is an important result, because it means tkat one,
only needs the mean value of fracture Jength, not the complete distribution to predict the permeability. So,
we feel that ¢ is a better definition than ¢, for our purposcs.

In order to apply Equations 2 and 3 it remains to define p as e function of §. Jaeger et &l. (1683) bave
suggested the use of the following: ' )

. p=1—¢7 (e) -

based on oomparixig p to the probability of N discs of diameter I overlapping, where N=\,A; A is the 2res of

the sample, Hestir (1958) has shown that this definiiion of p is cqual to the probability that a fracture of
Jength Twill intersect at least one other fracture, There may be a better way to define p, but for now if we

accept this then we have from Equations 2 and 6: .
K ~ Cfft—") - (1—} Yl
or
K ~ Cife ™ =5} ®)

which should apply for ¢~ ¢,. We know, as described above, that variation in the length distribution lezw;'a
this relationship unchanged. However, if the orientation distribution changes, © will change. It s not yet
clear whether this change will leave t and ¢, invariant. We suspect that these parameters will not be invarians
under changes in orientation distribution because lattices of different construction bave different critical pro-
babilities and exponents. However, this remains to be scen.

We now make the ussumption:that a in equation 3 is roughly equivalent to T and this gives:

REV = § & [™) —e)|~5 (®)
or .
i REV = e P l(e'(’mmie)c)_e'{xhﬁl:e))l—lp (]0)

If X is substituted for AT, and {{6) is measured, then the only vaknown parameter nceded to find the REV i
T. However, it is not clear that Equation 3, and therefore Equation 10 bolds for variable fracture lengths. In
fact, it is fairly certain that it does not. Clearly. the REV will be larger if the fracture length is variable
because it will take a larger sample to get a representative number of larger fractures. Perhaps we can fied
that 3 is a function of T and 0.

What is clear is that Equation 10 can be used to calculate only the minimum possible REV for a given
fracture network. If length or aperture are variable, or if there are correlations between the various parame-
ters, then the REV will be larger.

What now needs to be done is to find a rational expression for p as a function of ¢ and use our numerical
data to determine the critical constants. Then we need to factor in the effect of the aperture distributioa.
Some promising work on this problem has recently been completed by Charlaix (1986). It also remains to

show how correlations between length and aperture affect these relationships.
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The Effect of Aperture Distribution on Transport Parameters

A second numerical study looked st transport in random fracture networks, Long and Skimo (1086). In

. this study the pattern of fractures in a two-dimensional network was fixed. It was assumed that the permea-

bility is proportional 1o the aperture cubed, §® and the poresity is proportions! to b. Then the apertures to
the fractures were assigned in different ways but in sl cases the mean value of b cubed, E(b%), is constant.
Two factors were allowed to vary, These were the coefficient of variation of the hydraulic aperture
{vy = 0,/11,) and the correlation between fracture length and sperture, C. These cascs are shown schemati-
cally in Figure 10. X the correlation between aperture and length is close to one, the long fractures get the

larger apertures. The bulk average permeability of each petwork and the breakthrough curves under con-

tinuous injection were calculated .

The results in Figure 11 show that permeability and velocity decrease as the cocfficient of variation of
aperture increases. This is due to the fast that heterogeneity in conductivity in the network causes the larger
conductors to have their flow restricted by smaller fractures which feed them. On the other hand, permeabil-
ity and velocity increase as the correlation between length and aperture approaches 1. In the cases studied,
dispersivity length increases slightly as the coefficient of variation of aperture increases or the coeflicient of
correlation deereases and it becomes increasingly difficult to find a unique fit based on the Fickian model.
Correlation between length and aperture has the opposite effect from the behavior observed for coefiicient of
variation.

The Crection of Hypothetical Fracture Nelworks Jrom Borehole Dota

These resulis suggest a methodology for the hydrologic evaluation of homogencously fructured rocks.

Ore can develop a series of statistical parameter scts for the fracture networks which explaic the measured

permeability of the system conditioned by the observed fracture frequencv. orientation distribution. and anv
other available data. Then from the breakthrough curve of a tracer test, velocity and dispersivity can be

obtained. By comparing the transport behavior of the diﬂerom fracture networks in numerical models (each
defined by a different parameter set) to the field results we may be able to exciude many possibilities. Tkis
spproach is attractive for sites where data is limited to surface and borehole investigations.
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Figurc 11.  Results from the aperture variation parameter study.

In this approach, one first develops a conceptual model for the fracture network. In the present example,
we used the same two-dimensional Poisson mode! as used in the previous study, where {ractures are lines ran-

“domly located in space. This is rarely a good assumption and in general these techniques should be extended

to three dimensions for accuracy and the Poisson model is not always appropriate. However, in a case where
fracture are expected to be stratabound and sub-vertical, for example, a two-dimensional network may be
appropriate. -

Now, from the drilled, logged and well tested boreboles we have the following information: fracture fre-
quency, ); fracture orientation distribution, and values of permeability, K,,, estimated from pump tests. As
explained sbove, we use the statistical relationship between ,, the mean fracture length, 7; the number of
fractures per unit area, ,; and the orientation distribution of the fractures relative to the well. In the case
that fractures are stratabound in sub-horizontal strata, the fractures are sub-vertical and the well is vertieal
the expression relating the leagih and deasity of iraces iu the bhorizontal piane of analysis to the frequency in
the borehole is:

= =20 . (11)

Given ) and the distribution of sttike and dip, a variety of numerical models of iracture systems have
been coastructed by assuming the fracture length and calculating A, from Equation 11. An example plot of
such models was shown in Figure 6. We can then calculate the permeability versus T for the value of %,
observed in the borehole and different arbitrary values of 8% as described above and in Long and Witherspoon
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(1085) where b is the equivalent hydraulic fracture aperture. A schematic of such plots is shown in Figure
12a. Knowing K., from the well test results then sllows us to choose pairs of 7, )4, and 8? which match the
observed value of K, orientation distribution and fracture frequency. :

The next step is to find networks with variable aperture which also ean explain these ohservations. For
each set of T, A, and E(4?), from Figure 12a, we can perform a parameter studies to prepare a plot like that
shown In Figure 12b. This figure shows that 8 constant valus of K, can be maintained by increasing E(b*)
when v,, the coefficient of variation of aperture is iscreased. '

At this point in ‘our example we have identifed four possible network parameter sets with constant

_ equivalent hydraulic apertures which explain the data and for each of these four we have identified three .

more parameter sets with variable aperture which also explain the data. A total of 16 parameter sets have
been found. This number can always be made larger by generating intermediate curves if pecessary for
matching data. However, our ultimate goal is 1o narrow the possibilities as much as possible. To that end we
might look for independent information about the length and apertures of the fractures. This could come
from well test analysis as suggested by Karasaki (1986) or geologic investigations. If we can determine that
the fractures are more likely 10 m than 100 m or E(b’)"ns closer to 107> than 10~'° m for instance, then we
might be able to ignore some of the points on Figure 12a and each of these would eliminate three more points
on 12b from counsideration.

So far we have ignored the distribution of fracture length. It seems that the connectivity of fracture sys-
tems depends much more strongly on the mean [racture length than it does on the standard deviation of
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Figure 12.  Schematic plots for deriving fracture network parameters.
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fracture length (Long, 1086). So up to this point it is probsbly all rlght to ignore the standard deviation of
length. However, if we wish to include s correlation between length sad aperiure we must allow length to be
variable. We have not studied the effect of the standard deviation of length on transport parameters when
the length is correlated to aperture. This may be important, but for now we will assume it is minor and pick

an arhitrarv. but realistic value for the coefficient of variation for lenrth. v. sav 1.0. We continue in the
same pattern and for each point on Figure 12b we construct the curves shown on Figure 12¢. These curves

tell us how to decrease E(b%) in order Lo maintain the same permeability when there is correlation between
length and aperture. l! we choose three curves on this plot we now have a total of 48 parnmetcr sets to
explam the data so {ar. . . Lo .
We pow perform a tracer test in the boreholes. We obtain brea.kthrough curves and from these we
obtain mean pore velocity, U, and dispersion length, L,. We make the assumption ‘that the bydraulic
equivalent aperture, b is the same 2s the equivalent aperture for mixing é,." This is not necessarily a good
assumption. The actual relationship between b and b, should be determined. Given the assumption, we
model the tracer tests in fracture networks in order to produce of curves 12d and 12e for mean pore velocity
instead of permeability. We look at mean pore velocity because it appears to be more sensitive to changes in

- network parameters than dispersion length. The curves generated in this manner will be similar to 12b and

12¢, except that we plot of the curves for constant values of E(b?) because velocity is related to #* and per-
meability is related to 4. Given E(b?%) and v, we can calculate E(3*). Thus we should find a different set of
values of v, E(4°), and C which cxplain the mean pore velocity. Sets of #,, E(4%), and C which explain both
the permeability and the pore velocily can pow be identified. With luck, this will be a small but non zero
subset of the original 48 sets.

Another attempt at refining our cstimate of the fracture tetwork parameters can be made by comparing
the breakthrough curve from the field test with the breakthrough curves generated by the model results.
High values of v, and low values of C result in flat breakthrough curves and large deviations frem Fickian
behavior. Small values of v, and large values of C result in steep breakthrough curves and small deviations
from Fickian behavior. This information should give more confidence in some sets of parameters than others.
Similar refinements to the estimate eculd be found by modeling other field tests such as resistivity measure-
ments or cross hole tests or using other geclogic information about the rock mass.

If we are able to reduce the probable fracture parameters to a small number, we can use these parame-
ters to predict the behavior of the fractured rock mass under different conditions which is an important com-
poaent of both reservoir engineering and waste storage problems. )

a~
Fracture Modeling of Fanay-Augeres

This section describes the approach to using field data to model three-dimensional fracture systems
which we bave developed over the past year in conjunction with BRGM of France. We recently completed a
two-dimensional study of the fracture bydrology at the Fanay-Augeres mine in France (Long and Biilaux,
1986). In this study we generated a network of fractures subregion by subregion where some of the properties
of each subregion were predicted through geostatistics and some were randomly varied. Mean fracture length
and fracture density in each subregion were the parameters obtained through geostatistical simulation, Frae-
ture location within the subregion, actual fracture length, aperture and orientation were all chosen randomly.
We have now designed an extension to this technique which generates three-dimensional disc-shaped frae-
tures and allows regional fracture density variation through a simulation procedure which may be condi-
tioned on data. Fractures are nucleated as “daughters” of a “parent” or seed which allows the simulation of
swarms of [ractures. The simulation allows for regional variation of density and orientation within each set of
fractures.
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The derivation of the modelv parameters from the field duta has required refinement of the technique

» developed for two dimensional analysis. For three-dimensional analysis we must determine the disc diameter

distributiog from the trace leugth distribution. We also must develop parameters for the regioralized density
wnd orlentation distribution with a parent-daughter process ratber than a simple Poisson distribution. These

topics are briefly described Lelow followed by an outline of the gencration procedure. Application of this,

mode! to the site data will begin this year.

Determination of the Disc Diameter Distribulion

In order to generate fractures in three dimensions from data which is essentially two-dimensional (drift
wall mapping) or one-dimensional (well bore data) we need to make some a2ssumptions about the shape and

disposition of the fractures and derive the statistical relationships between the radii distribution, volumetric

deasity, trace length distribution, frequency and areal density.

The two-dimensional analysis was designed to iucorporate geostatistical simulation in fracture cetwork
analysis. Obtaining data for the two-dimensional analysis was relatively straightforward because the vertical
plane of analysis was exposed in the drift. This made it possible to obtain the areal fracture density by
counting the fracture traces in the plane and estimating the trace length distributions by direct measure-
ment.

A three-dimensional analysis is necessary to achieve a realistic picture of the hydrology. However, can
not see into the rock to count the number of fractures per unit volume and determine their shape. Perhaps
geophysics will help us with this problem as described below, but for now we must use statistical geometry to
estimate these parameters. ’

To make an estimate of fracture dersity we assume that the fractures are randomly located in space on
the scale of the subregion (Poisson distribution). In order 1o estimate fracture size, it is necessary to make an
assumpticn about the shape of the fractures and the type of distribution governing fracture sizes. We have
assumed that fractures are discs. If the volume is cut by a plane, then the statistical relationship between },,
the areal density on that plane and )y, the volumetric density is:

A, =y D (cosh) (12)
where D is the mean fracture diameter, (cosl) is a rampling orientation correction, and & is the angle between
the pole of each fracture and the plane of interest. .

To determine Ay we need to know D , cosf, and . From the drift wall mapping we can obtain the 4,

and ), and the distribution of trace length, L Once we have the relationship between the distribution of 1 aad
D, then we can caleulate \y. -

A functional relationship between the distribution of fracture trace lengths and the distribution of frac-
ture dizmeters which has been developed by Warburton, (1880) is given below. In order to determine the
parameters of the diameter distribution from this relationship one must assume the form of the distribution.
Assumirg that the fracture discs are orthogonal to the sampling plane. Warburton (1980) shows that:

gm=%ndm ~

I ) .
) = = dD : (13)
b ‘.f Vp? -2
Where

D = diameter of a given fracture
x = distance between the fracture center and the plane of intersection
1= b(x) = the trace length of the fracture in the plane
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(D) = pdf (probability density function) of fracture diameters
f(1) = pdf of fracture traces
'f(D) = pdf of dise diameters that intersect a given fixed plane

U-meanofDE}Dg(D)dD
()

Given the above rc_lationship one can sssume the distribution of fracture diameters, g(D) and evaluate
the integral to obtain the distribution of trace lengths f(I). One can then compare the computed distribution
of trace lengths to that obtained from the field data. By trial 20d error, one ean find a reasonable, but not
necessarily wnique distribution for fracture diameters. '

To help frame the trial and error process we have extended Warburton's analysis to be able to calculate
the relationship between the moments of g(D) knowing the first two moments of f{1) from the, corrected distri-
bution. This information in turn will guide initial choices of g(D) in the trial and error process. The details
of this derivation are given in Long and Billaux (1086). The results are given below.

If we eall 44 and o, the mean and standard deviation of trace length, then this analysis gives:

M=L.E(Qﬁ (14)

4 E(D)
and
1 2 2 E@ [
Kol =7 E0) ) {15)
If we assume the diameter distribution is logpormal with mean s, and standard deviation op, tkea
128 1
=g - = 16
b=k g3 p (16)
)
and
n
16 2 32
-p- 12 1- . 17
op=p 2 (17)

s | s

Correction for Trace Length Truncation

A problem remains in that we do not have an infinite pl#he on which to observe L. Thus, we are not
able to measure [{1) very well due to the truncation of visible traces. Baecher et al. (1977) and Warburton
(1980) have both addressed this problem and a new approach was developed by Massoud and Chiles {1986)
which does oot require ary a priori assumption on the shape of the distribution of lepgth. This approach is

described here.

Chiles and Massoud examined the trace length data from the Fanay- Augeres mine. They divided the
data into three groups: fractures with no endpoint visible, fractures with one endpoint visible and fractures
with both endpoints visible. For each of these groups, the relationship between the true distribution and the
observed one were derived assuming all the fractures are parallel, at an angle # with x axis.

The following notation is used in the development:

1 real length of a fracture trace
L spparent length of fracture trace in the A by B box, LG
K1) pdf of real length

F(1) ¢df of real length

e me e tieiera s em i isiaim em oes e eies se - - B T ———
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(L) ~  pdfof apparent length in group 1

‘F,(L) ¢df of apparent length in group 1
wx axes of coordinates, sce Figure 13

A fength of survey

B beight of survey

¢ . angle between fractures and x axis
A\ " density of trace centers

Figure 13 shows the survey plane.

Figure 13. Survey Plane

For fracture traces with no visible end point (Group 0), the apparent length of all the fractures is oaly

dependent on the angle & because the fracture is truncated at both ends. Thus the trace length is ;B—g For
. 1D
a given fracture with center at (x,u), the probability of it to b® in group 0 is equal to the probability for it o

be long enough to transect the survey area. It can be shown that

o0
E(Ny) = A), sinf f -2y ma : (18)
A sind
T
This equation provides us with an estimate of the expected number of traces with no visible enpoints
given the true distribution of trace lengths on an infinite plane.

If a fracture of length | has one visible end point, it is in Group 1. The value of 1 in this case can be
.
sind’

pumber of traces with one truncated end is:

either less than or greater than By summing the integrals for these two cases we find that the expected

L

- ENL L= [ 2nss-su (a9}
L .
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If & fracture trace with both end points visible bas a length L, then, it is In Group 2. The u coordinate of the

center can have values which range over s distance ?EF =L The x cocrdinate of the center can have values

which range over a distance A. Thus the center must lic in an arca o{(—,—B—’ — l)Asind. We can tberefore show
i
that:

. 1
BN = [ (25 -1 At 00 (20)
[
Program LOI (*Law of lengths”) ’ : v

The program LOI, developed by Jean-Paul Chiles, uses the 2bove equations as follows. Given [A), sinf}

" and {{l), the integrals {equations 18, 19, 20) are computed over [0,+00] for Group 0, and over specified inter-

vals, [x;, x;,,] for Groups 1 and 2. Doing this, we get the expected value of the number of fractures in Group
0, and each histogram interval in Group 1 and 2.

We then use trial and error to get 3, and f{l). First, one makes a guess of the histogram of real length
and of the number of trace centers in the survey area. The program, using the three derivations above, calcu-
lates:

e  The number of traces with no endpoint, one endpoint and two endpoints

o  The histogram of trace lengths with one endpoint

®  The histogram of trace lengths with two endpoints

Both histograms are given in four classes from 0 to ;’i—o-

Now to find (I} we first fit the 4 first classes using the “:wo endpoints” results and then fit the tail of
the distribution, koowing that the I endpoint bistogram is more sersitive to the middle of the distribution
and the number of fractures with no endpoint is more sensitive to the tail. It is easy to fit the disteibutions,
since we can fit the tail without changing the result for Group 2, 2nd Group 2 depends only on the first four
edasses of real length.

Prrent-Dasghter Model

We often observe that fractures occur in swarms or zones. In order to model fractures in swarms we use
a statistical description of this iype of pattern called a “parent-daughter” model. In this modédl, the fracture
swarms, or daughters are nucleated around seéds_. or parents. The location of the parents may be purely ran-
dom, ie a fixed rate Poisson process, or there may be a regionaIvariation in the density of the parents. Once
the parents have been determined, the daughters are found in some distance from the parents where this dis-
tance may, for example, have a normal distribution. The location of parents, location of daughters relative to
their parents, and number of daughters are taken to be independent random quantities. Thus, implementa-
tion of the mode] requires that we know the distribution of the density of the parents, the distribution of the
of the number of daughters per parent, and the distribution of the daughters around the parents.

There are two major dificulties in obtaining these distributions from the field data such as that avail-
able at Fanay-Augeres. The first problem is that it is not necessarily clear to which parent s fracture
daughter belongs. This is further complicated by regional changes in the density of fractures. The second
problem is that the parents and daughters' are distributed in three-dimensional space but we can only observe
traces. The centers of the traces are not the same as the centers of the fractures and the parent &s a point
that does pot necessarily lie in the plane of observation. The first problem requires that we propose a pareat
daughter model and see how well it fits. Given s trial example of a three-dimensional parent daughter model
with regional varistion in density, Deverly (1986) worked out the statistics which would be observed on a
plane. J. P. Chiles (1986) modified this derivation to account for the case that the daughters arc disc shaped

- e ———ne —e e maie s — - — ——
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fractures rather than points. The result of Chiles work is that given sssumed distributions for the parame-
ters of the regionalized parent daughter model, we can ealculate the theoretical variogram of fracture trace
density on the plane. Then, we can compare the theoretical variogram with that derived from the drift wall
mapping. Thus, we are now able to pick an appropriate regionalized parent daughter model by trial and
error. This work is summarized below; details will be given in 2 {ater paper.

For the parent-daughter model, we have the following:

A density of parents (Poisson process) Y
M number of daughters of a parent '
& . mean of M A h
% varanceof M
F(x) ¢df of the location of a daughter relative to parent's location
f(x) pdf associated with F
q . weight associated with a daughter
mq mean of q )

a: variance of q
x point in R® space of the process
B domain of R® corresponding to a sample
Ie(x) indicator function,
Ip(x)=0ifx¢B
Ig(x)=1x¢B
Q a regionalized variable defined in B

 Deverly's work was developed for application to the mining industry. He was attempting to understand

ore deposits which were found as d.aughters around a parent (gold nuggets for example). Thus, the daughters

were assigned a weight, ¢, that reflected the size of the ore body. In our problem, each daughter is a fracture

. with a weight of one. So, in this sense our problem is a subset of Deverly's problem. Deverly established

that the regionalized variable Q(B) of the cumulative weights of the daughters included in B has the follow-
ing moments (Deverly, 1986, p. 52 and Appendix A): :

EIQ(B) = 6 4 mq [ X (B) dx . (21)
Var[Q(B)] = g 6u(m] + 03) f X(B,x) dx

+ 05 EM(M—1)|m? f X(B.x)? dx 22)
Cov[Q(B). QB = b by (] + o2) [ X(B B dx

"+ 0o EMM-1[m? [ X(Bx)X(Bxlax . (23)

where X(B,x) ic the probability that a daughter of a parent located at x lies inside B. In this case for the vec-
tor U between the parent and a daughter:

X(Bx) = P{c+U €B } = P(U € B} =F®.) = [ loty—x)irkdy

. e v m me e e o mmwee mesae e e e e
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and

' - EMM-)] = 8+ o~y = O (Gu~1) 40y ' .. (24)

So, given the parameters of 3 regionalized parent daughter model, Deverly has shown what the variograms
observed on a plane, B wil] be.
Now we wish to extend Deverly’s work to accoust for the [act that centers of traces are not necessarily

"~ _center of fractures. Suprose one measurcs fracture depsity on a plane sample of the regionalized parent

* daughter process. Also, suppose the subregions over which density is measured are transiations of the planar
set B, The following assumptions are made and the results are relationships equivalent to those given above
as derived by Deverly. N

o Discs have a random diameter, D with expectation, 7)
o  The density of parents 65(x), 13, is a stationary random fusetion with covariance C, that factors

via

Celx—x) = C\(y—¥')Ca(s—)

where 1 = (y,z}; x' = (b/,?); xXe R3; y._y’e RY; z,:’é RL

¢ The pdf f(u), u € R® of daughter locations factors via
f{u) = {,{v}{w)

where u € R v =(v,w); veR* weR.

e M has a Poisson distribution.

e q=I with probability 1. -

1f B, b € R? is the translation of set B by b, then Q(By) is the number of daughters in set B, because q
= 1. Chiles bas shown that: '

E(Q(By)) = Fc8DK(0)

where  EIQ(B)QBY)] = F[0yDK (b) + 8reDe, *Ky(b)l+ ﬂﬁﬁ’f Citn(bHIK(t)de= C * K(b) T

Ky(e)= [ Ta(e—bla(e)d,
and - ’ -~
£1(b)=1,*fy(b)

and
C(h) = Bg[6:DK, (b) + 6yyoDg,(b)] + 67,D°C,*g(h)

with a 2 constant, 0<a<l. Now, given the parsmeters of the regionafized parent-daughter process for dises
in space we can calculate the variogram of fracture density as it would appear on a plage B.

Program SALVE

The preceding results have been incorporated in the program SALVE written by J.P. Chiles. To use
this program we estimate the density of ﬁucnts. mean number of daughters, distribution describing the
dispersion of the daughters, distribution of the size of discs and the variogram of the depsity of parents.
Given these 20d the size of the support sample (ie the subregion volume over which depsity is measured), the
program calculates the variogram of the fracture density on a plane. This variogram can then be compared

to the variogram derived from the Beld data. We can then change the estimates of the regionalized parent-

daughter model antil 3 good 6t to the variogram is found. in this way we can derive a model which agrees
with our data. o ~
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In implementing this trial and error process, the follow;m( guide liges may be used:

& The known number, N, of traces on the survey area s o
N - GG'OME'S ' . (26)

where s is the known area of the survey, and D is the known mean fracture diameter, We then
know the product 8g+0y. To separate 0 and 8y, ooe can use the variograms of the interdistances.
These thould contain two peaks, one at the typical daughter interdistance and one at the typical
parent interdistance. ' . o

®  When the variogram is computed from values averaged over an area, the range is longer than the-

\ range of the variogram of the same variable computed from point vatues. The difference is approx-

fmately equal to the length of the area over which the averaging took place,

. If op is the standard deviation of daughters around parents, 1, is the range of the variogram of the
density of parents, and a4 is the range ci. she variogram of the density of all points, then

ay = 2, +(c0p) (27)
where c is between 2 and 3.

. To increase the sill of the variogram of the fracture density calculated by SALVE, one can either
increase the number of daughters per parent, and decrease the density of parents, while keeping the
produce constant, or increase the sill of the variogram of the density of parents.

Whep 2 good fit is found, we have obtained an estimate of the parameters for the parent daughter
mode] which can be used to simulate the density of parents in each subregicn. This simulation plus the other
parent daughter parameters are used to generate sealizations of the fracture system as described in the last
section.

Orientation

Within a given set there may be a large dispersion in orientation. However locally, especially within a
swarm, the orientation distribution may be quite narrow. Thus orientation has spatial structure. To account
for this we can construct variograms for orientation. These variograms typically will have a nugget which
represents the local random variation of orientation. If this nugget is subtracted from the variogram, the
result can be used in a simulation to predict the spatial variation of mean orientation on a grid throughout
the region. Now when a particular fracture is nucleated by the process described below the orientation can be
found by interpolating the local mean orientation {rom the nearest neighbor grid points and adding to that a
random component dictated by the nugget of the variogram. This results in fracture trace patterns as
sketched in Figure 14.

Generetion Scheme

The following steps are taken to create a realization of the fracture system once an acceptable parent
daughter model has been obteined.
1. Using the parent-daughter model, a simulation of the spatial variations of the fracture model

parameters (ie the density of the parents, distribution of the number of daughters per parent
etc) is made in a three-dimensional region.

Define subregions on the same scale as the sample support.

For each subregion, read the strength of the parent Poisson process from the simulation.
From this Poisson process, pick the number of parants to be generated in the subregion.
S.  To locate cach parent, pick random values of x,y,3 in the subregion.

Pick the number of fracture daughters from the distribution determined above.
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Figure 14. Fracture trace patterns for a reg:onahzed parent-daughter model
with regional orientation variation.

7. Pick the random locations of the fracture centers distributed around the parent. This may be
an anisotropic distribution.

8. Pick the orientation in two steps. First, pick the continuous part from the simulation
described above. Then add a random component as determined by the nugget of the orienta-
tion variogram.

9. Pick the fracture length and aperture from the global distributions.

Application of this statistical model to the Fanay-Augeres data is now underway.

Well Testing Results for Fractured Rock

From the above parameter studies, we have seen that fracture geometry, especially hydraulic aperture,
controls hydrologlc behavior. In our Fanay-Augeres studies, s well as many other field studies, the data oa
hydraulic aperture are the data in which there is the least confidence. The reasons for this are that the only
way to obtain a good estimate of the hydraulic aperture is to perform a hydraulic test. Only an hydraulic
test can integrate the effects of the void geometry in the fracture. The only available insitu hydraulic test is
a well test of some kind. These tests should be designed and interpreted based on the likely behavior of a
fracture network in an impermeable matrix.

Karasaki et a1 {1985) have developed = new well test sclution parsicularly for fracture aetwerks {Figure
15). This solution is based on a compesite conceptual model of the Sow system (Figure 16). h; the inner
tegion the flow is assured to be linear through a Rnite number of fractures, n. These fractures have the same
hydraulic equivalent aperture, b, permeability, k;, and storage capacity (dc,);- In the oater Region 2, the Bow
bs radial and the permeability and storage capacity are ky, and (¢éc,)s respectively. The radius of the well is r,
and the radius between the inner and outer regions is ry. The distance, ry, is the distance from the wellbore
where the radial flow regime takes over the system response under well test conditions. In practice, 1y s
related to, but not necessarily equal to the fracture length. It is assumed that there is an infnitesimally thin
ting of infinite permeability between the two regions so that otherwise incompatible boundaries can be
matched.
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Figure 18. Composite model of fracture
domipated system with linear and
radial flow regions (after Karasaki
et al., 1685).

Figure 15. Flow to 3 well in a2 fracture-
dominated system (after
Karasaki, 1086).

Karasaki et al, (1985) introduce the following dimensionless parameters:
_ 2mkab(pi—pa)

o W

kzt r;‘, aqt

o et
tp = — : ’
D T '
r_' -
re o
k ulded, oy
#gedy k, o '
fm 2nbkl
L1} k.
In terms of these parameters, the solution for dimensionless pressure drop in Region 1 is:
Ip—Te
oo eos 6 .
P )
¥ = A ¥4 A7

(re <o <1) (28)

and in Regior 2, the solution is:
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Pp, =~ X " S
. 0 . STt o
: A~ 3o{€rp) + ¥+ Vellrp)
X VA il
' ] (1<1p < ) (22)

where:

¥ = Vo, 36) - o [% e] +B3,(6) - s [i;'; f] '
A =o, Vy(6)  cos [i;:: eJ—m;(s)-sin [l}:: EJ

Details of the development of these equations as well asymptotic solutions for small and large values of time
. are presepted in Karasaki (1986).

Equations 28 and 29 Lave been evaluated and the results plotted in the form of type curves for use in
evaluating the results of field data (Karasaki et al., 1985; Karssaki, 1986). Figure 17 presents an example of
these type curves for Region 1 {r, < 0.05) to illustrate the effect on transient pressures of 5, which is the
ratio of permeability in inner Region 1 to that of outer Region 2. It may be seen that at early time, the
curves exhibit the expected hall slope for linear £ow in Region 1. At later times, the effects of radial flow in
Region 2 Lecome dominant. !

Figure 18 presents the results obtained by taking the partial derivative of Equation 28 with respect to
Intp,,) for the same conditions as used in obtaining the results shown on Figure 17. It is apparent that as the

B term increases from 0.1 to 100, the time for the start of infinite acting homogeneous behavior increases
wore or Jess proportional to A. ‘
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Figure 17. Dimensionless pressure versus dimensionless time for fracture dom-
inated system (after Karasaki et al., 1985).
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Figure 18. Derivative of dimensionless results for fracture dominated system

{courtesy K. Karasaki).

These and similar results developed by Karasaki (1986) can be used in interpreting well tests in frac-
tured rock. If successfully matched they will provide an estimate of the hydraulic aperture b, of the [ractures
intersecting the test zone, and estimate of the length scale of the fractures, and a better estimate of the aver-
age formation properties.

N

Seismic Tomography Studies for Fracture Detection and Characterization

Geophysical methods provide one of the best potential tools for obtaining the geometric data. we would
Eke to have to analyze fracture network behavior. In particular, LBL is investigating the use of three com-
ponent vertical seismic profiling (VSP) for fracture detection and characterization. Fracture detection using P
and S waves in VSP studies is not a new idea, {Stewart et al., 1981). It is becoming increasingly apparent,
however, that to utilize the full potential of VSP, 3-componers data should be acquired. It is important to
record the three components of signal because of the phenomenon of shear wave splitting. When a shear
wave passcs through a fracture, the shear component splits into two parts, one faster than the other, (Cram-
pin 1978, 1984a,b, 1085). The fast wave is unaffected by the fracture as it Is associated with the component of
particle motion parallel to the fracture. The slow part is associated with the component of particle motion
perpendicular to the fracture. It is attenuated and slower slower because the stifiness across the fracture is
less than that along the fracture.

Recent [aboratory (Myer et al., 1955) and theoretical work Schoenberg (1930, 1983) explains shear wave
anisotropy in terms of fracture stiffness. The fracture stifness theory differs from Crampin’s theory in that at
a fracture, or a non-welded interface, the displacement across the surface is not required to be continuous as
8 seismic wave passes, only the stress must remain continuous. This displacement discontinuity is taken to be
linearly related to the stress through the stiflness of the discontinuity.

The implication of the fracture stiffness theory is that for very thin discontinuities, for example frae-
tures, there can be significant effect upon the propagation of & wave. In fact, the thickness of the Iracture can
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be much much less than the seismic wavelength. This stiffness theory is also attractive from several other
points of view. Schoenberg (1980, 1983) shows that the ratio of the velocity of a scismic wave perpendicular
2nd parallel 1o a set of wiflness discontinuities is 2 function of the spaciug of the discontinuities 53 well-as the

stiffoess. Thus, givea the stiffess and the velocity anisoptropy, one could determine the average fracture
spacing of density. Or, alternatively, given independent information on fracture density, one could determine
the fracture stiffioess and hopelully relate this stifiness to actual fracture properties such as discriminatiog
between filled and opeﬂ fractures or hopefully hydraulic corductivity. In any case, there is sufficient reason to
expect [racture content and properties to be refiected in the velocity, amplitude, and polarization of the shear -
waves. .

In sddition to describing structure and fracture content we are also hoping to relate the seismic responss
of the rock mass to the hydrologic response. The idea is to tomographically map the variation in the P-, SV-,
sand SH-wave properties and relate the resulting anomalics to the actual fracture density, orientation, and
spacing. In order to learn how to do this, we have begun a numerical study. In this study we take the same
two-dimensional fracture networks used for hydrologic parameter studies and model the progress of a seismic
wave throogh the network. in this way we can compare the seismic response to the hydrologic respoase. In
the programs that we have developed we have incorporzted the effect of fracture stiffness (Myer et al. 1985)
in addition to the effect of the bulk rock properties. In fact, as deseribed 4t the begining of this paper, we are
studying the relationship between fracture void geometry and both hydraulic behavior and stiflness. Such a
study will allow us to create a fracture network with values of fracture stifiness and permeability which both
conform to the same geometry,

An example of this approach is shown in Figure 19. Shown are ray paths through a model of fractured
rock. The area modeled in Figure 10 is 1 km by 1 km. The [racture pattern is nop-uniform and two distinet
densely fractured regions are near the center of the section. The upper fractured region is more densely frac-
tured than the lower. Only one set of cross-bole ray paths are shown on the plot, but many were calculate
from the assumed boreholes on the left and right sides of the plot. Figure 20 shows an initial erude tomo-
graphic reconstruction based only on the P-waves velocities. The darker areas are slower velocity indicative
of higher fracture density. Because this was cross hole tomography, there is poor horizontal resolution.
However, we do see darker patches at two levels which correspond to the two highly fractured zones. We also
have the capability to model SV- and SH-waves as well which should greatly improve the interpretation. As
explained above, the aim is to use the times, amplitudes and polarizations of the P-, SV-, and SH-waves to
map fracture properties.

A significant question that remains to be answered is the scale effect of stifiness. If we use stiflnesses of
fractures that have been measured in the lsboratory in our kilometer size model, we sce no eflect on the
scismic waves. To see an effect we must assume that stiffness scales as the square of the length of the frac-
ture. Because we have in fact observed eflects of fractures in field cases at kilometer size scales, (Majer et al
198R), we assume that there must be a scals effect.

. In conclusion, we are carrying out field and modeling studies to determine the effect of fracture on the
propagation of seismic waves. The goal is to be able to map the orientation, density, and spacing of fracture
sets in the Seld and to be able to provide useful hydrologic information. To date we have seen that fractures
do have s significant eflect on seismic waves. Hopefully, through modeling and controlled field experiments
we will be able to quantifly this effect.- ’ -
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Figure 19. Model of a two-dimensional heterogeneous fracture network shown
in ray paths (courtesy of J. Peterson).
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Figure 20. Tomogr.tphic inversion of the synthetic seismograms derived from
Figure 18 based on P-wave velocities (courtesy of J. Paterson).
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CONCLUSIONS

This paper is a review of recent work which represents various aspects of our approach to modeling flow
sad transport in fractures. There is very little in this paper describing actual modeling techniques, vis-a-vis
finlte element or boundary element methods ete. The application of such models to fractures can be complex,
but for the most part, the numerical problems are well possd and solvable, if not always efficient. It is rather,
the deflnition of the problem to be solved by numerics techaiques that is difficult. As such the approach we
are pursuing is largely concerned with the definition of the geometry of fractures. Further studies then are
simed at determining bow the geometry eontrols the behavior.

Because defining (he geometry is difficult, we are trying to wse every tool available. We bring geology
and statistics to bear on data we can observe and we use improved well testing and geophysics to expand our
ability to observe. Parameter studies of the behavior of fractures belps to point out what is important to
observe. In general, when we e¢an pot understand the behavior on a given scale, we try to characterize the
geometry on a finer scale and determine how this geometry controls the behavior. Thus we study single frae-
ture behavior so that we ean correctly model flow in a network. Finally, sttempts to analyze field data and
match iositu behavior serve to identify areas where the development of new techniques are needed.
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RADIONUCLINE MIGRATION BY WATER FLOW AMD DIFFUSICK THROUGH SMECTITE BAARIERS

ROLAND PUSCH

Swed{sh Geological Co, and Lund University of Technslogy and Natural Sclences, Lund,

Sweden

Interlayer or “internal” water forming a large part of the total water centent at high
bulk densities is strongly atteched to the smectite lattices. Water flow as well as anion
diffusion through dense clays of this sort therefore only take place in a3 relatively s-al)
rurber of interconnected, widzr pores. This rurber increases very rapidly when the dznsity
drops, which explains why the hydraulic conductivity of dense smectite clays s extrarziy
low, while it is orders of magnitude higher when tha density is increased by as little as
32 . Thi§ phenomenon is particularly obvious in {2 montmorillonite, which is discussec in
the article.

The heterojeneous microstructure causes 2 larce-variation in flow rate over an arbitrary
cross section, such that reasonably correct flos models should be based on prebabilistic
reasonings.

1 Introduction

Fer accuratz matnematical modeliing of coupled processes iike thernally affected water migration,
fon diffusion, and creep, the physics invelved In the resnective process must te knowr in detail.
This s a complex matter oven ia the apparently simple case of soils consisting of rock-forming
minerals as {I1lustrated by the wellknewn difficulty of pradicting, accurctely, watzr/vapor movement
in partly saturated tilled ground exsnsad to cyclic thermal qradients ll]. The cemplexity fs mush
greater for stronqly hydrophilic minsrals like smectites since they affect the nebility of the
perexwater, and their microstructure, which is strengly dependent on the porewater chemistry, donsi-
ty, and temperature, 1is a determinant of the hydraullc conductivity and fon diffusivity. Since
these two properties are of major importance for the isolating function of enginzered swectite-
based barriers, they deserve special attention. This article deale with the relation between the
nicrostructure and the permeabflity and ion diffucivity of such tarriers on a microscopic sca1é.
with special rescect to the possibility of relevant mathematical moda1ling., The discussion is
cenfined to the smectite family member montmorillonite in sodium form.

,

-
2 Hydraticn of N2 montmorillonite

The exact nature of the uptake of water by expandshle clay minerals is still not completely under-
stood since this process is very much dependant on the crystal lattice constitution of montmorilla-
nit2, of which there are two possible versions (Fig 1). The hydration of the Edelman L Favejee
structure has been explained as the formation of an ice-like water laitice that qrews from the
protruding hydroxyls of the basal planes when the interlamellar cations are monovalent and small
(L1 and Ma). A number of metastable and stable states of the H-bonded lattice appear, I{mplyirg a
successive establishment of 1, 2 and 3 interlayer hydrates as manifested by diagnostic basal layer
spacings in X-ray diffractograms,
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On wetting of the Hofmann, Endell § ¥1Im structure the orfentation and mutual interaction of the
water molecples as well as thefr association with interlayer cations and crystal lattices ar-
altered in the successive build-up of interlaycr hydrates, the expected degree of ordering belr-
Tow, particularly of the second and third hydrates,
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Fig 1 The montmorillon{te crystal lattice. Left: The Hofrznn/Endall/diIm structure.

Right: The Edelman/Favejee version

Spontanaous expansfon beyond 3 hydrates of montrmorilicnite stacks In unconfinad gels, yleldina
complete dispersion of the lam2llae would be expecled at lew clectrolyte concentration accerding &o
classical colloid chemistry and it has also Leen observed in L1 montmorillonite.Recent researca
{ndicates that the hydration of Na montmorillonite leads to 2 stable cendition of fully expanded
stacks §eparated by rather large volumes of "cxternal® watcr, Thus, the expansion of the stecks c¢r
domains dses not seem to proceed beyond 3 hydrate layers and do rot yield dispersion [2. 3]. Tre

lattice-associated hydrates in fnterlayer positions are terwed “internal® water.®

3 Kicrostructure of engineered smectitic barriers

It follows from the preceding text that Na montmorillonite, {f free to expand, forms an open
wicrostructural pattern which is honeycomb-like as verified by electron microscopy (Fig 2). The
regularity 1s very obvious for expanded soft gels of this type, a practical exzample being the froat
part of Na bentonite injected in rock fractures for sealing purposes. A microstructure of this sort
is expected to be very uniformly percolated by flowing water and penetrated by diffusing fons,
which means that the macrascopically determined average hydraulic conductivity as derived frow
permeamcter tests s valid, 1n principle, also on a microscopic scale. This would be the case als»
for diffusfon. -
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Fig 2 Transmission electron micregraph of ultrathin section of comsercial sodiva bentonite
(GEKO/QI) expanded to 2 density of about 1.3 ¢/ In water saturated state. The saction
fs 11lustrated in the tactoid-type structure suggasted for water-rich clays [4].

3.2 Cense Ha rontmrillonite clavs

The compaction of air-dry Na-montmerillonite granules, f.e. the technique used in Sweden to produce
blocks that can be applied in boreholes, snafts and tunn2ls 2s well as in deposition holes as HL¥
canister envelopes, results in densely grovped aggregatas as illustreted in Fig 3., We {dantify
threa types of pores: {interlayer space, small isolated voids and larger continuous voids. Cn

- wetting, water first enters the system of wide continuous pores by "capillary sucticn®, which then

serves as a source for the successive build-up of the gtrongly adsorbed interlayer water. With o
specific surface area of 600-300 m® of montmarillonita we find that 1 hydrate layer s fully
developed in completely water saturated clay with 2 bulk density of 2.1-2.4 t/m® (dry deasity 1.75-
2.22 t/m’) leaving about 20 % of the total water content as external, pore water. Allowing such &
clay element to expand by letting it tazke up water, 2 hydrate layers in finterlayer pssitions are
fully established at a bulk density of 1.9-2.1 t/m’ (dry density 1.43-1.75 t/=’) leavirq about 3C ¥
of the total water content as externzl pore water, Further expansion to a bulk density of less than
1.7-1.9 t/a’ (dry density 1.11-1.43 t/m’) yields 3 hydrate layers in {nterlayer positions, leaving
sbout 30-40 % of the total water content as external water. Summarizing these data we find the
relation between interlayer, f.e. internal, and external water to be as shown in Fig 4.
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Fig 3 Schematic particle arrangement in highly compacted Ha bentonite granulates. Left pictura:

powder grains in air-dry state. Right plcture: “homogencous" state after saturatiuvn and
particle redistributicn

A=particle aggregate, a=large interparticle void, b=small interparticle veid, c=inter-
layer space
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Fig 4. General relationship between bulk densfty and content of {nternal water in percent of the
total pore water volume of smectite clays

From the diagram we can draw some important conclusions concerning the water flow and fon diffusion

patterans. Thus, since only exferna] water readily flows under the action of a hydraulic gradient wo

have 2 plausible explanation of the wellknown dramatic drop in the mean, macroscopically recorded

hydraulic conductivity at increasing density (Table 1).
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Table 1 Mean hydraulic conductivity as determined in permeameter tests. HX-80 Na bentonite clz,
(distilled water)

Bulk density Hydraulic conductivity, m/s

. .

tom? 25°C 70°C

2.1 1.5+ 10::: 1.5« 10:3
2.0 2.0°10 " 2.0 ¢ w_‘3
1.3 3.0-10.14 5.0 - 10 3
1.8 5.0+10 8.0 °10
1.7 g.0-10 " 510712

This table also demonstrates that the conductivity at 70°C is 10-15 times higher . than at roon
temperature, which 1is explained mainly by heat-induced contraction of the montmorillonite stecks
and the associated widening and increase in 1ntefconnec;ivity of the voids.

As to diffusivity ft ha_ been demonstrated that diffusion coefficients derived from analyses of
tracer distribution in laboratory-scaled experiments miy be similar for cations and anions (Teble
2). However, the diffusive transport s much lower for anions than for cations due to Oonnan
exclusion of the anions; {.e. anicn diffusion can only take place in the external water, while
cations can diffuse in external and internal water and - depending on size and character - evern
through the crystal lattice:z |5]. Lecaically, tharefare, the diffusive transport ot cations and
anions would tend to become similar at lower bulk densities, which has also been verified erxperi-
mentally [6] . As to the detailed diffusion migration mechanisms, the diffusion rate of cations
seerms to te related to their size and hydration properties.

Table 2 Charecteristic diffusion coefficients {B) as determined in laboratery diffusion cells [Ef
Bulk density 2.1 t/m®; MX-80 Ka bentcnite clay

Specie o,
m'/s
Sri* 23 -10':; °
Cs 8 <10
e 5 -10'::
1 410

We conclude from these considerations that neither water flow nor {on diffusfon occur uniformly
through dense sodium montmorillonite c¢lay on a microscopic scale, Thus, water oercolation and anion
diffusion take place only through continuous larger volds, while cation dffrusion occurs more
uniformly [cf Fig 3). The rather extreme property of dense sodiun montmor{llonite to self-heal,
{.e. to redistribute water and minerals forming a largely homoqgeneous structure, teads t3 reduce
the pore stze to much less than in soft gels but arching effects preveat the particles to move into
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perfectly reqular arrangements, The voids thus formed will nat be distributed In a reqular fashio-
and will not be equally shaped. Still, the spectrun of vold slze - expressed in terms of ths

equivalent dlamater - and lengths of flow end anton diffusfon paths will have 2 roderate width.

Katurally, these spectra are functions not only of the bulk density but also of the purity, f1.e.
the content and distribution of other minerals and of the pare water chemistry,

3.3 Clay/batlast composites

For certain purposes clay-poor buffer materfals offer better properties than pure smactites, one
example being beds of low compressibility and permeability for heavy waste-containing structures
such as the silo for LLW and MW whfch {s presently constructed at depth in granitic rcck in
Sweden. Natural soils with smectite as one component are frequently fourd and can be vsed as ra.o
materials for such beds but artificfal mixtures of progerly graded ballast and smectite clay w2
represent more homogeneous cemposites. They can ba prepared by nixing a properly composed ballas
with finely ground Ma bentonitz, the aim being to obtsin a continuous skeleton of ballast grainc
(silt, sand, gravel) with a minimum porosity and with the pores filled with the clay componant, i<
clay and ballast materials are mixed fn an air-dry condition, the microstructure will be as shoas

in Fig 5.

v
.
<

Fig § Schematic particle arrangement in a graded ballast with clay filling {n the fine pores

Depending on the shape of the voids, the degree of filling and density of the clay gel may var,
very much and it {s immediately realized that these factors are major determirants of the spectr:
of the sfze of permeahle voids and of the length of paths of flaw and diffusion, They zre, 'a turn.
functions of the following variables:

Homogeneity of mixture : ) .
Shape of ballast grains )
Gradation of ballast grains

Shape of nixed-in clay aggregates

Density of atxed-in clay aggregates

* % 5 » %
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Cog Physical modelling and cathematical gnalogies

4,1 Hicrostructural analyses

The system of continuous, wider pores that {s responsible for the permeability and ahibn difiusiz
] can be describad as a three-dimensional pipe network with a varfation in diameter of the 1ndividus
. .. open passages that §s {1lustrated by the spectra in Fig 6.

Toto'e oo te Teteteiee
- MR e T RN s I Y]
a b c
Fig 6 Schematfc distribution curves of the diameter of intersected pores of a) soft lla mentna.

rillenite gel, b} dense Ka montmerillonite clay, c) dense, clay-poor mixture of i
vontrorillonite and graded ballest (in ueters)

The associated strong variation in flow {s amply demsnstrated by comparing microstructural paranz-
ters with the macroscopically determined hydraulic conductivity., Such parameters can be darive:
from electren micregraphs using sisple statistical metheds |7 provided that the ultrcthin secticrs
have a standard thickness (303-5G3 A). The total sectionad pore area (P) in percent of the tota!
erea (T) of the micrcgraph,and the pore size (a )} are chevacteristic measures of wicrostructural
features. The pore size is defined as the‘longestpintercept (Fig 7).

_i'Ffﬁ 7 Example of micrograph normalized for microstructural analysis

o . . .
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The measurements of pora size {Individual measurements) and pore area (continuous line Integration)
are based on drawn images of the micrographs in which no discrete particles are depicted.,'ﬁence}
the drawings show black areas for the clay particle matrix with no sectioned pore space, Dependine
on particle size and arrangement, this matrix has a varying density which 1s not fllustrated by the
even black areas. This means that the true porosity cannot be judged from the drawings. Although
the sections are extremely thin they naturally contain very small pores which are embedded in the
clay sections and are thus not revealed. The observed frequency of such pores, which host Internal
water, therefore needs to be corrected. Characteristic data of some representative amontrorillonite
solls are shown In Table 3, :

Table 3 Microstructural and flow data of Na-montmorillonite solls

Clay Bulk Poro- (Clay Main clay Microstr.param., MHydraulle
density city content minerals® Median P/T  conductivity++
] (<pm) pore size %
t/a* 1 3 y= n/s
-13
Ordovician bentonite 1,98 43 33 S>H>Ch1>X 0.12 1.5 10
{natural)
-10
Matured Na bentonite 1.60 13 90 S 0.25- 23 10
granulate
: -8
Matured HMa bentonite 1.25 8% 90 S 0.5 31 £10
granulata

* S-Hla smeactite and mixed lTayers, H=hydrcus mica, Chlschlorite, K=kaolinite
**  Slightly brackish, synthetic groundwater

Mo see frcs this table that the dramatic increase in hydrauiic conductivity on reducing the bulk
density 15 asscciated with only moderate changes in microsiructural and macrostructural parosities
and median pera size. The evplanation of this amnarent discrepancy {s that the prodability of the
develermant of wider, continunus passages traversing the percoiated sample incraases very much when
the eazity Is reduced. This has the follcwing two majar implications ca the processes of percola-
ticn zod anfcn diffusion:

1 At the exgerimentally observed tasignificant average percolation rate of dense smectite clay,
uater still flows at a high rate through a relatively small nurber of continucus passages of
low tortuosity, which are thus determinants of the bulk cerductivity. Such high flew rates are
expected to cause internal material transoort and plunging, which 1s a major reasnn for the

often observed time-dependent reduction in average flow rate in permeameter tests (Fig 8).

In miztures of clay/ballast materials, such permeable passages are numerous because of the
"incoaplete filling of the pores, Also, several very dominant flow-determining paths are ex-
pected to appear per m’ volume of fillirgs compacted on site since the preparation, applica-
tion and corpaction using ordinary techniques ars bcund to yleld varfations in composition and
density. This phencmenon is expected to be scale-depemlent,
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Fig 8 Average hydraulic conductivity of commercial Xa bentonite with a bulk density of 1.5
t/w. Hydraulic gradient = 5§0. {Brackish groundwater)

2 Anfon diffusion takes place relatively unhindered in wide passages, which ylelds fast migra-
ticn through a fraction of the pore system and delayed diffusion In the more tortuous passages
in the rost of the sample. This seems to be one reason for the skewed concentration uroffles
fn diffuston experiments* {Fig 9).

]
4000

=7

4 0001

J o
08 0° ot oot

dcnse.ﬂa hentonit2 [8]

* Pcrsonal comrmunication Prof Trygve Eriksen, RNep Huclear Chemistry, Royal Techaical Iastitute,
Staocknolm, Sweden
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4,2 Flow modelling =, o

RV " .
51ncc the detailed featurcs of the flow-detnru!nant passages are not known, stochastic methods

vou!d offer a suitable basis for mathematical modelling, A slaple analysis serves to demonstrate
the potential use of such techniques, the applied method allowlng for three-dlmensional flow. 1t
has been developed for the study of consolidation rates in sofl mechanics and 11lustrates  the
" ‘varfatlon fn flow path length assuming standard normal distribution functions [9] . According to
this method, porewater “#1ow I3 treated as a "randcm walk? process using the similarity between the
configurations of flow paths and polymer chains for determining the probability density function of
the total length of flew Tines. Fig 10 shows an element of the soil with a flow path that corre-
sponds to coupled Tinks of a chain, Assuming n links the total flow path length Is a randon yarl-

able: Lo . .
v . . ,

s or '
res. r - s .
A 4 . . -

where r‘ = lerigth of j:th 1ink

Cemd,
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Annytiully; the length r s taken as the sum of the thickness H and the absolute value of the
random length x for .-co<x<oo, which leads to the following probabilfty. (f ) density and cumulative
(F ) distribution functions of r:

f(r) =2f (r-H), T2H . ' : (2)

r X .

Fr) «2F (r-H), r2i - - ' o o (3)

where f‘ is taken a3 a normal density distribution function. and I-'x as & cumulative distribution
function (Fig 11}, . - .o

£(r) F (r)

Flg 11 Left: probability density function. Right: cumulativa distribution of the length r [9).
-

The mean value of r and the varlance Y{r) can ba expressad as:

@©
r ={ f(e)r dr ' . 4)
w©
vr) = { £ e} (r-F)2dr (s)

Taking as an example Na montmorillonite clays with bulk densities ranging between 2.0 t/x’ and 1.2
t/m?, the corresponding mean values of the total number of lirks per meter length are estimated
at m10 to m-log. The value m=10" would correspond to a bulk density of about 1.5 t/m*, keeping In
mind that the montmorillonite stacks behave as grains belonging to the fine silt fraction.

Following [9] we Introduce a random variable u, being the ratio of xfd, which 1s taken tc have a
standard aormal distributfon, {.e:



[

I

— [

[~

[~

r— — r— (— [ (-

T T /Z \
e e ' Rohnd Pusch B .'i?j_.- , \

e e o PR T g e e Sy 3 AT AT e
Pt PRI | P

- 1 2 B i o - v
f . ' ¥, cedu¢ ’ :
u(U) 7 exp ( Z)’ uC 3 {6)
Then the length of the flow path r 1s glven by the bdasic €q. (1):

»

f (rpH) = 2 ' (r/m. 1SeMse - 0 T n ..
“The probabﬂity density funct‘lon of r/ﬂ has the form: - S o 7- fo-
' - . -.;-
m(r/H) l.n!r(r/H) o » . . (8) =

- .
whera k i3 derfved fron k /fr/H(r/H)d(r/H)-l
1

Introducing k back in Eq. {8) we obtain the mean value of r/H and the standard deviation of this
same quantity:

[»-]
/- 72-:;— / (Y2 iy a( ) (9
1 Co.
and -
2% [-(r/m)2 -
et [ e (r/h - F/H)d{r/H) (10)

It can be shown that k has a finite value of 3.15, which yields the mean value 3.05 and
the standard dayiatioca value 1.57 of r/H.

Ye conclude from this that when normal distribution functions are applied, the prcbable existence
of long tortucus paths results In a mean flow path equal to ebzut three times the theoretical
ninlmun distance.

The dlspersion bf flowing water ard diffusing anions is thus censlderable, In particular, this
ex2ple serves to show that accurate prediction of the transport of anions by diffusicn cannot be
based on the sigple diffusion equation.,

Huch more advanced analyses of flow and diffusion can be made by annlyirg advarced techalgques 1ike
the use of fractal ccncepts [l ]. Such work requires access to alcrostructural data and is p»ns=ntl/
focussed on in the ongoing tuffer material study of SKB .

§ - Comments

Naturﬁ1ly. many of the processes that nesd to be consldered in safety analyses of. long term reposi-
tory function, may well be described by rather simpic mathenatical analeques. This s also the case
for waste canister envelopes of clay, which are determinants of the oserattonal 1ifetimo cf the

containers since the ¢lay creates their chealcal eavironment. The chofce of relevant mathematical
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models, however simle and practical, needs to be based on & deep Insight in the fnvolved physics,
particularly as concerns flow and diffusion as demonstrated in this article.

§
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Racionuclide Release and Transport Modelling;
Specific Applications and Requirements for Further Developments

Charles McCombfe

National Cooperative for the Storage of Radioactive Waste {WAGRA)
Baden/Switzerland

SurMary

Release and transport of radfonuclides from geologic repositories is most likely to be
caused by moving groundwater. The modelling of these processes within a system performance
asssessment Is discussed. Emphasis fs lafd upon fdentifyfng the important processes determining
final release rates and on reviewing the status of thelr modelling. Recent assessments fn

‘various prajects tend to reveal a common set of key safety {ssues and these are sumarized in
this paper.

1 INTRCDUCTION

The general aim of this paper is to discuss the modelling of radionuclida ralease and trans-
port from a nuclear waste repository. For most geologic repository concapts, the most likely
release mocnanisa for radioruciides is by transport in agroundwater and =cdelling efforts have
accordingly concentrated upon studying this scenaric. Hydecgaslogic modelling on 4 large scale,
as discussea in other papers, gives the natural water-flcss through the host-rock formation and
ware detailed anilyses can allew far the perturbations fnduced by the presence of the rerosi-
tery system. We thus typfcally arrive at a predictad grouncuater flow field 2round a backfilled
uadarground axcavation containing waste packages, The subsequent modalling steps involve -
prediction of the radioruclide releasa rate out of the {mrediate surrcundings of the waste {the
“rear field”) into the relatively undisturbed geologic meaium {the “far field") and thereafter
tie transpert rate through the geesphere and biosphere.

Fig. 1 gives one representaticn of a typical medelling chafn. I shall confine discussion
fere to the near-field and far-field areas represented at the centre cf the figure, f.e. I
snall leave discussion of hydrojeoloyy and of biosphere transport to other speakers. Further-
mare, 4 datailea tredtment of near-field transport in clay ouffers will be given by R. Pusch
and the general matnematical background to transport mof2iling will be covered by G. de
Marsily. Follewing some genaral ebservaticns on mathematical medelling and a review of imports °
ant near-field and far-field {fssues, some selected important conclusions oan the current state

of releass ana iranspori eudeliing are sumasarized.
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Fig. 1: Model chain for safety aralysis

2 BASIC MOOFLLING ISSUES

2.1 Parformance assassment models

-

[t is not possible to prove in a rigorous mathematical sense that radiaticn doses from a
regository will at no time excead a certain limit and direct experimental checking of calcu-
Tated rasults 1s not passible because of the long time periods Involved. All peaningful safety
studies of final dispesal must therefcre be bised on predictive medels of physical, chenical
and gzological processes.

The most important step {s the formulation of & conceptual model which 1s capable of
adequately dascribing the processes to be considered, with appropriate approximations if justi-
fiable. The validation of this model, f.e. checking how well the approximation corresponds to
physical reality, fs very important. A calculation model is usually derived from the ccnceptual
wodel and this simplifies routine use {n conjunction with ather models. A calculation model fis
understcod to be a mathematical representation of a recal system which allows quantitative
results to be obtained. Yerification of such models is cefined as the process of proving that
the mathematical solution correctly reproduces the proparties of the conceptual model. These
steps are shown schematically in Fig. 2. '




[~

[

-

S i e

—

Radionuclide Release and Transport Modelling;
Specific Applications and Requirements for Further Oevelopments

Y Srouam compr : R

Conceptust mode Giobal

-]

¥ Systomn- A
spwcrie

T

Cuantiztres formuishos .

Calcuietsen swdul
Verificroon

P

Fiqg. 2: Mcdelling steps

It {s often practical to make separate models of sub-systems. Chemical and physical
processes which can be quantitatively characterized thPough measuresents and experizents and
observations of geological and hydrological processes can be descrided and extrapclated in time
in models of individual sub-systems. Finally, an inteograted asscssmaat of the whole repository
system {5 necessary in order that the interactions of the Individual systens and their effect
on overall safaty can be takea into account. Also, it is possidble to estimate the relative
importance of the indivicdual barriers anly in an intejral model study. An important task in the
area of repository safety analysis is checking the validity of the madels, This involves détect-
fng and clearly describing their range of applicatica and identifying possible inaccuracies
which can bte caused on the cne hand by approximations in the conceptual and calculational
®odels and, on the other hand, by uncertainties in the input data used.



I

{

Radfonuclide Release and Tranﬁport Hodelling; b
Specific Applications and Requirements for Further Developments

2.2 Selection of methods and data )

Quantftative predictions require certdin simplifications ana approxfumations and 1t 1s there-
fore important to be able to assess the resulting uncertainties. A possible method would he 2
study carried’ out according to stochastic principles with dafined probadbility distributions for
the frput data values. Such methods have already been ddveloped for reposftory analyses; they
are currently being put to use, but cannot yet completely replace deterministic analyses
because the procedures selected contain extensive simplifications of the system and 1t s often
fopessible to achieve the necessary degree of detail {n the data acquisition.

A different safety analysis method has been follpowed §n analyses fin which it has to be
ensured ‘that the simplifications and selection of data are always conservative. This {s justi-
fied wnea the main goal is a bdounding aralysis, i.e. 3 demonstration that a certain degree of
safety can bde achieved under all circumstances. However, §f the safety analysis f{s used for
planning of a specific project, for defining research groyrammes or for realistically assessing
the potential consequences of waste repository, the use of “best guess™ data or estimates is
more appropriate. This approach niniwmises the danyer of obtaining too distorted a picture of
the whole system since a significant deviation from reality must be expected wien linking
inaividual over-conservative steps. Procedures wnich are based on deterninistic wethods ard
conservative data 2re being increasingly complemented by probabilistic methods. It §s acknowl-
edged tnat these probavilistic/statistical approaches still have limitations in tneir methad-

. alogy and, even more so, in their databases. However, future assesswents of overall repository

safety will certainly include compariscn of probabilistic predictions with risk acceptance

criteria ~ even if these continue to be accompanied by deterministic dose predicticns based on
bounding-value cases.

3 RELEASE AMD TRANSPORT IN THE NEAR FIELD

The near field of the repository system 15 generally taken to mean the waste wmatrix itself,
its overpack, the backfilling of the oxcavation and those parts of the surrounding host rock
substantially affected by the presence of the repository. In 1930 an EA Symposium devoted to
near-field effects gave a good overvies of the wodelling situation /Ref 1/, and this was partly

updated ty an IAEA Working Group which met in 1944 1o ‘:rac:ce 4 farther document /Ref 2/.

The processes wodelled in the near field and far field inzlude heat transpert, water wove-

ment, enyineerad barrier corrosion, waste form leaching, dissolution and pracipitaticn pro-

cesses in th2 grouncwWater, yas generaticn, convective or diffusive miss transport and chemical
sorption effocts. Many of these proacesses are iatzrrelated and the final
safety will -depend on all of them.

predicted repositary
Fig 3 gives a schematic example (frow Swiss work - /Ref 3/) of a near-field system, for the

particular case of vitrified waste in a steal overpack within a repository tunnel backfilled
with bentonite clay.
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Fig. 3: Radionuclide release from tha near field

3.1 Chemical thermordynanic mcdelling

-

The chemical environment and its evolution with time are of extremely high importance in
determining the repesitory performance. The corrosion rates of waste and overpack, the solu-
bitities of radionuclides, and their sorption on other system components are all strongly
dapendent on the chemistry (in particular on £h and pH which determine the speciation). There-
fore the application of chemical thermodynemical models {s important.

Most models today are bdased on equilibrium thermodynamics in aquecus solutions. Models
currently used to check the consisteacy of measured hydrochemistry data or to predict the
future chemical environment and the concentrations of radionuclides include MINEQL, EQ3/EQS,
PHREEQ, etc. Impertant deve]opfnents being worked upon are the improvement and extension of the
basic thermodynamic data, the inclusion of kinetic effects, and the coupling of the chemical
modelling to a solution of the transport equatfons. This last item is difficult because the
scale of the computational prodlem which must be solved for a direct approach is so large that
simplifications based on a good scientific understanding of system behaviour must be sought.
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Yarious applications of chemical modelling to date have emphasized the {mportance of
potent{al future changes in Eh, pH, etc. within the near field. Oxfdising conditions might
develop due tu radiolysis of groundwater after overpack faflure hzs allewed intimate contact of
water with spent-fuel pellets; chemical buffering' by specific additives or by reducing cor-
rosion products can influence this; changes in pH will occur in bentenite buffers or, due to
cement structures within the repository. It {s important to quantify such effects 1f we wish to
take full credit in our performance assessment for the substantfal safety barrier effect due to
the normally low solubilities of {uportant actindes in the disposal systea.

3.2 Corrasfon and waste-form release modelling

Corrosion rates of metallic overpacks are important fa varifus disposal concepts. An over-
pack can certainly provide complete containment during an initfal time period which is longer
than the duration of a waste-induced heat pulse within the repository; 1t may also provide very
much longer containment {f properly chosen materials are used fn a suitable environment (c.f.
Swedish work with Cu-container lifetimes of over 105 y). Mostly the corrosion processes are not
directly modelled; container lifetimes are derived either by assuming reactions occur with all
oxidants transported by groundsater %o the containar or by usipg empirical corrosion rates
derived froa experiment and observation. There are, hosever, codes which siwultancously calcu-
late the develcpment of mechanical stresses and corrosicn processes in the overpack; the most
obvicus application of these is fn an attempt to guantify the expected spread in container
failure tiues. -

. -

for the waste-fcrm itself, there have been many c£sodelling studies of the rate of radio-
nuclide release. At a macroscopic scale, release is often taken to ba due to a nuclide-
indepencent matitix corrosion rate togetner with a nuclide-dependent diffusion cut of the waste
ratrix. Innumerable leaching experiments have been performed to provida data for such models.
Complications which arise include the practical prctleas of achieving reatistic conditions
(e.g. water/waste volume ratios locw encugh to represent those expected in the repository) and
the difficulty in predicting the physical and chemical behaviour of surface films which can
have an important influence on effective corrosion rates. ’

-

One example of a current programme aimed at studying release rates from vitrified waste,
using varied experimental techniques together with agpropriate medelling, is the JSS Programee.
Some experiments us2 high ratios of waste surface area to water volume and {nvolve explicit
examination of corrosion films; other experiments have a deliberatly ¢hosen high glass surface
area in order to achieve chemical equilibrium in the leachate in reiscnable times; all practi-
cal work is accompanied by release mgdelling which also takes into account the changing chemi-
cal cowposition of the leachant solution.

In practical, inteyrated performance assessments of complete disposal systems little -or no
use has been- made to date of detailed microscopic corresion mocdels which treat the build hp and
dissolution of specific solid pnases. Host studies assume siaple congruent release from the
corroding waste watrix, althouyn refinements to account for restricted elemental solubilities,
including the sharing of soludbilities amonyst different isotopes, have been implemented.

N .
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3.3 Near-field transport modelling .

Nuclides released from the waste matrix must be transported thrcugh the backfill or bduffer
materfal. Details of this process for the common case of clay barriers are dfscussed in the
contribution of R. Pusch, Here we shall mention only scme important conclusions which can be
drawn from recent modelling studies.

For normal buffer dimensions and for the low water flows expected In most repository host
rocks, the diffusion rate through the buffer §s not a factor which limits ultimate releases of
long-1ived nuclides to the geosphere. However, slca diffusion can delay the break-through of
radlonuclides for times which are long enough to allow decay of even relatively long-lived
radionuciides. Moreover, the diffusion resistance of the buffer provides a mechanfsm which can
restrict release rates to values determined only by the concentration gradients - even {f
greatly. increased groundwater flow rates should occur at some future time.

The modest, direct contribution to long-term safety predicted for the buffer is to scme
extent a consequence of the modelling of the interface between buffer and host rock and of the
flow of radionuclides across this interface. If no transfer rosistance 1s assumed, f.e. if
nuciides can frealy move into the host rock at all places, the results indicated above are
valid. More raalistic mocelling, however, should account for the fact that, in hard rocks with
discrete water bearing features, diffusfon will occur cnly to these features - and they are
normally relatively sparsely distributed through the host rock. The major prodlem in calculat-
irng this effect reliadbly is not the cemputational medel, but rather the difficulty In gatheriag
adequate data on the future systems {n the host rock.

3.4 Comments on near-field rojease and transport mndelling

The nctes above indicate that proper near-field analyses rmust invclve madelling of
spatially heterogenacus and chemically cemplex systems cover long time periods. Mathods are
available for adequately treating those parocesses Xnown to be dimportant; {mprovements of
mathods and data are hosover possible. Sume Tew effects which could in some circumstances ba
izportant f(e.g. colloid formation, microbial offects, etc.) have not been rodelled in any
depth. Efforts are underway to investigate nossible sy:;aiotic effects when different processes
are ccupled together. Results of anialyses shod that the near field of a waste repository can
provide a hignly efficient nuclide containment which is not strcagly dapendent upon tha more
remote veoloyic setting.

4 TRAHSPORT IN [HE FAR FILELD

4.1 Transport models

Most processes already mentioned as occurring in the near field, take place also during
transport through the gcosphere. An important differance is that the environment in the geo-
sphere 1s not expected to be significantly affected by the presence of radionuclides being
transported in the groundwater. The mafn processes involved are advection, diffusion, disper-
sfon, sorption, dilution and radjoactive decey - and these are normally all included in the
coupled transport equations solved by standard computational models.
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Many computer models exist for geosphere nuclide transport, some {including also othar .
processes like hydro]ogy; heat transport, etc. Extensive work has been done on ver{fication
of these models by cross comparisons and on validatfon by comparison with experimental results,
Some of this work {s described in the contribution by B. Grundfelt on the Intracoin and
Hydrocoin projects. In the following section, therefore, emphasis will again be 7laid upon
descriding the conclusfons which can be drawn from recent_applicatfons of geosphere transport

codes {n performance assessoents.
v’

4.2 Conclusions from applications

From the time of the earliest analyses it has been clear that the geosphere can be an
extremely effective safety barrfer. Even with highly conservative assumptions on nuclide
sorption, rminy radionuclices "are extremely fmmobile in the gessphere. This qualitative con-
clusion 1s easily verified by experiments and field observations. For some {fmportant nuclides,
hewever, (e.g 1-129) solubility and mobility can be high, so that concentrations at the geo-
sphere cutlet are dependent mainly upon dispersivities and upon dilution.

The results of geosphere calculations are particularly sensitive to the cernceptual modal-
1ing of some parts o7 the system. for example, if we us2 conventien2!, large-scale hydre-
geclogic rodels to predict bulk volumetric groundwater flos rates, w2 Tust theceafter model the
¢atails of tha flew systems through which th2 water moves - and the predicted transpert proper-
ties of host rocks can vary greatly according to our canceptual madel of these flow systams.
Results oxist for caces whera it has baen assuwmed that fios is uaifora (porcus medium}, fn
discrete fractures, or in discrete cne-dimensicral actworks (chanaels aithin fractures, veins

in altarcd rock, etc.).

The pracise description of the rock arcund the water bearing faature is also firportaat.
Hinerals lining fracture surfaces can deterwine the effective sorpticn; the diffusivity of rock
adjacent to the flow path will ditermine how easily and how Far nuclides can diffuse into the
reck ratrix. Une example of this point is illustratad ia Fig 4; this illustrates the variation
with time of Np-237 concentraticns at the geospiare cutlet for a stU @ linear flov path for
differeat cases with varying volumes of rocck arcund the flowing water availabe for matrix
diffusion. Many orders of magnitude in concentration cam result fron small factors in diffusion
death. It §s then clear that flcw path characterization and the developrment of corresgonding
cenceptual wodels is of utmost importance in-radionuclide transport modelling. This means that
careful characterization of the host rock is essential, ana that the problems of sparse data
will always be present decause of the fine scale descripticn needed for large rock volumes.
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Fig. 4: Normalised nuclide flcw {4p-237) leaving the
500 m long traasport path in the middle crys-
tallire as a function of time and the maximum
depth of penatratfon into the kakirite {0)

5  CQHCLUSICNS -~

Froin the remarks made {n the precceding sections of this paper and from a broad lock at the
project work 1in different countries, we can draw togathor seme ganeral cenclusions on the
current state of radionuclide release and transgort modelling.

Basic modelling {ssues: N

In rmathematical modelling of any system the most important single issue is the choice of an
apprupriate conceptual model; this depends upon our having an adequate quantitative understand-
ing of now tne processes involved affect total system behaviour. In relatively few areas is the
calculatianal model the restrictive issue,- althcugh there are examples ie.g. probabilistic
wccelling with wmany parameters, fully coupliny of transport processes, etc.) where increasing
demanas ior computing power can arise. For very many model applications the database needs
improvement. This is true on a small distance scale (micrcprocesses in waste matrices, ia the
fine structure of the rock, etc.) 4nd on a large scale (adequate characterization of the
geologic ana hydrologic environment of a repository) - and {n both cases for unusually long
timescales.
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Current status of models:

. Models are availadble now which allow quantitative a'nalysis and prediction of radionuclide.
release and transport processes. lImprovements are, however, necessary. On one side, conserva-
tive, relatively unrealistic assumptions have sometimes been made Jin order to be sure that
models overpredict release and transport (e.g. linear sorption, fast kinetics 1n all chemical
reactions); with increasing understanding of processes involved, this approach should become
less common. On the other side, we must {mprove modelling of certain processes which could
affect disposal system safety in a negative or fn an as yet unknown way {e.g. colloid formation
and transport, strong channeling in flow paths, gis productfon and transport). In virtually all
of the fmportant mode21ling areas asscciated with waste disposal safety analyses, validation of
the concepts s and will continue to be a key issue. A full validation will in many cases never
b2 possible {n a rigorcus sense; we can speak only of fncreased confidence in the modelling
teols. verificatfon and quality assurance of computer sodels are also very important - these
tasks shculd not, howevar, be confused with the fundamental validation process.

Application of Ecdels:

The nuzber of applications within the framework of complete safety assessments of reposi-
tory systems continues to {increase and the results show scme comuen trends. The fmportance of
uncerstanding the chemical and geochemical enviroaments, including their evoluticn with time,
is very hign. Radicnuclide release or transport ratos can vary by many orders of magnitude
undar different chemjcal conditions. Total systzm apalyses quantifying the efficiency as a
safety barrier of both near field ana far field of a repository show that both can be highly
effective. Even in 1 geologic setting of relatively modest guality, the acar fiald can provide
effective containment of radionuclides for very long times (c.f. recent Swedish or Swiss
work); in 2 well-chosen geologic environment ({favcurzble hydraulic regime, qgi0d chemical
conditizns, assured dilution, etc.). almost ro doemands nead de placed on the waste package
nuclida release rates. The accepted princinle of incluaing toth near-field and far-field safety
barriers in a multi-varrier system {s confirmed to be appropriate. A1l appiications of model-
1ing of repositories suffer from iradequate databasas, particularly at a site-specific level;
the numarcus charicierizaticn pregrazres uhich are in progress should improve this situation.
fatatases will, hewaver, never be complete. Accordisngly an issue of midor - and still growing -
importance is the gquantificaticn of tho uncertainties {n mcdael pradictions which are caused by
our imperfect knowledge of the iaput data neaded to quaatitativaly desceibe the repository
systom at the precsent and at future tires,

"
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This paper ¢iccusses the potentiul for relc:;e of redicauclices fato th2 Liacthere follo-ing
cisnosel of rogicactive woeete 1n Yend-tzsed faci1itfe§. the redalling of suiluzquent
transport of redionucliidas {n the environmznt, and cstimetion of the assozizted coscs to
1pan, Some exenple results ere presentcd bised on the aprlfcation of & perticular mocdel,
called BI0S, ¢nd these are used to fllustrate sone of the wafor difffcultifce, &nd &rces
whare further development {s cppropriate,

1. IKTRODUCTION )
In & cumprebansive radiclogice? ¢ssezsment of zny nacte 6'5.: £1 rethad §t is recessiry to

consfdear &11 the evernts £nd prozesszs which could 1e2d to the transpert of recionuclidas bzck to o,
or could influsnce transpsrt rates, Some o7 these cvents end prosesses &rc naturel, clhers ¢#

ceuscd by the ¢ffcsts of thz waste on the repository, vat others erc humen {ndeced, Yhe ned:]nin: of
these proccsses con Lo diviced conveatently fnto throe 2rees: the rozr end for ficlds frem the vozte
repactocry, which eszentfelly fnclete 213 of the geesphere, zad the biesphere.® The purpoce of thic
gapts b 15 oximine the different $Mnds of relcsse from the geopshere, the nadelling of the
subscquent trensport end cccuncletion ¢f radfenuclides, end the tescclates doses to ren, [eczvce 2
full essessment must fnclude estiaites of doses end ri;ks to the rost enposed fndividusls &g to
populaticns &3 & whclc{1] the nodels vsed stovld cover the creg loze! to the posnt vheree
redionuc)ices ere fnitielly relezsc? fnto man's enviroemant, the recfon around it, and the romeindsr
of the tlosphere. In other words, ¢t {s necessery to 2ttempt to rodel the whole cnvircnaent,

2. FELE2SE OF PIDTCIUCLIDES FROM THE GLOSNHENE

The rost 1Mhely mechenfem to result in treasfer of activity from ¢ lencd-beased verte Clepatal
fectlfty through the geesphere end frte the biosphore fs carrlegs by croundwiter, Contewinitc
groundweter ey then be discharged {n¢o the frestweter enviconment (rivers or lekes), tnto sub-sctl,
cr 1nto the coistal mirfne envircnsant, Civen the nature of the geosphere transport processes {t
follows that release into the biosphers is 1ikely to continve over very long perfods of tire, end
thet only relztively leoag-lived radicruclides will be releesed, particularly fren daep geolegical

factlities. :

*fFor the purpose of this paper the term geosphere {s taken to r:26n thaet part of the globe which (s
below the ground surface &nd beycnd the norval renge of man's access, Efosphere {5 taken to include
21} those creas to which man normelly has access, 1nc1u51nq sofls, the atmosphere, fresh water &nd
rarine environnents, but not below ground as in &infng sctivities,
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3.1 (eror:l
The type Cf codel wnien s post frequently uied to

rodfes rates ond petterns o redienuclils
trens{er throush the envircraent folloxtng relcases froa gaslegic rcpcsftsriés £5 tix canor
LN

am g Y

5
ccn;rci!cd Vnzsr comrertrmant msdel. In these §0 §5 2ssumed thet 2s soen 2o & redic aclidy oniore @
cow, artaant, fnstentinsous wizdng ceours oo tiet thave {5 2 uniform sontuntretion ¢f she recicaclice
over the while cocporicent,  Bech cempartment mwst therzfers te chosen o represcat o oregisn of (e

eacirentent for unfeh this zssumpainy §s roisonitle, L 5

comotrtnizals €in Le sy 1erg2? 25 the gliusl eceins or i
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tondency shouuld Lty redute the eo=lzr of Compart onts

{
of the fastantiniuug r bzecen comportaoents §5 Ceserd
cocffictonts® wiiti iS¢ he freziter cetivity o ¢
vaft tise, Thosa trer : otiong of tio2, €2 thit, for .enenpi, Thingis in
cotpartmont sizze win
The edventinee of

: 2% thoy e nothenettoilly strefytifoenerd, con bt
foirly costl, frtorfecet alth rols

s orer redicneeifo relorse fion the goosshere ond, in the tiae o
shard Lorm prudicnions, dfe not to3 ¢4ifizelt to validste. In edditfen, those modely cza rezd(d
. . Y
er222l of leng-tive?
1

i

ceal wufeh setdnics foor, chedng, which ore & mafur conzurs o srsesaaentes of of

t dizpreed
tha Rattcnel
=2ing €rea tie Coonfssion ¢f the [urgicen
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ent LAghle ective vaztze, 10 {llosirite how ¢ coopartuent redel fir e fn gloily
rescesnunts €8 trvctursd, 1 will pre & en exzmple the BICS medel{Z 3 developed et
Frdfclegieel Protzovic- toeed (E0F3), uith par:isl fu
Cowunitifos (LEC). Sfafler redels re fn ca: in other countifzs (see, for erxizple, SKET/u2S(3);
prtthics ¢t 21047; vashie ot 21{5)) end citer UX orpznisetions {Faue on? TherniI)),

3,2 Structure of the G105 Podd :

The highart rzses o tndivicesls frox Clerasst o land »f11 2rfss where redtcnucifce
contentrotiens ¢z h‘fP’:ﬁ‘ vhich §1 Tikely ¢ U2 fn th2 vicinity of the rifcasy to the bfesphars,
Hance, 1n develcying o rodel such ¢s D105 greatest sttention fz prfd to the lozelity of the relciss,
The local part of the rodel nust permit caleulstien of redfoauclida concentraticns in ¢11 tha 1eza)
eavirensental conpartments wnich could lead to frrediation of man, &nd nust take {nto zccount
redtonuclide trznspert {nto the regfon beyond the relcase, Also, because relesses may occur over
very long pertods {thousinds of ycirs or morc), ¢1lowance must be'made for feedback irte the loczl
erea of Tedionuclides which have been more widcly dispersed, ¢nd possible changes vhich may occur {n
the onvironment during and after the release ayst be incorporated fnto the calculztions,

Depending on the type of release &nd the characteristics of the local envircnrent, sejor
contributions to collecti{ve dose may come from the local ares where concentritions of tetivity ere
corparetively high, On the other hand, sigaiffcent population exposure may elso crise in the long
term from core videly dispersed activity, 1t {s nefther fezsible, nor necessary, to provide the seae
Cegree of cetafl fn the part of the model dealing with this wider dispersal &s 1s given to thz lotel
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relevent water ceapartments, end essumpticas about dredging cetivities,

Aetivity rey ¢1s0 be brought to the surfece fnadvertently threush borehele ¢rilifng, Semples
from ¢rilling 2ctivities could be closely exaxinud before {t {s ciscovercd that thzy ¢re
contaminated, lost of the eateria) might then be dumped clouse 1o the drilding sfte, where the Viguid
fraction could enter freshweter and the solids becose mixed with sefl, If the borehole has bezn sunk
{n order to provide 2 water sbpp)y. then the sudszquent trensfer of 2ctivity caa be assumed to Lo
siafler to thet for ebstrected river water,

3.2.3 #K2rine environrent

In the ccse of ¢ repository sited on the cosst, redfonuclides could enter corstal waters

directly. 1In cther cases trensfer will be by rivers fthrOugh cstearfes), end both transport to the
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111} ennuel fndividual doses {n cach compartnaat for c2ch pathwey nd cach redienyelida,
i #s a functicn of time;
: .
[ fv)  collective Cose retes {n cich cooportment for cech pathery end coch recfonuslice,

. es a function of time; . .

! v) as (iv) but sunmed over ceapartrents;
L_ v} s (1v) but suamed over redicnuclides and compartrments;

vif) collectfve dose rates summed over compartments, redfonuclices and patheays
| viff) 2s (tv) « [vif) but with collective doscs Integrated cver varicus time perfcds,
i including {nfinity,
—

4, EIDEL VALIDATION .

t
’} ) padel validation 1s ¢ separate sctivity from model verificatfon., The latter consists of
L
e -
i
i .
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crafnfng frreducihls vacortainedies con be quantificd by vse of leborzicry and ficld dets, hds
H

T

situe2ticn coes net ¢axfet for uncerteintins {n elthar tha first or socond categeries. In the cese of
urcertednties eclated to predicticns of future blosphere canditions, there {g s secre for
rodyction through rescerch {generelly not eeleted to redfoective wiste ¢lepose)) en? considerzble
prospacts fer scientific agrcenent on the renge of fulure conditfons to be ceasfcured, Thus 14
stould te possidle to fnzlude cncugh biosphere scendrios within &n essessnent to sptie the range of
ikely future cenditfcas, even {f fnfoermetfon fs lacking on thelr probabflities of cccurrence. It
£2y be noted thet in meny studies of ceep Seclogica] repositorfes, discherge of ectivity fn to the
bicsphere {s predicted to coatinue for suck Yong pertods thet 2 wide renge of biosphere ceaditions (s

probable during the pericd of stgaificzat geosphere releasa.
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Uncertainties about humin characteristics, habits and locations are more difficult to deal with,
When estimating maximum risks to Individuals the approach used 15 to assume that an individual s
present at the location where risks would be highest, and that this {ndividual has habits and
characteristics (metsbolism ete) sim(lar to those of people todey (NRPB[12], NEAL13)). The ratfonale
“for this approsch {s that ft ensures that no individus} fn & future generation fs subject to & risk
which would be regaroed s vnicceptable now, The approach works well for scenarios 1n which the
highest doses will be received through consumption of water or food, and depend primarily on
predicted radionuclide concentrations ta environmental materials. However, {t {s more difficult to
apply to scenarios 1avolving fnadvertent fntrusfon decause assumptions must be made about actions
taken prior to and after the discovery of the uaste..
for pooulations the situitfon is more complex because the results of collective dose and risk
talculations are to be used {n comparisons between disposal optfons. For such comparisons to be
valid the estimates must De as realistic as possidle and uncertainties must be.quantified. It s
clearly not possible to predict changes 1n the Tocation and Madbits of populations over the time
periods of concern in assessments of geologic disposal, nor changes {n human characterfstics. (For
exmple, !Os years 290 marked the start of the development of human speech, so how can we tell what
society will de (ice xu‘ yecr§ feom now?) The best that can probadly be achieved {s to {ndicate the
range of uncertainty fn calculated collective doses and risks, and to take account of these
uncertainties when comparing disposa) options.

6. IMPORTANT RADIONUCLIDES, PATHWAYS AND PROCESSES

In early work on land disposal of long-1ived and highly active radioactive wastes, the models
ysed to predict rates of radfonuclide transfer through the biosphere were rather siaple ones which
did not include 21! the possible pathways. The tendency was to focus on those pathwiys which were
most direct, fn particular on drinking water for {nland repositorfes and on seafood consumption fn
the case of coasta) repositories., These assessments fndfcated that the radionuclides which are
1fkely to give rise to the highest doses are those which are either very long-1ived or which grow in
from long-1ived parent radfonuclides, and which were assumed to migrate relatively rapidly through
the geopshere, For exzemple, several studies showed that l291. 991:. 226Ra and 232Np were Yikely to
give rise to the highest doses to {ndividuals from disposal of spent fuel or vitrified high lTevel
wiste,

Since the early studies both models and their data bases have been fmproved, but the general
pattefh of results 1n terms of the doninant radfonuclides has not changed a great deal. For example,
in the KBS study[3] of disposal of spent nuclear fuel in crystalline rock formaticns fn Swecen ‘291
{half-1ife 16 million years) s predicted to be the most {mportant contributor to both {ndividual and
collective doses from spent fuel disposal, The dom{nant exposure pathways for {ndividuals are
consumpticn ¢ Il ., ..ler and consumption of freshwater fish obtafned from a lake close to the
repository. In the case of collective doses there 1s a substantial contribution from these, local,
pathways but 1n the very long term it 15 circulation of 1291 throughout the global environment which
doinates the cumulative collective dose. It s important to recognise that this glodbal circulation
dose 45 made yp of extremely small doses to & large nusdber of people, and 1s independent of the
characteristics of the disposal site, .

To {nvestigate the environmental transfer processes and parameters which have most effect on
predicted doses, KRPB has cirried out a nuaber of exauple calculatfons using the BIOS model[1). The
two radfonuclides considered are 239Pu (half-11fe 24,000 years) and 997: (half Tife 213,000 years).
Plutonfum tends to become fixed to soils and sediments, while technetium 1s relatively modile 1n the
environment, Figure 2 shows schematically the charscteristics of the local biosphere which were

——
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assumed for these example calculations, Table 2 gives the data assumptions for the local biosphere,

Tadle 3 eleaent dependent dats {fncluding those for the radioactive daughters of 239,0). and Table &
assumptions for husan behaviour. All these data were presented in reference (1] and are reproduced
here to indicate the amount of information required even for quite a-simple set of calculations,
Table 5 shows some of the results obtained for a release of 1 MBQ y-l of each radionyclide for
10° years {nto three different parts of the dbiosphere, For these two radionuclides, both individual
and collectfve doses are dominated by exposure arising close to the release point. With the
assumptions made here, terrestrial exposure pathways are more important than direct consumption of
contaninated drinking water when the reledse occurs directly into 2 river, However, this would not
be the case {f the river had a lower flow rate. For 99T: the fmportance of farming pathways arfses
frox the high factor assumed for uptake from sofl {nto pasture and crops, while for 239Pu 1t 13 long
term retention and hence accumulatfon {n sofls which leads to high doses via terrestrial pithways.
Despite the celatively high concentratfon factors of both radfonuclides in certalin types of marine

foodstuffs, doses from a release Into the marine envirorment are calculated to be much lower than

those for a release fnto freshwater or sotls. Work carrfed out in other contexts shows that

interactions with marine sediments will be fmportant in determining doses from a9
so for ¥%1¢ [GESawe, 1983).

The results given tn Table S assume constant biosphere conditions., Further calculations are
presented in reference [2) which take account of the consequences of the lake (see Figure 2)
.ubstant{ally drying out over a period of 3 103 ¥. and of lake bed sediments being used for farmland,

In the case of geosphere release to the river predicted doses for 99
then given 1n Tabel 5, For zag?u.

Pu, gut much less

Tc were not substantfally higher
which unl{ke 99!:. would tend to accumulate {n like bed sediments
before the lake dries, both maximun tndividual doses and collective doses are predicted to be an

order of magnitude or so gredter, If the drying out of the lake were to occur abruptly, for example

1f §t were drained by man, then oredicted doses would be substantially higher still,

Overall, the results discussed above show that it is necessary to fnclude a1l the relevant
pathways and processes, because any one or more could have the grestest effect on predicted doses
from 3 given radionuclfide, Our cxperience from carrying out these calculations and other studies has
fndfcated a nusber of problem areas for environmental transport modelling., More Information and a
better understanding §s required for the mechanisms for reteation and sccumulation of radionuclides
in sofls and their ltong tem ivatlebility for uptake {nto crops. At present little seems to be known
about the potent{al for transfer of radfonuclides from deep sofl into the rooting zone, which may be
particularly {mportant 1n the context of relesses from shallow land burisl facilitfes. For long-
Vived tiphs emitters resuspension of activity from sofls and Inhalation {eg during ploughing) Mas

been fdentiffed as an {mportant exposure pathway but this 15 on the basis of relatively Vittle
fnformation about the resuspension process.

7.  CONCLUSTONS

The difficult{es {nvolved In sodelling the transfer of radfonuclides through the environment and
calcylating doses to man from land disposal of radioactive wastes are related to lack of data, rather
then to lack of msodelling technfques. It 1s possible to construct models to predict doses to .
individuals and populations from relesses of radionuclides from repositories and to verify these
models. Validation of these models {s more difffcult, but can be part{elly achieved through
traditional methods 4nd expert review, When considering priorities for further reseirch {n this ares
it {s necessary to bDear {n mind that the major uncertainties in predicting doses and risk to

populations are {nherently irreducible, and that maximum risks to individuals may well arise from

scenarfos involving inadvertent intrusion into repositories, Thus, while the long term behaviour of
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radionuclides in the environment {s of considerable {nterest, the problem of the sssessaent of the
tntrusfon hazards should aot be fgnared,
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Tabhle 1

Exposure Pathways included in the BIOS Model

resuspension of soils, river and lake sediments,
beach sediments

air contaminated through global circulation

sea spray :

drinking water

freshwater fish

terrestrial foodstuffs (milk, meat, crops)
marine foodstuffs (fish, crustacea, molluscs,
seaweed, plankton)

desalinated water

sofls
sediments
fishing gear
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Table 2 Loca) Biopopberic-Transpory Parsmetersy

Patameter

Adopted for exanple celculation

(8) Terrestrial compartments -

Yolusetric flov rate (a! y~!)
This i3 2 coabination of the
following three model
parsmeters:

Vater velocity (m y~!)
Length (m)

Volue (ad)

Bed-sediment velocity (= y~!)
Suspended sedinment io;d (c u~?)
Sedimeotation rate (¢t w~? y~1)
Water depth (m)

Anpnual depth of
{rrigation (= y'l)
Fractfun of volumetric
flov used for {rrigatioce

Coefffcient for transfer
of river and lake sediment
to land (y~!)

Transfer coefficlent from
surface to deep 2of} {y~1)
Tranefer coefficlent from
deep to surfacs ¢ofl (y~!)

Residence time for mobile
wvater in deep roil (y)

(b) Local rurine compartment

° compartwent, tnililh

Depth (m)

Sedimentation rate (¢t a~? y~1)
Suspended sediment load (¢t m~?)
Volume (l’)

Volume cx:h;n;e vith
adjacent regional

™
Fraction of locsl marine

veter traneferred to
coastal strip (y~!)

Channel West (m

Llength of cosntline (w)

3.2 107 (let tiver)
6.3 107 (lake)
9.5 10® (2nd river)

6.3 107 (lst river)
1.3 10* (lake)

3.2 107 (204 river)
5 103 (1sc river)

1107 (lake)
5 10" (2nd river)

2.5 103 (lst river)
$ 105 (lake) .
1.5 10% (2nd river)-

6.3 10} (let river)
0 {1lake)
3.2 10} (20d river)

1075 (1st river) °
10% (1ake)
1073 (20d river)
(i1st river)
107 (lake)
(20nd river)

(1st river)
(lake)
(204 river)

10~2 (each comperement)

BN B O

LV NV I

1072 (esch compartment)
(252 pssture, 752 arabdle)

10-1 (13t river)
3 107" (lake)
2 10°% (20d river)

6.9 107) (each cowpartneat)
$ 1072 (each compartzent)

1.8 (sach compartment)

20

s 10-¢
10-%

2 10?

4 1010

10~%
2 10%

*Parameter not used in the model for river compartaents,




Tabla 3 _Tlewent Dependent Dats

L Partameter Te Pu v Pa Ac
v DPisrribution coeffictenty (ud t~1)
f Freeh wvater = sediment 2 102 3 10* 1 10% 1108 1108
[ Sofl - ground-vater () 1 107 3 102 6 10} 310
! Ses-vater - sediment: cosstal 1 10? 1 105 1 10? 1 108 110"
i deep ocesn 1 10! 1 108 s 10?2 1 10% 110%
; Loncentratisn factorg (t dry soll/
—_— t fresh crop) .
Soll = root wvegetables 10 1 107 3107} 31073 3 1073
; Soil ~ grain 10 11076 3107} 3 107! 3107}
L So{l - green vegetables 10 1107 3 107} 3 107? 3 103
. Setl - pssture 10 110 3107 3 1073 3 107
! Fresh vater - fish (2 f{ltered 13 10 10 1n 25
é wvater/t fresh
L_ edible pert)
Sce-vater = fish - 3 10! s 10! 0.1 5 10! s 1ot
| Sea-vater - crustaces - 1108 2 102 1 10! 1 10! 110!
| Sea-vater - molluscs - 1 10? 2 108 110! 1 10! 1103
— Ses-vater - sesveed - 1 t0? 2107 1 10l 1102 1 10}
Sea-vater - ses spray (s’ o~3) 1 10 10 10 10
{ Traction trsnsferred to animal
. products (day kg™*)
— Beef . 1 1072 11078 2 1074 0.0 & 107
oo Cov liver ) 11072 11075 2 107 1107} 1107t
i Hilk " 11072 1107 6 107 s 107¢ 2-107%
L Mutton 1.3 10-¢ 1.3 10~ 2.6 1077 0.0 s.1 1073
Sheep liver 7.5 1072 7.5 1075 1.5 1073 0.75 0.75
oo
k
E .
]
i
i
§
|
]
!
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Assveptions of Buman behav{our used In examole coalculations

Maxivun Individual doses

For each pathvay wvhich may potencially lead to exposure of man it is sssumed
that an i{ndividual 1s present to receive the dose. The characteristics of
the {ndividual are chosen 40 as to maximise the potential dose. Thus
individual coaosumption rates for each foodstuff are at the top of the ranges
persfating. It 1is poscible that the same f{ndi{vidual ssy be exposed vig more
then ons pathvay. Howvever, in tLll event }t {9 unreasonadle to aususe
maximua values for all the pathvays.

Individual consusption ratep

drioking vater 0.6 ud y~! greea vegetables £0'kg y~!
freshwater fish 20 kg y~) grain . 130 kg y~!
beet 60 kg y! - toot vegetables 120 kg y-!
cov liver 20 &g y" warine fish 219 3 ¥yl
nilk 300 ¥z y-! crustaces 36.% rg y!
mutton 20 kg ¥y} wolluscs 36.5 kg y!
sheep liver 20 kg y! sesveed 6.5 kg y"

Occupancy (hours y~}) Excercsl frradfacion Inhalatfoo
beach 10? B760 (sedfaent) 107 (sea spray)
fishing gear 876 -
farmer ploughing 300 . oo
other 8760 8760

Inkalation rate 1 a? hour!

Lollective doses

Fraction of esch freshvater-compartasnt volusetric flow

consuned g3 drinking vater 2 x 1073

(equivalent to about 207 of flow ebstracted for domestic cupply)
‘used for spray Srrigation purposes 10-2
(252 to parture, 751 to arable land)
Terrestrisl food yields (kg ka~2)
beet 1.6 10"

green vegetcbles 1.0 108
cov liver 6.4 102 greino 4.0 10%
ailk 6.3 10° Toot vegetables 2.5 108
sutton 1.3 10} pasture (dry wefght) 1.0 10%
sheep liver 6.9 10!

Marine harvests mafntained st current regional and global levels; all fish,
crustaces snd aolluscs sseuned to bde for humen consumption; 10I of sesveed
harvest assumed to be for huran consumption. Llocal seafood harvests, fish
20 t, crustaces 60 t, molluscs 70 ¢, and seaveed ] ¢.
wvelight assused to be edible
fish 50X sollusce 152
crustaces 352 sesveed 102

Percentage of landiag




e

[

Results of Example Calculations for

Table 5

99 d 239

Tc an Pu

using the BI0S Model

Compartment
into which
release occurs

Maximum annual
individual dose (Sv)
and Jdominant pathway

Collective dose(c)
commitment (man Sv) and
dominant pathway

9ch

river(a)

deep soil(b)

-Tocal marine
239,

river(a)

(b)

deep soil

local marine -

2.10711 mitk .
2.10710 mitk
3.10'13, seafood

-9

6.107°, inhalation of

resuspended soil

-7

6.10 °, inhalation of

resuspended soil

1.10'10. seafood

.9.10'3, farming

2.1072, farming
3.10'5, seafood

5.10'1, drinking water,
farming

1,10, farming

2.10'3. seafood

(2)
(b)

(c)

Notes

River water is assumed to be used for irrigation of farmland,

Contamination of farmland arises through upward migration from the

deep soil.,

No irrigation is assumed,

Results for collective dose commitment are those assuming that
farmland is used to produce those products which give rise to the

largest dose.
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MODELLING OF SFENT NUCLEAR FUEL LEACHING

Jordi Bruno,
Dept. of Inorganic Chemistry, The Royal Institute of Technology.

5-100 45 Stockholm., (Swedzn). *

CrTRea D

The current trendse on thermodyramic and - kinetic modelling of the

1y

3

ien ¢f spent nuclear fuel in groundwater are discussed. Special

1s put in the processes cennected te UO.(s) <isssziuticn, 3crme
2 . E

¢l the validstizn ¢f the thermcdyramic data base for uranium are

£ 10, 1sY wzve b
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Uranium release frem LEE(S) ﬁpent fuel leacﬁinq. 2n ~ experimental

evidence, Experimental studies of UO,(s) spent fuel leaching have shoﬁn
that a fractien of the fission product as Cs and I are rapidly released. This
is fecllowed by preferential grain.ﬁoundary dis§9]ution and discolution of the
UOz(s) greins. This last process depends very much on the redcxvétate of the
surface as well on the corposition of the groundeater in contect with., The
existing data are far frem sufficient in order to completely understand the
mecharisms of uranium release under these circumstan:es,vH:wever. based ¢on the
results so far cbtained some conclusiens can be drawn, Indepéndenz studies of
epent frel digeolution in simulated groundwaters containing total bicarbonate
cencentraticne in the range 10-3 r2le/1 and in éonta:t with the air, indicate

that the ranium release reaches a constant concentraticn in the range

w

-& £,9

UV, = 1977 mils/l

The time fzr the ettainment cf constant uranium

Uranium Toe— =T
concentration :
(ppb)
o} ©
1000 0 & 1o oF
Fo E? ;?ii B o0
o ©
o o
©
109 =)
o
10
. 10 100 1000
Contact time (days)
Figurs I, Meseure2 concentraticngs of uranium in lsash soluniern csnwrifugates
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1) The characteristice of the solid phase, Uoz(s) can be easily cxidized to
higher Uoz.x(s) oxides, anq the.measufga solubilities will censequently be
errencous if strict centrol is not taken cn the redox conditions., On the other
hand, different U02(s) sclids of various.degrees of crystallinity have been
measured, this being a facter that affects the magnitude of the solubility
constant (2).
2)'1n traditional sclubiiity measurements the total uranium concentraticne are
;nalytically determined in sclutiens of different pH, in contact with Uoz(s).
Ihe_Uq‘ catien is a very srréng acid and even at very low pH values it is
Etrcngly hydrelyced. This mesans that uranium is no lenger present as Uq‘ but
it participates in reasticns of the %ype @
Ut 4 nEO o« UGN + nH (3)

2s & conseguence, the measursd total uranium cencentratien [ULIV)Y] is nst

. ) ; 4-n
ezazl to (U° ], but alss the iéfce::ra:1cn 2f the hydrolysis speciec U{O“)r
4

ave to be taren into ccinsidoratiszn. The main preblem arises frem the fact

BoJ
+

2i<hough the Bulk of U0 (<) epant fuel z2an be thought to ke srystalling,
wre formasion of amorphous superficial UD fe phases cannst be ewcluded, Thie
2

will ke zarticularly the zass, in the cvent of a stlibilizaticon cf the gpent

fucl urd:e coidicing conditisns «cauesd porhaps by u-radiclveier, snd a3 later
rozeprezizitation o T amy when the reducing conditisne are restcored, Henze,
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_in the PH range 3 to 11, as U(OH); and U(OH)4

s Tlares Gl a

phase of higher solubility than the crystalline one. We have determined the
solubility of a freshly precipitated, but reproducible UOz(am) phase, we
obtain uranium solubili.t.iles which are 200 times higher than the erpected
)
uranium c_oncentrations from .crystalli\—r?e uozre.). ([U(N)]tot' 2 10'5 mols/l, in
the pH range 7-9, under reducing cond;tions and [}&0:;] - 2 10'3 mols/l)., At
the same time, by studying the dependence of log [U(IV)] vs pH ( see Figure
3). we have been able to estabtlish the predominant U(Oﬂ)i'n hydrolysis species
10. In this way, some of the

ambiguities concerning the solubility of UOz(s) have been solved (see Fig 3).

;Navertheless. some uncertainities are still present for.the U(IV) speciation

in groundwaters. Expesrimental and medelling work is en progress in our

s . 3
lakoratery cencerning the astinide(IV) speciation in carbenate water512'1 .
log S
0 T v \ v T
D Oum DATA 25°C
A GATER AXD LEIDER DATA 25°C
©  BALKIN AND STEPAKIV DATA 25°C
—— DUR RQDEL 25°C
B — = BAES AXD RESACR MODEL 3S°C
©  PARKS DATA 100°C
- —— QUA MIDLL 10C°C
£d-13
-$0-
]
Figure 3, E.perimernal U {¢) colubiliny as 2 funcuiosn of pH for different
- . - -2a . :
types of sclid phacse 2v T:iI%-10072, Conparison with zalculated model
sclubilinicse,

uraniwm, The wvzlidity of a certain thermedynamic data base and +

meshodzlesy invalved in its use cheuld be tested by cerparing the predicte

values with paramztars  esperimentally ccllieczed in the conditicns
Y '3

lizaticn, In =he case of uyranium, the ulvtimare geal of the thermedynamic

data baes and the corsaysent thermedynamic modelling is te predict long-term
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uranium concentrations under repcsitory conditions., The data surmarized in

\(/‘
Figure 2 provides us with a good test case. The leaching data have been

cbtained wunder drastically different conditionse of pH and complexating
agentss. the fact that the calculated uranium solubilities as a function of
FH, reproduce the behaviour experimentally observed, indicstes that the
critical parametérs in thé thermodynamic data base for uranium are correct
ensugh te modellate the experimental behaviour of urenium, At the same tims,
thi.s alse gives support to thes hypothesis of solubility limigs for uranium
release frem spant fuel. : .

The measured uranium concentrations in different greundwaters, under

*
o
5
1

varjoue pH, tetal carbonate, and pE cenditions, previde us with anc test

case, In the ccurse of the site characterization pregram, uranium enzlycis
4

have been performed in different bore!‘.sles1 . The development of the Zield

equipnent made possible the mezsurement jn situ of pH and pE, the parareters

of relgvance for wranium sclubility. In Ficure 4, we include a predominance
diggram for the different uranium species as a function of Eh and pH. This
2iagram has bsen cslculated with the thermodynamic data baese compiled in cur
le‘::ra'.:-r*_.'a. Tre reeult of the uranium anslycis have keen alec plotted as a3
furzzisn of the msasured Eh and pH, The good agrecment botween thesretizal and
experimental values indizatec that the measured parameters in the field can te

reprzduced by the thermodyramic data base, Asz an additisnal conclussicn it
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a) no experimental information ic available on the rates and mechanicms of
dissolution of Uoz(s) under reducing conditions., The kinetic study of the
dissolution of uraninite by D.E. Grandstaif5 was performed under different
partial pressures of Oz(g). but the author ucsed natural samples of uraninite
with a large content of -U03(s). A.R. Amell and D. Langmuir6 studied' the
kinetics cf UQZ(S) dicsclutien under anoxic conditions but they specifically

investigated the effect of oxidizing agents, e.q. Fe3‘. )

‘b) Much more experimental work has been done under oxidizing conditicns, It

is reasonatle to assume that the initial step on the dissolution mechanism of

-UO,(s) under oxidizing conditions will be the surface oxidatien of UOz(s).

azcording te the general reactien @

UC,(s) ¢ x/20,(9) =-=c> U0, (9) (3

2+X

The extent of this reaction, and conseguently the magnitude of x is dspendent

cn the presenze and amount of cxidizing species (po ’ HZO"' Fe(11l)), E.L.
. 2 <
Fearsen and M.E. Wadswerth found in their piloneer workz a direct dependence
between py end the rate of diesclution of UOZ(S). F. Hzbachi arnd G.A,
2
Thursten” were the first to prepose an ancdic reactizn for the onidative
dissclution c¢f U, (s), being the rveduction cof O,(eg) the correcponding

2
s . < : 4 -
¢athodic reasticon, M.J. Nizel ard C.R.5. Needes™ found that thsir steacy state

potenticetatic and cyeliz veltammetric measuremsnte were consistent with the

[0
(28

ancdic dissslution invslving & two-electren transfer and the fzormation
UiVlj-oxids films on the surface, The same behaviour has been found by

zxtensive studiec ¢f UG, -spent fuel disscluticon by

[ 3
DL.E, Srandstaff” carried cut an investigsticn of
the diczoluticn of uraninite and he found a direct dependence 2f the rate of

disszluticn on g . AR, Ameil and D. Langmuir6 made an interesting study of

2
the U3 sy diseslution in the prssence of acid waters centaining Fe(ili) and
e
2, spzcies, They prepesed ceveral Fellll) species as direct oxidantis on the
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" groundezter at 25-70

The identification of the oxidized phase has been subject of much
experimental effort. In the initial studies UO3(s) was proposcd. 1t is now
clear that the oxidation,of the surface does not easilily procecd further than
to U,0.(s). In their studies Taylor gg_glls found by an X-ray diffraction, a

cenversion of the upper 3um layer of U0, to U307 under oxidizing conditions at

2
250-275 °C. These recults were later on coerrcborated by an ¥FS investigation
cf eir-oxidized pellets at 200-250 °c by G.C. Allen17. However, it is nct

clear in which way the results cbtained by these investigators can be applied
to the situation in which spent nuclear fuel is put in contact with
°C. In fact, A. Stenber 18 found by ESCA measurements
that thes surfece cxidation cof UOz(s) by oxygsn containing water did not
proceed further than to the fermation of ”Oz.zs' The disagreement betweer
different investigators is partly explained'by the interpretaticen c¢f the ESCA
results, but alse by the different cxidazing situations they studied,

The seccnd step on the dissolution machanism eof UO,(s) should be the

e €20lid rhase and the major comwplex

fermating ions present in th

e groundsaters, €.g. HCOQ/COZ(aq in the case of
-

investigations conducted in

the optimation cf in_ situ

or carborate, J.B, Hiskey

tares directly part cn the anedic dissclution according teo

Uo,ts) « ECO, = UOLHCD; () e (4)

UCLHSOL(s) + CHT = UC,00ts) - H O« (5)
. 2- Y & }

UDLCO_tsr + 2 00T - = UDL{CCL) )
2773 3 2 33
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R.L. Fearscn and M.E. wadsworthz preposed COZ(aq) as the surface active

species and they observed a cempetition between €O, (a3) and Oz(aq). It is well

known that in processes such the carbexilation of metal hydrexides in aquecus

19

.sclution €O (aq) is the active species in the reaction up to pH x 977, It is

thus reasonable to expect that CO,(ag) will participate actively in the

process, particularly in groundwaters with partial overpressure of carben

dieanidz, Heonce, &n hypethetical secend step in the oxidative disseolution of

U,{s) would be :

UOZ’X(S) . COz(aq)

e UOZ(CO )

373

4-

(7)

© In this sscond step the formation of secondary phases play an important

role, The dissolutien eof UO,(s) preceeds until saturation of a WV1) sclic

rhacs is attained, Undsr exidicing groundwsater conditions the saturatien cof

; {3
cen be easily reached . Other secondary phasec have bech proposed,
b

US,(s) in the presence of HC, 7, UG,COB(S) 2t high carbeonate concentraticns .

ma3y pasivate the UCz(s) surfaze,

cther kind cof UDZ(S)

rates for wuranium,

spent fusl disstlution, with the ones cbtained with
ranerials, Tre WL ¢, disszlution

-7 -z -7
1T 7-1007 ¢ ogm Tgzy, depsnding if c.id:
ewudied, The cams crdar of magnitude for uranium release
vyyee of Ul rer, The magnitude of the energy of astivatic
SLeL0 RS omz

porestrigac ey
DUROIERARICH

e

¢szillate  Lkstween

indicates that the cverall process is

diznids chsws 5 zorrzlsticon with tha
o * . - - < -9
Tpe o8 Ul e materiel ustd,
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as unirradiated Uoz(s) péllets. The theoretically calculated uranium
solubjlities agree well with the uranium concentrations found in "real” cases,
Still, some uncertainities are present regarding the speciation mode_l for the
U(!‘."-”Z“-Coz(g) system, we believe that the work at the present going on at
our lab will solve some of these questions.

Tl ocwledge about the mechanisms of UOZ(S) dissolution and their

implications on the dissolution of Uoz(s)-spent fuel is far more uncomplete.

Experimental and theoretica.l work has to be done in addition to the ongoing

spent fuel leaching studies in order to understand the elementary prucesses
involved. Farticular stress should be put in the study of the phenomena

Meer e e =

n the\UOz(s)-solution interfase under both oxidizing and reducing

conditions.
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DATA UNCERTAINTY IN LONé-TERM PREDICTION. PRESENT TREKDS IN RISK ANALYSIS WITH MONTE CARLO
TECHNIQUES.

A. SALTELLI, G. BERTOZZI

Joint Research Centre of the European Communities, Ispra (1)

ABSTRACT .

As the analysis of the risk linked to the existence of radiocactive waste repositories into
geological formations must extend over geological time periods, the parameters and models
utilised are unavoidably affected by uncertainties. A methodology recently applied to Waste
Disposal Performance Assessments involves the use of probebility distributions for
the uncertain parameters. Such distributions, which account for intrinsic parameter vari-
ability as well as for their degree of uncertainty, ere then fed into & computer code able
to produce a distribution of the model results. In this note scme of the statistical tech-
niques usually applied in the various steps of the Monte Cerlo Analysis shall be shortly
illustrated.

1. INTRODUCTION

Radioactive waste is an unavoidable consequence of the use of nuclear energy at an industrial
level. Its disposal into properly selected geological formations is considered at present as a solu-
tion which can be technically implemented, with no major p(ob1ens. In fact, in the different Europe-
an countries, it is possible to identify formations which are 1likely to remain unaltered for geolog-
ical periods of time, thus assuring that the enclosed waste will be kept adequztely segregated [1].

The experts' Jjudgement cannot, however, be considered 2s a demonstration that the disposal of
radioactive waste into a given site in consistent with future public health: it is necessary to vel-
idate this statement by showing, on scientific bases, that present-day technology allows to create
geological repositories of nuclear waste in a manner that meeis the preestablished safety require-
ments for sufficiently long time periods.

Predictive modelling of repository evolution and radionuclide behaviour in the specific
environment can offer the required answer to the demand for such a_demonstration: the release and
transport processes of radionuclides through the various barriers &nd food chains are described in
quantitative terms, having regard of the site-specificity of the analysis.

This predictive modelling, however, 1is of necessity ham;ered by relevant uncertainties which
affect both models and dats, and whose importance increases with the length of the tinme span con-
sidered. A reliable analysis can only be effected through apprepriate gquantification of the uncer-
tainty linked to the analysis results, and through identification of the areas and parameters which
contribute more substantially to the overall uncertainty.

Substantial efforts are being made in Western Europe by individual countries and the CEC in
order to create the methodological bases for such kind of analysis. To this aim, the CEC coordinates
3 concerted action in order to establish a common background for this type of performance essessment

(2].
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The methodological approach which has been so far developed, and the re]a;ed mathematical and

statistical issues are briefly described in the following sections.

2. METHODOLOGY

The assessment methodology consists of an analysis of probabilistic character, 1in which a num-
ber of ﬁrobabi1ity terms are involved; their use is necessary in order to deal with the non-deter-
ministic behaviour of different components of the system, like geological and climatic events, and
human habits and actions.

It consists of the following steps:

1) identification and description of the different scenarios involving radionuclide release from the
repository;

2) assessment of the probabilities of occurrence of the various events capable of triggering or per-
turbing the release scenarios;

3) modelling of the radionuclide release and transport through the various system components, fol-
lowing the scenario considered; modelling of the radionuclide dispersion in the environmant, ‘as-
seésment of their concentraticns in food chains and related intakes to man;’

4) assessment of the radiolegical consequences to individuals, in terms of radiation exposure;

§) conversion of doses to risk;

6) investigation of the releztive importance of the various input parameters in governing the output.

Points 1 and 2 require the identification of all the events and processes which could cause the
release of radionuclides from the waste and govern their transport through the géosphere and the
biosphere. For any given type of geologic formation, there will be some processes which are certain
to occur: they constitute the 'Normal Evolution Scenario'. The assumptions used in analysing this
scenario are based on extrapolations into the future of present geological and climatic trends.
Probabilistic events and processes, having the capability to perturb the normal §ituation lead to
the definition of the 'Altered Evolution Scenarios®, characterized by sets of parameter values which
are outside the normal range. The probabilities that the phencmena will occur are taken into account
in the analysis. .

A third type of scenaric is that in which the radionuclide release is triggered by proba-
bilistic events and occurs in a completely different way, being thus described by a different model.
Again, the probabilities of the triggering events have to be considered, when assessing the risk for
such scenarios. Events having the potential to cause direct releases of radionuclides into the bio-
sphere are grouped into a fourth class, ‘'Disruptive Scenarios'. They are very unlikely and - in
general - can be ruled out on the mere basis of their probabilities.

Probability evaluation in a geological context is an especially debated point, as most of the
events corsidered are rare, and their probabilities of occurrence can hardly be inferred from a body
of statistically significant data. A codified procedure for the assessment of probabilities of
goelogical events and processes does not exist. In the past, we have described a few applications of
the Fault Tree Analysis for this aim, with satisfactory results; however, we feel that the binary

logic of this tool imposes a too strict working scheme, which is not especially suited for such a
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multiform context. Thus, for many geological processes the evaluation of the corresponding proba-
bilities is often derived from expert's subjective judgements, on the basis of the current state of
knowledge.

As the analysis must extend over very long time periods, the numerical values attributed to the
various parameters in the mathematical equations used to describe the system are very often affected
by uncertainties, which, 1in some cases, may be very important. Uncertainties associsted with the
models can be overcome by systematically adopting conservative choices, and uncertainties due to
scarce knowledge of physical quantities can be reduced through adequate laboratory and in-field re-
search, There are uncertainties, however, which are linked to an intrinsic variability of parameters
in space and time as well as to unforeseeble future hydrogeoiogica] conditions and mankind habits.
They may be handled with a specific treatment, previoﬁsly developed for Reactor Safety Analysis [3]:
probability density functions are assigned to each uncertain variable, to cover its entire range of
variability; such distributions are then fed into a computer code, which generates the corresponding
distribution of the model results, following a Monte Carlo technique. ’

The assessment is then completed by performing different kinds of statistical analysis of ihe
results: estimate of the expectation values, convergence analysis, computation of confidence bounds
etc. It is also important to investigate how the variability of any individual parameter governs the
variability of the overall system (sensitivity analysis){ 4].

The way of expressing the results s still the subject of some debate. The present trend dis
towards a comprehencive appreach, in which risks are calculated as the product of the probability of
occurrence ¢f the scenario, the dose ard the dose-to-risk conversion factor [5,6,7). Such an ap-
proach is in line with recent recommandations of the ICRP [7].

The following relationship is used:

R = H.r.P (1)
where: R = risk to an individual (1/a)
H = conmitted annual dose equivalent (Sv/a)
r = dose to risk conversion factor (0.01 Sv-1, (81} _
P = probability that the annual dose, H, will be received by an individual,

The output is a distribution of the risk. It is built, first, by generating a large number of
dose rate curves as a function of time (Fig. 1), each curve being associated with a particular set
of input data; then, the doses are gathered into a histogram. This latter is finally transformed
into 2 histogram of the risk, by multiplying each column by the risk factor.

For probabilistic scenarios the doses are also multiplied by the probability of the scenario
itself, which is assumed to identify with the probability P (Eq. 1) that individuals will receive
exposures. Thus, a distribution of the risk linked to the given accidental scenario is generated. ‘

In the following sections, the problems related to different sampling methodologies, and to

sensitivity and uncertainty analysis will be discussed more in details.

3. SOME STATISTICAL TOOLS IN MONTE CARLO SIMULATIONS

The implementation of a probabilistic risk assessment (PRA) involves the use of & considerable
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number of mathematical and statistical touls. In this section only those techniques shall be dis-
cussed which strictly pertain the Monte Carlo simulation of repository system evolution. Techniques
for selecting and screening release scenarios and mathematical modelling of the individual barriers
are not addressed here. 1t is assumed that a complete descr%ption of the repository system has been
made and that each barrier - e.g. canister, buffer, backfilling and so on - has been modelled. This
may involve, for instance, a set of differential equations. It is also assumed that each uncertain
parameter has been given a prbper value distribution through some kind of previocusly formalized
procedure,

Two major tasks are then takled in the Monte Carlo approach.

The first one is to estimate the distribution of one or more output variables given the
distributions of the input variebles and is commonly indicated as Uncertainty Analysis (UA). The
second task is to investigate how the output is influenced by each one of the irput variables and
constitutes the object of Sensitivity AnalysiS (SA).

To fix ideas let the input variables be presented as a vector

X = (X], XZ’ cees XK) ’ (2)

where K is the number of varizbles and let Y = Y(X) be the output under consideration.

As far as UA is concerned an empirical distribution function for Y, F(Y), can be obtained by
repeatedly samﬁ]ing the input vector X and running the code; under certain conditicns it is also
possible to evaluate confidence bounds for the empirically estimated F(Y). For SA purposes, the in-
fluence of the variables Xj on the output' Y can be investigated by generating statistics on the
coupled (Y, xj)i values, where i =1, 2, ..., N and N is the sample size, i.e. the number of times
the computer code has been run.

In the following sections the various steps of the analysis shall be discussed. Sampling algo-
rithms shall be illustrated first focusing on the Latin Hypercube Sampling. Techniques for uncer-

tainty Analysis and Sensitivity Analysis shall then be presented.

3.1 Sampling Algorithms

The purpose of the sampling is to generate an input data matrix of the form:

§11 :12."‘ :1K
21 %22 0t %

x=l. - _ (3)

N Rk
contzining the values assigned to the K variables in the N runs.
For each varia§1e Xj’ the N values in, i=1,2, ..., N must represent a sample from the dis-
tribution of the variable Xj’ or - in other words - once plotted in a histogram, the xji's must re-

semble the input distribution of the variable X The simplest method to obtain such a sample is to

3

generate random a number r between zero and one, and the solve for x the integral equations:

x )
r =f flu) du (4)
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where (u) is the distribution of the variable under consideration.

Repeating the above procedure N times for each variable results in a “"purely random" sample of
the input vector.

Whenever the barriers submodels are relatively simple and the computer code is not particu-
larly time consuming, Random Sampling is probably the best technique to use. ,

Very often - instead - the computer program involves time consuming steps, " such as numerical
solutions of differential equations, series approximations of analytical formulse and so on. In this
case a rationalization of the sampling procedure is seeked in order to reduce the number of runs to
be performed. In fact other sampling strategies are available which are more efficient than the
purely random sampling, in the sense that the .convergence of the output distribution is more rapid.

One of the most widely used techniques is the Latin Hypercube Sampling (LHS) [9.1b}.

According to LHS the range of variability of each variable is divided into 2 number N of non
overlapping intervals of equal probability where N equals the number of model runs to be performed.

Once this partition is done for all the K variables the sample space is divided in NK cells.

- ¥hen using LHS, N such cells are selected in the sample space in such a way that each interval is

sampled exactly once so that the entire range of each variable Xj is explored,

LHS can be considered as a method for selecting, out of the possible NK cells, a subset of N
cells in such a way that the scanning of the sample space is optimized.

Because of the randem pairing of the input values, spurious correlations emong the input vari-
ables may be introduced. Correlations are particularly undesirable when the sample has ealzc tc be
used for sensitivity analysis purposes. A technique has been develcped by Iman and Conover {11,12]
to eliminate the spurious correlations. This technique, 1in fact, allows any kind of prespecified
correlation to be imposed on the input variables, so that the sample matrix X (Eq. 3) can be elabo-
rated either to eliminate all the undesired correlations or to impose correlations among two or moie
variables when this is desired.

The Iman technique has been implemented in the LISA code [13] and is also available as a sepa-
rate package from the Sandia Laboratories [12]. A discussion of the relative performances of purely
random sampling and LHS is givén in[9]). .

One shortcoming of the LHS method is that it gives a biased(*) estimate of the output variance
[9.14].

On the other side the bias can be proved to be negligible when the input-output relationship is
monotonic for all the variables [15}.

Other sampling algorithms are also available, such as stratified sempling [9] and importance

sempling [16]. The latter in particular can be used to explore the tails of the output distribution

{*) An estimator is said "unbiased" if its average performance tends to equal the quantity being
estimated. Example: y =2 y./N, where the y.'s are obtained through LHS of the input veriebles,
is an unbiased estimator of the output mean, in the sense that the averzge values of y cover dif-
ferent runs tends to equal the actual mean.
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(the upper tail; generally), as the risk for a given scenario and simulation is very often deter-
mined by the few high dose outcomes. 1In this case the sampling of the input varjable can be forced
in a subinterval of the input distribution to produce higher doses, so that the upper tail of the
output distribution is better explored. This can only be made for those variables whose monotonical
relationship with the output has been ascertained.

3.2 Uncertainty Analysis

Uncertainties in PRA may arise from scenarios, models and input data. The Monte Carlo method is
specially suited to deal with uncertainties due to input parameters. .

A simple method to present the results from a Monte Carlo ‘simulation consists of giving the
probability distribution of the calculated annual doses at some reference times.

In Fig. 2 one such histogram is shown. This histogram is an estimate of an empirical distribu-
tion function, and the problem here is to characterize the true underlying distribution, producing,

for instance, confidence bounds on the distribution itself or estimating the error associsted with

“its mean.

Confidence bounds are needed to quantify the uncertainty in the dose distribution f(H)} or -
better - that part of the overall uncertainty which is due to the finite number of runs emplcyed to
estimate f(H).

The Kolmogorov confidence bounds can be computed for the empirical cumulative distribution
function {cdf) of the dose as shown in Fig. 3. In this figure F(H) represents the empirical cdf,
while U{H) and L(H} are the upper an lower confidence bound respectively. U(H) is computed by adding
to F(H} the zppropriate quantile W(y) of Kolmogorov test statistic, where y is the desired confi-
dence level {e.g. y = 0.9 for a 90% confidence bound). Of course the value of H(y) depends on the
sample size, di.e. the smaller the sample the larger the uncertainty on F(H). Analogously L(H) is
computed by substracting W(y) from F(H) [17]. It can be noted that, as any cdf is bounded to the in-
terval (0,1), U(H) was not extended beyond unity, neither was L(H) prolonged below zero.

The results of probabilistic calculations can be used to evaluate the risk due to the consid-
ered scenario. The risk is defined as -

max
R = H p(H) r(H) dH ' (5)
H

min

R = risk -

x
"

annual dose rate

o
—~
x
S

"

probability of the annual dose

-
—
x
~
n

risk conversion factor

If Hmax <1 Sv/y then.r(H) = 0,01 1/Sv

max
and R=r H p(H) dH , (6)
Hmin
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R =r E(H) , (7)

where E(H) is the expectetion valve or mean.

It can be seen that the risk is re1ated to the expectation value or the arithmetic mean of the
calculated doses.

A problem which arises here is the difficulty to estimate a stable value of the arithmetic mean
of a parameter whose distribution is spread over several orders of magnitude. In this case the mean
is completely determined by 2 few very high values. The shape of the curve of the relative incre-
mental contributions to the mean of the different ranges of calculated annual doses (Fig. 4) can
give an indication of the convergence of the estimated value for the mean. For the example given one
outlier is contributing for about 40% to the expectation value of the annual dose; this gives a
strong indication that convergence o the mean 1is not reached for the considered simulation
(Fig. 2).

Importance sempling [16) may give a faster convergence of the mean for 2 smaller number of runs
than LHS does, because more realisations will be generated in the high dose tail of the output dis-
tribution.

Another possibility presently under study involves the determination of the true output distri-
bution. This is obtained by solving, in the Laplace space, all mass transfer eguations constituting
the model. Such solutions are then integrated over the various parameter distributions to get the
expectation value of the consequence (i.e. the risk) in the Laplece space. Actual risks as a func-
tion of time are tlen computed by numerically inverting the Laplace risk [18]. )

Although attractive Lhis approach is not yet at @ mature stage of development. Only single nu-
clide chains can be considered in conjunction with very simple source term end biosphere submodels.
Yet this method can be used to check results from Monte Carlo simulations.

For the purpose of the risk calculations, confidence bounds on the risk can be computed once a
confidence bound on E(H) is aveiiable. '

1f the H values were normally distributed it would be possible to use standard parametric sta-
tistical techniques, such as the t test, to compute confidence bounds on E(H) depending on the sam-
ple size. Actually the hypothesis of sample normality is likely to be unrealistic as far as dose
distribution functions are concerned. Experience from previous zssessments [6,19] indicates instead
that the dose distribution can be roughly log-normal.

When the distribution function of a variable is unknown (or simply non normal) & non-parametric
method based on the Tchebycheff's Theorem can be used to estimate confidence bounds on the mean
[20]. Given a stochastic variable x whose Qistribution function is unknown the Tchebycheff's Theorem
states [21]: ’ ‘

Pllx-piRa0) >1 - L ' (8)
[»4

for any value of a, where u and 0 the distribution mean and standard deviation respectively.
2 _¢?

Substituing in (8) X for x and o; for o, as oi =0~ , the following inequality is obtained.
N
= = GO 1 -
P(|x-nl = W) >1 oz _ ) _ _ (9}




— —

[

"A.SALTELLI, G.BERT0ZZ1

For P = 0.95, a= 4.472,

Hence the 95% confidence bound for {s given by
y=x1—\‘l/—%=x14.472\—;ﬁ (10)

Eq. (10) is very similar to the eguivalent parametric formula for the confidence interval on the
mean base on the Student's t test '

< o
B= X2t 05 VR ()

For large sample size t0.95 = 1.96.

The t test is commonly defined as parametric because the distribution function of the sample is

~assumed to be normal. When the assumption of normality is droppd (Tchebycheff's theorem) the confi-

dence interval is more than doubled.

Surmarizing, it can be said that whenever the output under consideration is a certain kind of
“consequence", such as &n individual dose rate to the most exposed individual of a critice! group,
uncertainty analysis can produce.histograms and quantify the uncertainty on a given predicted dis-
tribution by attaching confidence bounds on the estimated cumulative distribution. Analogously if
the risk is being evaluated the Tchebycheff's theorem can be used tc quantify the uncertainty on the
predicted risk.

3.3 Sensitivity Analysis

The objective of Sensitivity Analysis (SA) is to ascertain the degree of influence of eny input
variable Xj on the 6utput under consideration.

This is done by applying proper statistics to the sample matrix X and to output vector Y =
(y], Yor wees yN). Some statistics, such as the Spearman test, simply eleborate on the bivariate
sample (yi, xji)’ i=12, ..., N, disregarding eny information on the remaining varizbles Xm. m=j.

In other techniques the entire matrix X is considered, 1n orcer to estimate the reletionship
between Y and any of the X,'s. The Partial Correlation Coefficient - for instance - looks at the

J

true Fegree of correlation between Y and Xj’ removing the effect due to the correlation of both Y
and X:j with any other variable Xm, m=j. This technique, in fact, works on a multi (K+1} variate sam-
ple, (xi], Xigs <oos Xopo yi) i=1,2, «o.s N,

There are also statistics where the matrix X is partitioned, according to the values calculated
for the dependent variable Y; one possible partition, for instance, is to take in one matrix all the
row vectors (samples) (Xil’ Xigs voes xiK) for which ¥y is below the 50th percentile of its distri-
bution F(Y), and all the vectors corresponding to Y5 values above the 50th percentile in an other
matrix (50/50 partigion).

These latter statistics work on two mcnovariate samples of (generally) different sizes N, and

1
KZ: (xij)’ i=1,2, o4 N] and (xnj), n=1, 2, «.oy Nz, without 2ny consideration for other vari-
ables Xm, m#j, and they try to estimate whether or not there is a difference between the two sam-
ples. If such a difference can be detected, then the parameter under consideration is an influentel

one.
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For the risk analysis exercises the partition (50/50) is not the most convenient. Because
extremal Y values are generally the most important as far as risk is concerned, a (90/10) partition
is preferred, where the'10% subsample consists of the runs yielding the highest Y values.

The Smirnov test is an example of this type of statistics.

In this secticn a few tests shall be illustrated, such as the Pearson and Spearman correla-
tions, the Partial Correlation Coefficient and the Standardized Regression Coefficient, thé Smirnoy
Test and the Cramer - von Mises'statistics.

Other sensitivity analysis techniques can be found in [4,15,22), where the relative perfor-

mances of the various methods are also discussed.

Pearson and Spearman correlation coefficients

The Pearson product moment correlation coefficient (PEAR) is the most widely used measure of
correlation and is proportional to the covariance of Y and Xj.

For non-linear models the Spearman coefficient (SPEA) is preferred as a measure of correlation,
wvhich is simply the same as PEAR, but the ranks R of both Y and Xj are used in place of the raw
values [17].

SPEA(Y,Xj) = PEAR (R(Y), R(Xj))

The numerical value of SPEA, commonly known as the Spearman "rho", can 2lso be used for hypothesis
testing, to quantify the confidence in the correlation itself. The following base hypothesis is
first made:

"no correlation exists between Y and Xj"

SPEA(T, Xj) is then computed from - say - a 500 runs simulation and its value is compared with the
quantiles of the Spearman test distribution. The comparison is made at a certain preestablished lev-
el of significance @, and the hypothesis of no correlation is rejected if SPEA is either lower than
"(a/2) or higher than ”('l-a/Z)’ where the W's are the quantiles of the test distribution. The level
of significance is the probability of erroneously rejecting the hypothesis, i.e. - in this context -
the probability that the test indicates a correlation when Y and Xj are actually uncorrelated.
The quantiles can be computed by the asymptotic formula (for high N values) [17]:
W! ’ :
[»4

Vo R (12}
where N is the sample size and W' 1is the quantile for the normal distribution. W' can be obtained
by solving the integral equation

”l

™= % —[m exp(—vz)dv ) (13)

To apply the test at a2 0.05 significance level NIO.OZS and W 0.975 must be computed

= - 1.96
=+ 1.9

W 0.025
¥o.975
Taking for instance N = 500 the Spearman quantiles are {£q. 12)
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- 0.088
+ 0.088

¥o.025
¥o.975

The hypothesis of no correlation is rejected if SPEAR, as computed from a 500 runs simulation,

falls outside the range (- 0.088, 0.088), and the probability of an erroneous rejection, when Y and

Xj are actually uncorrelated, is 0.05.

Partial correlation and standardized regression coefficients

Partial Correlation Coefficients (PCC) and Standardized Regression Coefficients (SRC) are two
very powerful correlation estimators, which can be used alsoc on the ranks of the (Y, X ) values (Par-
tial Rank Correlation Coefficients PRCC and Standardized Rank Regress1on Coeff1c1ent SRRC). A de-
scription of how PCC and SRC are obtained is given in[ 23]). PRCC and SRRC are straightforwardly ob-
tained by transfqrming Y &nd Xj into their ranks and then applying the same procedure.

The SRC (Y.Xj) are the coefficients of the regression model for Y; they may provide an ap-

proximation to Y in the form

K *
= 2, SRC (Y, xJ.) X

3 (14)
where X*j are the normalized variables
X, = X, T
J
and is and o(Xj) are respectively the sample mean and standard deviation,

¥hen computing the SRC's the model coefficient of determination R2 is also calculated, which
gives a measure of how well the linear regression model based on the SRC's can reproduce the actual

sample ¥y- In particular:

*
N (yi

= — ' (16)

9 by, - 9P
where y is the sample mean, so that R, represents the fraction of the variance of the sample ex-
plained by the regression. The closer R~ is to unit, the better is the model performance.

The coefficients SRC (Y, Xj) can themselves provide a very effective measure of the relative
importance of the input variables. Of course the validity of the SRC's as a measure of sensitivity
is conditional to the degree to which the regression models fits the data, i.e. to Rz.

The PCC can be considered as an extension of the usual correlation coefficients, and represent
that part of the correlation between two variables which is not due to correlation between these two
variables and the remaining ones. When PCC are used they can provide a ranking of the various vari-
ables by indicating the strength of the linear relationship between Y and Xj. 1f PRCC are used the
linear relztionship between the ranks of Y and Xj is measured. This gives an effective estimation of

sensitivity. Unlike the SPEA statistic, PRCC and SRRC are not used directly for hypothesis testing.
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Smirnov and Cramer - von Mises Statistics

The Smirnov Statistics SMIR (Y, Xj) and tﬁe Cramer von Mises CRAM (Y, Xj) belong to the same
class of nonparametric tests. They are based on the empirical cumulative distribution F(Xj) of a
given input variable Xj for two different subsamples.

In order to apply the statistics, the Y values arising from a given simulztion (sample) zre
first divided into two subsets, for instance by taking the values exceeding the F(Y) 90th percentile
in one sample and the remaining values in the other sample (10/90 partition). ‘

At this point, for each variable Xj, the empirical cumulative distributions F(Xj) are computed
on the two samples and the two distributions are compared with each other. Intuitively, if a given
parameter Xj has no influence on the output, then the two samples will give a similar distribution,
or, better, they will be two different estimates of the same true underlying distribution (i.e. the
input distribution for that parameter Xj in this case). If the two distributions are different, it
can be said that the parameter influences the output, . and that high outputs are preferentially as-
sociated with high, or low, parameter values.

iore quantitatively, a test statistics is available to decide - at a given significance level -
whether or not the two samples come from the same population. The Smirnov statistics is defined as
the maximum vertical distance between the cumulative distributions of the two samples, and the test
hypothesis to be accepted or rejected is that the two distributions are not significantly different.

The decision rule in this case, for accepting or rejecting the hypothesis "the two samples have
the same distribution" at the level of significance s to compare SMIR with the {1- ) test quan-

tile w]_ of the Smirnov distribution, -as given by tables [17] or computed by asymptotic formulee.
For = 0.05 '

(N]+N2)'l/2
M(1-a) = o g5=1-36 RE (7)
where N], Nz are the two subsample sizes. If SMIR > w]_a the hypothesis is rejected. The probabili-
ty of having made an error in rejecting the hypothesis is equal to the level of significance (0.05
in this case). Comparing SMIR values for different veriables allows the variable importance_to be
ranked, exactly as with the preceeding sensitivity estimators.

The Cramer - von Mises statistics resembles very much the Smirnov one [17].

Because in this statistics the total area of the two distributions is scanned, 1t may be more
appropriate for sensitivity analysis when the Y(Xj) is 2 non monotonic function.

Also for this statistics a significance test is available [6].

4. CONCLUSIONS

A short and necessarily incomplete presentation has been given of some current issues in Risk
Assessment for Nuclear Waste Dispasal. Of course, both the proposed methodology and the choice of
the computational tools reflecf the Authors® viewpoint and preferences. Yet it is the Authors' opin-
ion that the real problem with this kind of assessments is not Vinked to the sampling strategy, nor
to the algorithm chosen for detecting sensitivities but rather to the correct definition of realis-

tic input distributions, and to the correct assessment of the probabilities of occurrence for vari-
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ous types of rare events. The statistical ¢ools required to analyze satisfactorily the probabilistic
behaviour of any geological system do exist, provided.that the starting information is correctly
utilized. ’

On the other hand experience from the Reactor Safety Studies has shown that uncertainties in
R{sk Assessment can be much higher than risk assessors claim. The limitations of this kind of trezt-
ment should always be kept in mind, to avoid, for instance, that a confidence bound on a risk figure
(computed on purely statistiéa] basis) be taken or presented as the real uncertainty on such a risk.
A Risk Assessment study, performed at the best of our present knowledge of the system, should always
be performed to ensure that all what can be done will be done to ensure the safety of chosen option.
Yet these Studies should always be perforhed in a comparative, K fashion as any energy production
system is linked to the production of related risks. The huge amount of studies recently devoted to
the safety of nuclear systems should ensure a carefully considered technology, but, at least within
the scientific communities, it must be aknowledged that the ability of predicting accidents is
severely limited for those systems where very few accidents have occurred (reactor systems) or where
accidents did not occur at a11'because no such system has yet been created (the waste disposal

system}.
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FIG. 3. EXAMPLE OF AN EMPIRICAL DOSE CUMULATIVE DISTRIBUTION
WITH CONFIDENCE BOUNDS
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MADRID, 10th-12th DECEMBER 1986

INTEGRATED APPROACH TO PERFORMANCE ASSESSMENT OF NUCLEAR WASTE
DISPOSAL SYSTEMS INCLUDING RADIATION PROTECTION CONSIDERATIONS

) Claes Thegerstrom, Stefan Carlyle,
Radiation Protection and Waste Management Division
OECD Nuclear Energy Agency
Paris, France

ABSTRACT

The paper discusses the role of performance assessment in the
evaluation of the potential radiological impact of a nuclear waste disposal
system. International co-operation in this field 4s highlighted and the

~related NEA activities are presented. The main elements of performance

assessment - scenarios, data, models - and their integration are discussed
against the background of long-term objectives for radiation protection in
waste disposal.
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1. INTRODUCTION i
Performance assessment is a global ferm for all the steps involved in
predicting the potential radiological iﬁpact of a nuclear waste disposal
system. The correct modelling of repository subsystems is a hecessary _
element in the performance assessment. Equally important, however, is the
coherent integration of the various components of a comprehensive safety
assessment. It encompasses all the steps starting with a systematic procedure
for scepario identification and selection through modelling of subsystems and

the total system, to the clear ﬁresentation of results and conclusions.

In the preseni program of the NEA Radiocactive Waste HManagement
Committee (RWMC) performance assessment-related activities play a major role.
It is an area under rapid development where there i1s a strong need for
international co-operation and co-ordination.

The gésults of a safety assessment have to be evaluated against
existing fe&ﬁ]ations and long-term objectives for waste disposal. Here the

. KEA, through its Radiocactive Waste Management Committee and its Committee on

Radiation Protection and Public Health (CRPPH), plays an active role in the

. formulation of internationally accepted guidelines and long-term objectives.

Recent and ongoing activities initiated by the RWMC and the CRPPH in
these areas are presented in this paper and discussed in the context of the
integrated performance assessment of nuclear waste disposal. First the role
of performance assessment is briefly presented based partly on discussions and
presentations at a recent NEA workshop {1]. The question of scenario
{dentification and se1ect10n.1s then discussed before reviewing the ongoing
activities on modelling and related data bases. Finally the integrated
evaluation and'presentation of results is discussed especially in relation to
radiation protection considerations and long term objectives for radiocactive
waste disposal. ’
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2. THE ROLE OF PERFORMANCE ASSESSMENT

.2.1 Generai

The fundamental function of a disposal system is to contain and isolate
the radioactive materials so they cause no undue harm to man or his
environment, either now or in the future. This means that one is confronted
with the problem of predicting the behaviour of the system over long time
periods. It will not be necessary to predict the future-behaviour in minute
detail. What is needed is to underctand enéugh to be assured that no harmful
releases will occur. To gain this level of understanding and to describe it

to responsible authorities and the public is one of the major tasks in any
nuclear waste disposal programme.

The basis for an analysis of the safety is a éood scientific

underﬁtanding of all parts or the system. This encompasses for instance:

y

- the physical/chemical and radiocactive properties of the waste
~materials and canist;rs {(the source) - '
-~ the chemical 4nteractions and transport phenomena within or close to
the repository (the near-field)

- the chemical 4interactions and transport phenomena in the geclogical
formation surrounding the repository (the far-field)

- the effects of dispersion and/or reconcentration of possib]e
releases to the biosphere.

In all these areas research is performed through experiments and
observations in laboratories or in the field. Mathematical models are
developed to describe important processes that might occur.” The large-amount
of data obtained from experiments and field tests are collected in a

‘'systematic way and stored in data bases. . '

In a safety assessment the available {nformation is used as’appropriate
as possible to assess the future effects of the repository on the
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environment. The quality of such a total system performance assessment and
the relevance of 4ts results will depend on:

- that all important events or processes that may influence the

releases from the repository have been identified (scenarios)

- that the mathematical models give a correct description of these

processes (i.e. are validated), at the level of detail needed for_
this particular purpose

- that the ipput data used is representative oF‘the actual site
conditions and repository design, and finally

- that the calculations and the interpretation of results are made in

an appropriate way.

For tﬁe‘geoldgical disposal of high-level waste no country has yet
reached the?stage of making a formal safety assessment for the licensing of a
repasitory at a specific site. However, extensive formal assessments of the
feasability of implementing safe disposal have been carried out in some

countries e.g. Sweden and Switzerland, and are planned soon in other countries
e.g. Canada.

2.2 International co-operation within NEA

The last years a great deal of effort in countries with a waste
disposal programme has been devoted to the further development and aﬁp]ication
of performance assessment methodologies. 1In this context the exchange of

- information and the co-operation at an international level 4s extensively used

to avoid duplication of work and to benefit from the open exchange of ideas
and know-how between specialists in different countries. In addition, it has
particularly been recognized that there 4s a need to discuss at an :
international level how to rationa]ise all the various elements that coﬁbine
together 4n carrying out performance éssessments. Figure 1 gives a schematic
representation of the main elements and Tinkages in system performance

assessments. These were discussed at an NEA workshop in October 1985 {1] and



—

[

o ——— AT " @t 24 e - - (el - [l

{ integrated model of

based on the outcome of the discussions a program of NEA activities on
performance assessment related matters was outlined. A Performance Assessment
Advisory Group (PAAG) has been set up by NEA to give gemeral guidance and
advice within this area. The group consist of member countries
representatives with key positions in the national performance asseSsmenﬁ

programs, covering both program responsible organisations and regulatory
bodies.

LINKAGES IN SYSTEM PERFORMANCE ASSESSMENTS

a System definition Observations

Site, engineéred - | Experiments Measurements

" system design Nl . Lab, field, in situ

- in situ nat. analogues
| | Fo
scenario ) Models
identification 1 ‘
details models

v of processes

b)
simplified models
of processes

9 b)

a disposal system

To

Regulatory targets and
information requirements

T

Public acceptance

a) Link between the development of models andobservations (validation)

b) Link between detailed models and simple models and )
Link between separate models and an integrated system model

c) Link between the'outputof;nnﬂhrmance assessments and regulatory equipments.

T s et .
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The scope of the PAAG embraces all radicactive waste types with the
emphasis on post-closure performance assessments, particularly in the

Tong-term: +the objective 1s to build confidence within the technical
community.

In meeting this objective, the group would:

1) exchange information and experience to further the development of
“performance assessment methodologies, and-avoid duplication of
effort;

1) 1dent1f§ initiatives for co-operation on the development and use

of performance assessment methodologies, in particular in the

area of model development, data acquisition and regulatory
requirements;

114) ;adV1se the RWMC on scientific and technical aspects of

. performance assessments by periodic reports to the Committee on
the current state-of-the-art, and

iv) assist the RWMC in the co-ordination of existing and new

activities of NEA in the area of performance assessments,
including peer reviews on request.

In particular, the following technical areas will be covered by the
group, %.e.

- Hodel development - including verification, validation and code
development and exchange.

- Data acquisition including data base development, assessment of
uncertainty in data and data frome site investigation, and
co-ordination with in situ research and laboratory studies.

- Regqulatory needs - 1ncluding-the development of performance
objectives and criteria.
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It is believed that for the coming years the PAAG will provide an
efficient guidance not only for the NEA activities on long-term performance
assessment of radioactive waste disposal, but alo for participating countries
which can confront their own views and benefit from discussion among the

specialists.

It has 4nitiated andAwill continue to initiate specific activities 4n
selected areas, some of which are briefly described in below. It may also
have an 1mportant role to play in focussing, at an international level, all
the elements of performance assessment to provide the type of integrated
understanding upon which the long-term radiological acceptability of nuclear
waste repositories need to be evaluated. )

3. - ELEMENTS OF PERFORMANCE ASSESSMENT AND THEIR SIGNIFICANCE FOR THE
LONG-TERM SAFETY

Referring to figure 1 three main elements of a full system performance

assessment can be distinguished:

- The identification, selection and specification of possiblie release

scenarios

- The collection/compilation of data relating to the selected
site,engineered systems and observations in the field and in the

laboratory

- The modelling of possible releases from the repository through
man-made and natural barriers to the environment and man.

These elements are highly interrelated. for instance much of the data
collection and experiments are planned with certain release scenarios and
mode]l needs in mind. Raw data from the field are generally evaluated by the
help of and in the context of certain models describing the phenomena under

studyl



For a complete system performance assessment all the above mentioned
elements (scenarios, data, models) are equally important. Further, for the
usefulness of any system performance assessment a clear presentation of all
1ts aspects 4s indispensable. Only then will 4t be possible for regulatory
— bodies and independent reviewers to evaluate the results obtained.

L}

3.1 Scenario identification and selection
— ' Any assessment of the safety of a nuclear waste repository must begin
by selecting the proper scenarios to analyse. The correct identification,

selection and specification of scenarios s thus fundamental.

The identification and specification of scenarijos is based on

accumulated knowledge from R & O, field stqdies and site investigations.
Further it has to relate to actual design and siting of the repository. It

[

will set thé scene for the model calculations to be performed and 1t will give
the basis for assigning input parameter values and boundary conditions for
such calculations.

[

In the evaluation of a scenario 1ts consequences as well as its

-

probability of occurence have to be considered. A simple but 11lustrative way
of categorising scenarifos is given in table 1 below.

{
Jable 1: Combination of probability/consequences for scenarios

L

L_ 1 111
High probability Low probability
High consequences High consequences
|
- I . _ v
E High probability Low probability
— Low consequences Low consequences

-

I



11:

III:

Iv:

High probability, high consequences. In this category we find those

scenarios that have to be avoided by chosing an appropriate design and
site for the repository. They are normally not displayed in the safety

assessments simply because fhey have already, 1mplﬁé1tly or explicitly,
been considered when defining requirements for the disposal system.
Examples of measures of this category are 1imiting the thermal load to
avoia excessively high temperatures or siting the repository so that
there ¥s a very low probability that people in the future drill into it
for drinking water.

Hiqh probability, low consequences. In this category we normally find

the base-case scenarios. By analysing them in detail confidence is
gained that their consequences will be low which will make it possible
to accept the disposal system proposed.

- Low probability, high consequences. Scenarios in this category are

sometimes problematic to identify and to evaluate. A strict
ca]cSIation of their probability of occurence 4s not always feasible.
Subjective judgement based on available expert knowledge and experience
might be used as one tool in evaluating their importance. An example
of a scenario in this category is the existence of fast preferential
pathways initially undetected or later created by natural phenomena.
Examples of another type are extreme events 1ike intrusion in case of
war, large scale sabotage, natural catastrophes like meteorite impact
or magmatic explosion. 1In many of these cases it can be argued that
the possiblz consequences due to release from the repository are small

COMpur vu ov wie efrects of the 4nitiating events.

Low probability, low consequences. In this category we find scenarios

which can be rejected at an initial qualitative screening due to that
their probability of occurence is lTow and their consequences would be
Tow in any case.

The identification of'a set of scenarios that need to be considered is

normally rather straight forward. Most often a base-case scenario §s analysed

in detatl and 4n addition a few altered (disturbed, disrupti&e..) scenarios

are also considered. The difficulty, however, 4s to be assured that all

important scenarios have been identified and that no important processes or



: phenomena have been overlooked in specifying the scenarios. This is directly
l
L related to the level of understanding we can gain of the disposal system and
to the quality of a systematic analysis of i1ts safety. An example of a
! systematic 1isting of potentially relevant phenomena is given in table 2
—
below [2].
!
-
‘ Table 2
|
{
(S
§ TABLE 1
— IAEA List of Phenomena Potentially Relevant
{
? to Scenarios for Waste Repositories
gA
Natural processes and events
! - Climatic change Uplift/subsidence
L . Hyvdrology change- * Qrogenic
Sea-level change ® Epeirogenic -
- Denudation * Isostatic

‘ Stream erosion Undetected features
! ! Glacial erosion ® Faults, shear zones
L_ i Flooding * Breccia pipes

: Sedimentation e Lava mbes

! Diagenesis  Intrusive dikes
i Diapirism . * Gas or brine pockets
i Faulting/seismicity Magmatic activity
I ! Geochemical changes * Intrusive

! Fluid interactions s Extrusive

I e Ground water flow Meteorite impact

: ¢ Dissolution

: * Brine pockets

-

Human sactivities

[

R

Faulty design
e Shaft seal failure

¢ Exploration borehole seal

failure
Faulty operadon

¢ Faulty waste emplacement
Transport agent introduction

® Irrigation
® Reservoirs

¢ Intentional artificial
ground water recharge or

withdrawal

® Chemical liquid waste disposal
Large-scale alteration of

hydrology

Thermal effects

¢ Differential elastic response

* Nonelastic response

* Fiuid pressure, density,
viscosity changes

* Fluid migration
Mechanical effects

¢ Canister movement

® Local fracturing

Undetected past intrusion
* Undiscovered boreholes
* Mine shafts
Inadvertent future intrusion
* Exploratory drilling
® Archaeological exhumation
® Resource mining (mineral, water,
hydrocarbon, geothermal,
salt, etc.)
Intentional intrusion
* War
® Sabotage
® Waste recovery
Climate control

Waste and repository effects

Chemical effects

¢ Corrosion

* Waste package—rock interactions

* Gas peneration

* Geochemical alterations
Radiological effects

® Material property changes

* Radiolysis

® Decay-product gas generation

* Nuclear criticality
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The PAAG has proposed that MEA consider a set of questions related to

scenario 4dentification and selection. They are for instance:

the need for a common terminology;

- general approaches to the selection of scenarios;

- time-dependent processes 1ike long-term changes 1ﬁ the biosphere and
geosphere;

- the role of probabilities and ways to assign probabilities to

scenarios and to parameters used in scenario analysis; and

- the use of methods 1ike scientific judgement, fault tree analysis,

influence diagram analysis in the scenario specification process.

Thesg.and related questions are being discussed within an NEA
consultants group and a workshop on scenarios will probably be held during
1987.

3.2 Data

Another main element of performance assessment is the collection and
compilation of data on the disposal system, the site and relevant release
phenomena. Laboratory experiments, field observations and site-investigation
activities pruvide these data. These activities cqﬁstitute a substantial part
of the present nuclear waste disposal programs. Here, however, we will only
mention the setting-up, within NEA and the NEA Data Bank 4n Saclay, of two
data base systems in support of performance assessment activities.

The ISIRS is a data base system for the storage and handling of
information related to experiments on the sorption of radicelements onto
different kinds of materials and minerals. The data base currently contains
data from ten countries with about 2500 distribution coefficients (Kd's) for
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18 elements on eight general classes of geological material in a variety of
physico-chemical conditions. The opinion on the usefulness of ISIRS is
divided. Some scientists consider it of 1ittie value, referring, for
‘instance, to that Kd values are purely empirical and do not provide a good
ground for description of the basic processes in sorption and retardation
phenomena. Others, however, while recognising this fact, point out that

presently K, values are being used 4in practice when modelling nuclide

transport. dNEA is now exploring means to improve further the usefulness of
ISIRS. Most important would be to get a fully representative data base of

Kd values at least in some sejected areas like sorption on near-fieid
materials (concrete..clay. ...) and/or for elements of special interest, like

Neptunium.

The quelopment of an international chemical thermodynamic data base is
a recent activity of the NEA Data Bank carried out jointly with the Division
of Radiation Protection and Waste Management of NEA. It was initiated to
account for the increasing need of such data for modelling purposes in safety
analyses for nuclear waste repositories.

Most modelling groups supporting the performance assessment of
radioactive waste disposal, have developed their own data base from the
scientific literature. These individual data bases often differ considerably
from each other, especially in the data of the actinides. It is thus not
surprising ihat radionuclide speciation and maximum soJubilities calculated by
different groups, with different geochemical computer codes and data, but for
similar conditions, often turn out to differ by orders of magnitude. It has
been recognized that the reason for these discrepancies are not the different
codes but the different data bases. The needs for a comprehensive, internally
consistent and internationally recognized chemical thermodynamic data base
meeting the requirements of the modellers have thus been acknowledged by a
number of technical groups within the NEA Member countries. It is in response
to this need that the NEA has undertaken its thermochemical data base
development.
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The development of this data base invoives not only.a compilation of
all relevant published thermodynamic data, but also a detailed critical review
and, finally, the selection of a "best data set* which will be recommended.
Each review is being performed by a group of four to five internationally
acknowledged experts in chemical thermodynamics. The first 10 elements to be
reviewed are: Uranium, neptunium, plutonium, americium, technetium, cesium,
strontium, radium, fodine and lead. The thermodynamic data being compiled and
reviewed for each species include:

the standard Gibbs free energy of formation

the standard enthalpy of formation

the standard entropy of formation

the standard heat capacity (at constant pressure)

together with uncertainties and, if available, the temperature functions.

in agﬁition, an interface program is being developed which makes it
possible to extract specffic data from the thermodynamic data base and to
convert them into a form in which they are readable by geochemical modelling
codes, such as PHREEQE, MINEQL and £Q3/6, all of which are widely used
geochemical reaction path computer codes. The data could also be made

available in a form compatible with other computer codes 4f there is any
demand from users.

A schematic presentation of NEA's chemical thermodynamic data base

development system 4s given in figure 2 [4].
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COMPILATION OF
ALL PUBLISHED DATA

SELECTION OF
RECOMMENDED DATA

International Critical Review
to Select Best Available Data

Requests

for Data

TDB

RETRIEVAL OF DATA

Conversion of Data
to Various Input Formats

SOURCE DATA

FOR GEOCHEMICAL MODELLING CODES

PHREEQE: Aug. 1986
MINEQL : Oct. 1986
EQ3/6 : Jan. 1987

PUBLICATION OF
RECOMMENDED DATA

Comprebensive Reports
for Specific Elements

Uranium Report : End of 1986
Technetium Report : 1987
Neptunium Report : 1988

Figure Z Structure of the NEA Thermochemical Data Base System
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3.3 Models

‘A central part of any performance assessment is of course the modelling

of the total system as well as single subsystems or even individual processes
of special importance.

The whole area of development of models and computer codes for these
various purposes is under rabid development. New more complex models and
approaches are developed and taken into practice as the tools for computer
calculations are developing and as the needed supporting data are being
collected. '

At an international level the questions of verification and validation
of the concepts, models and codes being used are given special attention.
Examples are the INTRACOIN and HYDROCOIN projects where the verification and
validation of nuclide migration codes and hydrological codes respectively have
been studieg.1n international co-operation.

The results within these two projects are summarised in another paper
at this seminar. -

The high degree of sophistication reached in systems performance
assessments, compared for example to performance assessment for the disposal
of equivalent chemical wastes, has led to new challenges for those developing
currently preferred methodologies. Recently, there has been a move away from
exclusive reliance on deterministic calculations to the balanced use of
deterministic and probabiiistic models. This is in'response to the néed to
take into account the many uncertainties in carrying out performance

assessments covering the long term, due mainly to the intrinsic variabildity of
natural processes.

In view of this the NEA Probabilistic Systems Assessment Codes user
Group (PSAC) was established in early 1985 to aid the development in OECD
Member countries of PSA Codes for assessments of the performance of
radioactive waste disposal systems. A major part of fﬁe activities of PSAC is
devoted to the intercomparison of codes in order to provide confidence in
their ability to adequately represent the system being modelied and therefore
their capability to provide reliable information for safety assessments.
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The NEA Data Bank provides support in the form of computer services for
PSAC and has fully tested, documented and paékaged SYVAC 1 and 2 from Canada,
SYVAC A/C from the United Kingdom and the LISA Code from JRC/CEC. Work is
also in hand on the development of a library of certain computer modules such
as random number generators or samp]ing‘routines for the purposes of exchange
between members.

At the meeting of the PSAC users group topical workshops are also
organised. Most recently the subject of reduction of research models to
sub-models in probabilistic system assessment codes was treated.

In this conte;t it should also be mentioned that NEA 4s organising a
workshop on uncertainty analysis for system performance assessments in
February 1987. The role of uncertainty analysis in performance assessment
will be described and the steps necessary to carry out such analyses in large
compiex systems will be covered in detai]l. The focus will be on practical and
proven methgﬁs in meeting the objective of the workshop which will be to
develop a better understanding of the available methods, and to formulate
general recommendations for their use based on the lessons learned to date.

It may also help clarify the role of uncertainty analysis in the broader
context of performance assessment as seen by regulators and decision-makers.

4. LONG TERM OBJECTIVES AND RADIATION PROTECTION CONSIDERATIONS FOR
NUCLEAR WASTE DISPOSAL

Compared to other activities involving the use and handling of
radioactive materials the final disposal of nuclear waste 3s different in
three specific ways:

1) the Tong time perspectives involved

2) the total isolation of the active materials from the environment for

very long-time periods, in many cases probably *"for ever®

3) the ultimate absence of active control and possibility to prompt
corrective measures if needed.
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1t 4s generally agreed that performance objectives can be formulated in
a number of different ways and yet still ensure that radioactive wastes are
disposed of safely. General objectives relating to radiation dose, health
risk (to individuals or populations) or to environmental contamination have
been proposed ond are under discussion; There appears to be a trend towards
individual risk limitation in several European countries and in Capada, which
are similar % th: rocommendations of an NEA Expert Group on Long-term
Radiological Protection Objectives for Radioactive Waste Disposal {5] and more
recently to principles published by the ICRP {6]. Other European countries

may prefer a syztcm of individual dose limitation for reasonable scenarios of

radiation exposure. In United States the requlatory bodies have developed
1imits on radionuclide releases to the environment and also criteria for
hydrogeological conditions and the performance of the waste package. The
comparison with natural fluxes of radioactivity in the environment is also
being discussed as a suitable reference in judging radiological safety in the
very long term.

The ;eport published by NEA in 1984 on long term objectives for waste
disposal [5] was discussed at a workshop in Paris in 1985 on the interface
between radiation protection, waste managéhent and nuclear safety [7]. The
individual risk concept adopted in this report to take account of both the
level of radiation exposure of individuals and the probability of that
exposure in time, is now widely endorsed. The maximum risk objective of
10-5 per year advocated in the report, which 4s in line with ICRP guidance,
seems to be generally acceptable. Its practical application, however, rajises-
some concern among the waste management community particularly because of the
difficuliy 4o ---nrc nrcohab4l444es and the need to apply it in the spirit of
the relevant recommendations of the ICRP (i1.e. with an ALARA approach). It
must be emphasised that, as with all guidance documents, their recommendations
require interpretation in the context that they are made. The complexity of
this issue is well recognised but 4t should not become an issue of major
concern for the following reasons:

- first, provided a long:term radiological objective for waste
disposal purposes 1is cﬁosen within a range of values considered
reasonabie by present radiation protection standards and experience,
suitabie disposal solutions are most 1ikely to be found;
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- second, radiation protection is not, in most situations, a critical
parameter in waste management decisions. In the NEA Long-Term
-~ Objectives Report, a multi-criteria approach for decision making is
advocated, i1lustrating the need to consider other factors in an

organised priority system;

- third, given the uncertainties inherently associated with long term
performance assessments, we cannot expect very accurate estimates
but rather orders of magnitude. In this respect, any long term risk
objective should be looked more as a boundary condition for
designers and licensing authorities than as a strict regulatory
1imit, since 1n most cases the existence of uncertainties makes it

necessary to remain orders of magnitude below.

Another topic which is also often controversial is the need for
collective dose calculations. Here again the NEA report on long term
objectives mﬁkes a plea for common sense. Obviously such calculations can be
useful as lﬁng as their results can be trusted and indicate marked differences
in the potential impacts between various options. The NEA report says that in
an optimisation approach such calculations are potentially useful for the
comparison between options, but that they should not really be used as an
absolute measure of the potential impact of a given disposal practice.

5. CONCLUDING REMARKS

In discussing the details of radiation protection criteria we have
perhaps a tendency to forget that our main objective in radioacti&e waste
disposal is isolation of the radioactive materials from the biosphere for as
long as we feel it desirable, which in practical terms means something of the
order of 100 000 years or more for long-lived waste. By anyone's standards,
what we try to achieve by geological disposal is isolation practically forever
and what we do with our performance assessments 4s essentially to check the
degree of reliability of this isolation. This points to the importance of
using system performance techniques that are broad, systematic and integrated
so that they really give a correct picture of the overall safety
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characteristics of our disposal systems. This also points to the 1mportance
of a very clear ﬁresentation and documentation of the approaches and results
of performance assessments. Only then can they be subjéct‘tp an efficient
review by scientists and regulatory bodies, which would gradually establish a
firm confidence in the acceptability of the proposed methods of nuclear waste
disposal. It is in this context that international co-operation will have an
important role to play in the area of performance assessment during the coming
years. Exchange of ideas, experience$ and different viewpoints at an
international level will promote development 4n this area and 9t will be one
of many means to ensure a high quality of the ana]ysi§ upon which the
acceptability of nuclear waste disposal is to be judged.
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LINKAGES IN SYSTEM PERFORMANCE ASSESSMENTS

i
\ System definition Observations
l
| site, engineered — _»| Experiments Measurements
| system des<iagn l Lab, field, in situ
- — in situ nat. analogues
|
-
L Scenario
(  ideniificaiion Models
|
l e detailed models
| of processes
S e simplified models
L of processes
b)
- e integrated model of
— ‘a disposal system
B i o
| (
L Regulatory targets and
: information requirements
‘ Public Acceptance
L
s!__a) Link between ihe development of models and observations
(validation)
| b) Link between detailed models and simple models and
— Link between separate models and an integrated system model
¢) Link between the output of performance assessments and

regulatory requirements.



[ o

{7

-

[_,__

—

—

-

MELODIE : A GLOBAL RISK ASSESSMENT MODEL FOR RADIOACTIYE WASTE REFOSITORiES

Te fe LEWL, M. ASSOULIRE, J, 'BAREAU, P. RAIMBAULT =~

Cosmissarlat & I'Energle Atomique/institut de Protoction et de Sirete Nucléasire
87 a6

92265 Fontensy-aux-Roses Cedsx France o : )

The Institute of Protectlion and Nucleasr Sstety (IPSN), whilch 1s pert of the French

Atomlc Energy Commissfon (C.E.A.) develops siace 1984 In colledboretion with different

groups (nside and outside the C.E.A. a computer sodel for risk essessment of nuclesr

waste repositorles (n deep geological formotlions. The maln characteristics

of tte
submodsls, the dats processing structure and some examples of applications

are
presented.

INTRODUCT 1 ON

The modell{ing activity at the (PSK s based on the developrent of the globdbal risk sssesscent
code MELOOIE 1 .

MELOODIE s e zoterminlstlc code wnich can perforn best estizate calculstlions by using detaslled
models; & seslected set of

representative scenarios ts then studled. Sensitivity analysis ang

wncertalnty calculatlons cen afso be performed, using sieplifled models.

The present verslion of MELODIE s based on the coupling of & groundwater flow

nodel, 8 source
s ractonuclilde transport model

term mode!, and a blosphere rodel.

¥e vilil present hercafter the main charscteristics of the sub-models, the date

processing
structure and some examples of appllcations.

i) MOODEL DEVELOPMENT

-
1) Source term model

The source terms modelilng development Is performed at the CEA/DRDD {Département de Recherche

ot Développenenf sur les Déchets). The first version of the code CONDIMENT, fitted for
ANligh-level wastes lc a glass matrix, has besn mada avallable : It 1s a Il code

whare the near

fleld 1Iis represented In sxisymetric geometry; It lIncludec tha gliass

ngtrlx, *thée énginwwreu
barrier (for Instonce bentonite) and »

layer of the host rock formstion.

Ths code sulves the advectlion-dispersion equatlion In the verlous medla for s Nusselt number

smatlor then unity. The chemical Inferactions between radionuclides are represented by llnear

Isotherms (retardatlion factor formallsm).
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Iin Its present verslon, CONDIMENT conslders the transport of redlionucllides In the different

source compartesnts and describes the degradation 91 the plass wmatrix retated 'Qo the
dissolution end traasport of slllcae.

The flux out of the glass watrix of the radionuciides more soluble than sltics (ITke ceesiva)
Is detormimed by the dlsplacement velocity of the Interface betveen the sound gloss and the

sltered gloss (gel layer). The radlionuciides less soledie than sillca (flke the sctinides)

preclipitate Into the gol leyer 1 thelr concentratlien at the [lalt of the ge! layer s eque!
to thelr ssturatioa value.

The corrosfos of the container csnnot presently be described by 2 reesllstic model; It I3

modelled ss o falture time (experfence shows that this fallure time may be neglected when

cospared to redlionuciide’s travel time through geosphere), where the gless comes directiy In

contesct with the bentonlte. A stetisticel distribution of contslner fallure timses wif!
sventuslly be Introduced.

The future developments of CONDIMENT will asliov to take Into account chemlical Interactions

such s preclipitation reactions related to the chemlcel properties of the lesching water.

Kon~llnear lsotherms vwill be conslidered as well.

The CONDINENT mode!l can be used to describe the evolution of temperature In the nesr fleld

end thus the heat flux to the geosphere. Paremeters vwlll Dbe slliowed to very with local

teaperature.

Groundweter fiow and radlonuclide transpvort models

The submodets for groundrater flow end rid!onucllde transport In MELODIE ere derlved from the
METIS code developsd st tho Ecole Nationale Supérleure des Mines de Parls. METIS s a 2D

finlte element code which solves the diffusivity equetlon and the advectlion=-dlisperslion

equation for an equivalent porous medlum. Flrst order edsorption kinetlics a8s well as wmotrix

ditfusion and nuclear decay chalns sre Inciuded.

A recent development of the code was to Implement expllicit fracture representation for

groundvater f{leov and radionuciide transport. Fractures e conslidered es |lneer eloments wvith

speciflc transmittivity : this simplliflies mosh generatlon anc saves computer tise.

The possidliility to solve +the groundwater flow problem wusing water pressurs Instesd of

hydreullc head has been Implemented, as well as & submode! tor 20 hest transfer. This ellovs

to toeke 1Into account the verletle density and viscosity of water wlith temperature for

model ting buoyancy sttects.

Speciflc sodels for flovw In squlifers surrounding s salt formation are belng developed as

welle A sloplified salt dlssclution wmode! has bean Implemented In the code snd 1s wsed In

connectlion with METIS In order to calculate the concentretion of brines In aquifers. The

& sind
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coupling between groundwater flow and brine trensport s then lntroduced by the verfetlon «
brine density with salt concentration.

]

. The question of tlse step management [s of criticel Importance for advection~dlsperslion cods

slnce very large permesdlility contrasts may exlst In the geosphers end the aptlmum time ste

depends on the regloa which Is consldersd. An automatic time step avelustion has bee

laplensnted (a the code which ellovs to use less stringent criterlsa and fﬁus reduce compute:
tlae.

3) Blosphers model

The blosphere model, celled ABRICOT, which has besn doveloped st the IPSN/OPT (Département ds

‘Protection TYechnigue), (s based on & water snéd food consumption description. Individuel,

reglonal or colflective €oses may be cricuiated from the Ingestion of radlionuciides

corresponding to menus which co-pcn-ntQ originate trom different sgricuitural systexss in the

pathvays of radlonucildes. Doses commitments from Inhstatlion and direct exposure are taken

Into account ss vell,
A specitic Ddlosphers model velid for a coestal site ts being developsd. Thls code

perticipstes In the BIOMOYS Internationel vslldation exorclce.

4) Other mode! developments

= Thermomechanlic.
Severa! optlons wlll be Investigeted In order to determine to what extent thermomechanlics

should be Introduced In e rlsk assessment code. These optlons range from teking these effects

Into eccount by modifylng the statistical distributlon of the parameters which are altered,

perforaing & sudden change In the vslue of serles of pearsseters, using specific lovs of

varlatlon between parsmeters or coupliling of thermomechenlical model to the rlisk essessment
code.

-

The cholce will be made ofter speclflc studles performed wlth generic codes and essocleted
sensftivity studles. “

= SGeocheamlstry

A general Investigatlon hes been conducted st the Ecole Natlonale Supé&rleure des Mlines ds

Parls (n order to detaralne the state of the art la geochemlcsl wodeis and couplling methods

tetwean geachemistry and treasport.

Tests x(i! be conducted on the coupling ot a simptifled scrptian model to & treasport code.

Secprospective

The evolution of the geosphers for tong periods of time wli! de taken Into account by lIspsce

nodels corresponding to <lfferent cliimatic end neoctectonlic scenarics. Geoprospective studies

are being performed in order to precise refevent scenarios on & specific site.
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11) THE BATA PROCESSING STRUCTURE )

An Important effort have deen made on the dats processing etructure of the MELODIE sode!l. Yo

. present hereafter the ressons of this effort and the solutions sdopted.

1) Presentation of +he oblectives

Weo may distinguish three aaln odJectives 3 .

. .

the tirst one ls to glve to the MELOOIE code users the ablifty of adapting the tool according

to thele speclfic catculatlon needs : the evaluation of the consequences of auclesr vastes

reposltories Induces different types of stvdles, In strong dependance vith the nature of the

medlums concerned (tor Instsace : traanslent tlovw siter retlllling, hydrogeologicel condlitlons

and the time scales consldered st steady state, Implenestation of therms! effects...ls
« the second objective 13 to lasure the oaslﬂess of aay further developsent or malntenance :
‘¢he nuclesr wastes managemen? bdalng & fleld whers techniques snd Kknowlsedgs sre In constant

progress, It Is clear that lsproving the exlsting models or developping new ones bdecomes s

necessity.

the last one Is to make the systen user frlendly by optimizing the execution times for the

diftereat tasks, and creating utlllty fonctlons for dats processing or for development.

Ve may summarlize thess objectlves In ¢ ’

- flexIbllilty

- easy malntenance and development

= wuser friendiinsss

2) The problems encountered

Pertfornance assessment of a nuclear wastes repository requlres the knovledge of the varlous
-

physlical phenomena to be described, the optimlzation aof numerical technlques used to solve

the systeas of equatlions, the adequation of computer technliques and languages to set up the

envirorment, and %o carry out the catculatlions.

Scheme 1 describes the level of knoviedge which Is necessary In order to access to any level

of actlvity related to the systen,

{t 1s tirst necessary to dlsconnect entirely the procesas of runnlng the code from the

programsming tasks. Because, on one hand, tIttle computer knowvlsdge should bde resquired to use

+he programs, and on snother hand, because system malntenance, updating and development
should never perturbate tts utillisetion.
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A second source of probless Is refstad to development constralnts 3 {¢ s necessary to obdtaln
® moduler structure siloving en evolutive organization ot the codas (updating of the different

hodulon, Taplesentation of nev poremeters end nev physlicel processes), an evident solution
belng the reailzetion of

8 speclflc tlnary wmodules [{lbrery,
salintensble.

essfly <transpoertable and

A third difticulty wiit conslist In making the use of fhe system as comfortsdle es possidle :
{ts heaviness myst de Ignored by the user and asslisteace will be required during 3
.= pre-processing tashs (dsts set dbuliding and management),

post-processing operstions {exploltetion of results, curve drarings),

3) Practlical solutlons edopted

.
H

The resllizetion of the MELODIE software has been accomptished In four phases

- Phoase 1 s Definition of the system's elementary functlons

A lldbraclen utlilitles organizatlion has been set up providing for functlonal separation and
modufority of the tasks. The library orgsnization s represented by schema 2.

« Phease 2 : Deflnition of the herdware rescurces.

The efflciency of the orgenfzatlon represented by schewe 2 vlil be governed by the cholce of

best sdepted computers snd systems. Among the possidle conflguratlons

svalleble we hsvo
describesd by scheme 3,

davolopped the following one,

characterized by the use of & CRAY-XMP
as » coentral computer :

calculatlions are executed by CRAY-XMP via the batch utlllity.

Programs are &ll written In CRAY
extended FORTRAN.

« pre snd post processing are performed on IBH 4341 under YM/CHS explaltetlion system. Procedures
are wrltten In CMS/EXEC2 tenguage and standard FORTRAN.

- Phase 3 : {mplementation of the generas! structurse.

The conversstlonal YM/CMS system allows the repartlitlon of herdwsre resources Into user's
Independant virtual amzchlines, between which [Inks may be pre~deflned via the systes's dlisk
mansgenent utllilitles.

$n our coanfjiguration, one virtual! machine Is continuoustiy devoted to program development and
another one to pre end post processing procedures

: thls provides for the physlcel separation
requlired betveen the two types of activities.

.

Thess tvo virtue! machines are asccessidle dy alt the users.

Progrem sources end procedures
sre insteiled on resd only sccessesd disks

tn order to avold any false msnceuvre from the
u;-rn. The permanent bdinary modules titrary 13 lnstalied on the CRAY-XMP centrail computer,

sodules belng created or updated through en UPDATE procedure, excluslvely accessidble from the

development machinas Itself. Tasks osre assemdied on the frontal computer,
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then sent to the CRAY-XMP batch utillity and results flles sre sent back to the wiers own

yirtval sschines for post-processing.

= Phase 4 1 Development of the pre snd post processing wtilities and development of the code.
Procedyres ere using many developseat languages ! .
» FORTRAN 77, ' o T
o CHS/DIOF conversational screea sanageaent, . "L ’
« Oraphlc 1BM (Ibrery,
o EXEC2 procedure lenguage,

The organizetfon of the procedures functioas Is modular ss described by sheses 4 and 5 snd

tasks sre defined under s comversatlionsl environmesat.

Program development aoduiarity occurs at two levels :

- for the physlical processes description : the scheme 6 presents an exasple of s siautation
structure organlization,

« for the program development snd especlelly for the parswsters aansgement 3 wswally COWMON
blocks or dummy arguments are used to sodify or laplement nov parameters, sad *uls lsduces
sodlfications .of the meln progrem and of the subroutlines. Another sethod Is oilo-oﬂ by the

CRAY=XRP FORTRAN complier : the use of polnters.

Let’s svamsrize this technique 3
e sach paremeter ls sssoclated to en sddress in computer's central memory,
+ @& common memory zone ls reserved for all of thenm,
« @ach subroutine msy access this zone In order to retrisve (ts Input asrguaents end store its
ocutput argusents. .

The sdvantage Is that the modules become porfectly Interchsngeable, snd thst the maln progranm
Is never affected by the Introductlion of newv developments. Thls technique requlires howvever a
rether sophlisticatod coerputer knowledge and yrlc;%ce : a solutlion resides In creating
environment utilitles to slaplify the polinters use such es parsmeters 1lst glossarties,

aodules creetlon end update assistance.
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As @ concluslion we may summarize the maln cherscterlstics of the MELODIE softvare 1 -

- .-odulnr structures Intervening et esch functlonal level gsuch o9 physical processes
description, task definltlon, progras developmeat,

e g clesr soporetion betveen developsent Ind user fuactions,

« palntenance and develcopment utiilties, ]

= comfortsbla sse provided by ecceptadble response times snd conversatloansl eavironwent,

= Nigh level et flexibillty to freet different prodless provided by s dynamic sodules
assemdling. ’

100} EXAMPLES OF APPLICATIONS

-

The charectaristics of the MELODIE submodeis which are today avallatie for the description of

the different ohyslical sub-systems Involved In the rlisk assessmoent of nauclesr wastes

repositorles snd the specific software organizatlion developed st the I[PSN allov to perform

several klnds of epplications.

-tn this part we wlil reviev different aspects of sode! valldatlon and performance assessment

exerclses., Plctures fllustrating dlifferent cesults of the proposed exercises,

ere giviag sn
tdee of the pre and post processing utlilty functlons of the code.

1) Perticipation 0 the Internationsl project Hydrocoln

The vafldation of the groundvater fiov module of the METIS code Is performed by participation
to the HYDROCOIN international project [2]. The level 3 of the project was deallng »1th the
verification of the aumerlicai accuracy of the codes. METIS was used to perfora colculstions
on 5 casas desling with )

a)

[ 3]

Iranslent flov from e borehole In & fractured permesble nediun.
Steady state flov In & rock mass Intersected by fraclure zones.
€) Thermal convectlon In a saturated permeable medlum.

¢) Stesdy state flov from a hypothetical bedded salt repository.

o) Saturasted 20 flow through a shallow lend disposal faclilty In arglilitaceous medle.

Excellent agreement with analytlcal solutlons and other codes was ftound for hydraulic hesds

‘and water veloclitles. More spreed wzs sttslned !n perticie trajecturies (see flg 1, 2, M.
Levels 2 end 3 of HYDROCOIN desl with comparisons of calculated results snd experimental data

and sensitivity aneiysis. A 3D vorsl&n of the METIS I3 belng developed to solve the proposed
cases.
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2) Performance sssessment axerclise on 8 dedded salt slte

L4

A vertical cut of an hypothetical bdeddod ssit site Is curreatly wsed for »
assessment exerclse.

performance

The cut (s 60 km vide and 3000 » deep (figure 4).
Two 100 to 300 = thick selt {syers are surrounded dy shsle.

The permeabliiity of gott Is 10'15 e/s and the persesditity of shele 1s 10-“ alse.

A complete grid generstion of the slte was pertorsed sith $I81 (grid generator developed by

CEA/DEKMT (Departement d'Etudos Mécanliques et Thermiques) to 1343 elements (figure 3),

A descriptlion of the groundvater flov system around the salt formetlon have been computed

vith MELODIE. Flgure 6 shove the Dercy veloclty chart.

Pathilnes woere cosputed end will sllov to use » sluplifled representation for calculsting the

radlonuc!ide migretion In relation with aon mormal scenarlos such ss sealing deficlencles

around the shetts or fracture openings.

3} Partlclipation ¢o the PAGIS (Performance Assessment of Geologlcal (soletlon Systews) project

[:1

For thls €Eurcpesn project desllng with high level vitrifled wastes repositorles, started

since 1982, four formatlons have been selected : clay, salt,

granite end sudb-scaded. The
French tesm Is responsible for the grenlite optlion calculstions.

Tvo types of calculations sre essentlally performed at CEA/IPSN wvith MELODIE :
« TBest-Estimate®,

Sensitivity anelysls according to the parsmeters varlablilty.

-~

®Bect Estimates™ catculastlions require a high tevel of sophlistication for the source,

goosphers and blosphere descriptions. The loglica! sequence of the dlfferent steps performed
for the glodasl assessmsent of 4the granlite reference site (Aurfat) In the cese ©f s normst

evolutlon scenerlo are presented through plcture 7 to 15 :

= Step ! : 2 dimenslona) mesh generatlion snd date processing (flgure 7.
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e Step 2 3 hydrogcdloglccl celeylotions leedlag tc 1
= Dydrsuilc heed (1eid reprasentation (tigure 8),

= pore~wster velocitles under steady state conditions (?ligure 9),

~ particle trajectories and l1dentlitication of the mala dlscharges {(flgure 10).

$teop 3 ¢ laplementation of the repository Ir the sesy (figure 11) and simulatlion of ¢the Joint
ovolation of the radlonsci(des

CCONDIMENT/METIS) providing tor @

trensfer In the source ters and the pgeosphere

= redlonuclide activity profljes In 2D cut versus tlae (figure 12},

* activity relesses to the dlschacrges ss e function of fiss.

- Step & 1 Implenegtation of the bdlosphere (ABRICOT) model to the previous structure end

evaluation ot dose retes to Indlvidusls, versus tlme (fligure 13).

Sensitivity analysis to persmeters are siso to be carried out to achisve the reference cease
study.

A speclsllzed structure bas been set up for the calculatlions as described In flgure 14.
The 20

“Best Estlmates® praovide for a 10 flov tuybe represantative of the geosphere (fijure
1%,

Statlistics! distributlon curves are sssoclated to the concerned parameters (In the example
11 paremeters) and sets of values ere sampled tor each run belng performed (60 runs in this
casel.

The results are then stored, and, ot last, ststlstlically analyzed according to the RSM

multtitnesr regresstion technique.

COMCLUSTONS.

The modelilng activity performed at the CEA/IPSN hes permitted to develop & flrst verslon of the
code MELODIE, whlch essoclates & source term model, & geosphere zodel end a blosphers aodel.

and tested in aspectielilzed teems (ENSMP, CEA-DRDO,
CEA-IPSN-DPT). The <confrontetion

to experlaental resuits (obtslned In Ilesborestory) and the

pacticlipation to existlag laternstlonsl projects (HYLROCOIN, BIOMOY, PAGIS] relnforces the
confidence wve may have In the cods quallty.
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Finite elements discretization

Figure 5
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Auriat normal evolution scenario.
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Project COSA - A Benchmark of Computer Codes for the Thermo-Mechanical Behaviour of Rock Salt.
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NC Know]es,.Atkins Research and Development, Epsom, Surrey, UK

ABSTRACT ' .

A review of 2 benchmark exercise involving 10 organisations using: some twelve computer codes
is presented. Interest centres around the reliability of predictions of the thermo-mechanical
creep behaviour of rock salt in the context of geological disposal of high level radioactive

waste,

1.

INTRODUCTION

Research studies dealing with the geomechanical behaviour of repositories for
radicactive waste in rock salt, have now been pursued for nearly two decades. Such
studies rely increasingly on fairly sophisticated computer calculations to predict the
long term stress and deformation history within the host strata and a number of
computer programs have now been developed (1). Project COSA (comparison of computer.
codes for salt) was organised to compare the capabilities of these codes.

It was set up by the Commission of the European Communities as part of its research
programme into ‘Management and Storage of Radicactive Waste' following a meeting of

CEC research contractors in December 1983 (2}. The first phase was completed in July

1986, the second phase commenced in November 1986 and will run for a further 2 years,

Ten organisations have participated to date, with the British engineering consultants

Atkins R&D of Epsom acting as the non participating (and hopefully impartial)

coordinator and scientific secretary. The participants are : :
In Belgium : The company FORAKY, in association with the Centre d'Etude de 1'Energie
Nucleaire (CEN/SCK) and the Laboratoire de Genie Civil of the [University of

Louvain-la-Neuve (LGC).

In Germany : The Rheinisch-Westfalische Technische Hochschule (RWTH), Aachen; The
Gesellschaft fur Strahlen-und Umweltforschung (GSF), Braunschwelg; The
Kernforschungszentrum Karlsruhe (KFK), Karlsruhe,

In Denmark : The Engineering Department of the R1SO Laboratory (R1S0), Roskilde.

|
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In France : The Laboratoire de Mecanique des Solides of the Ecole Polytechnique
(LMS), Palaiseau; The cehtre de Mecanique des Roches of the Ecole des Mines (EMP),
Fontainebleau; The Laboratoire d'Analyse Mecanique des Structures, Departement des
Etudes Mecaniques et Thermiques, of the CEA-Saclay {CEA-DEMT).

In Italy : The Istituto Sperimentale Modelli e Strutture (ISMES), Bergamo.
In the Netherlands : The Energieonderzoek Centrum Nederlands (ECN), Petten.

In all some 12 ‘mechanical’ computer codes have been used together with complimentary
or associated codes for thermal calculations. A1l but one, (CYSIPHE) are based on the
finite element method. They ranged from relatively small special purpose programs
specifically developed for this generic problem (e.g. GOLIA, CREEP) to large scale
general purpose codes which are commercially available (e.g. ADINA, ANSYS), It should
be noted that a1l participants have considerable experience of geomechanical finite
element analysis and can be categorised as ‘expert users' of their particular codes.
The participants and the codes used are listed in Table 1.

1
!

b,
t L R N T

Participant Country Thermal Mechanical
Code(s) Code(s)
ECN - Holland GOLIA
=~ . ANSYS MARC
- ANSYS
R1SO Denmark ADINA
RNTH W Germany FAST-RZ MAUS
XfK W Germany ADINAT ADINA
FORAKY & Belgium HEAT CREEP
CEN/SCK + LGC
LMS France ASTHER ASTREA
CEA France DELFINE INCA
EMP France CHEF VIPLEF
CYSIPHE
ISMES Ttaly GAMBLE* GAMBLE*
GSF W Germany ANTEMP ANSALT

N.B. GAMBLE is a pseudonym for a general purpose commercial code.

Table 1.

Participants and Codes
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ORGANISATION OF THE EXERCISE

'Benchmarking’ is an increasingly popular means of increasing confidence in thé
reliability of complex computer predictions of situvations where an accepted solution
is not available (e.g. from experimental or direct measurement). The term has a range
of connotations; the. key element being that a common problem is ‘solved' by several
computer codes and the results are compared. Depending on how the problem is defined,
the exercise may range from a direct assessment of the capabilities of the codes -
against a theoretical solution (this is sometimes referred to as ‘verification') to
situations where the analyst's judgement, skill .and experience in modelling real
physical situations is also involved. Project COSA was intended to progress from a
verification exercise 1in 1{ts first stage to more complex exercises in later stages
where codes are asked to predict real-life behaviour. Accordingly 3 benchmark
problems have been planned, of which two have been completed.

Benchmark 1 was deliberately chosen to be a simple hypothetical creep problem, complex
enough to demonstrate the strengths and weaknesses of the particular codes, yet
sufficiently well-posed for there to be semi-analytical solutions available for
comparison. It was intended principally to assess numerical and mathematical
performance, with particular emphasis on the temporal integration capabilities nf the
codes. It was also anticipated that a solution could be obtained in two days, during
which the coordinators were present as observers.

Benchmark 2 was based on a laboratory experiment, the intention being that the codes
would attempt to repiicate the observed behaviour. Interest nevertheless still
centred on code performance and capability. For this reason the modelling of the
prodblem was fully discussed a priori by the participants and a mutually agreeable
*common’ specification of the problem to be solved was drawn up by the coordinators.
This specification defined the geometry, boundary concitions, loading history and
material law. It was left to the 1individual participants to decide on the most
appropriate spatial and temporal discretisation {i.e. number, type and arrangement of
elements, time step and solution method) and other aspects peculiar to their codes.
In short all participants were to solve the same mathematical model in a manner most
appropriate to the codes available to them.

A common mathematical model, of course, implies that the codes were restricted to use
only those capabilities that were available in all. The ‘quality' of the solutions is
thus limited by the approximations necessary to allow it to be modelled by the
‘weakest' code. For this reason attention focussed more on comparing the individual
computer predictions with each other rather than with the experimental behaviour.

.y e
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In addition to purely technical aspects it was initially felt desirable to attempt to
compare the ‘'user friendliness' and computational efficiency of the codes.
Accordingly each team was asked to run the same small program on their computer to
provide a basis for normalising the cost of their calculation runs. This
‘computational cost parameter® program (ccp) was intended to approximate the demands
that a 'typical' finite element program makes on a computer system. User friendliness
was assessed qualitatively by the coordinators during the course of the visit to each
participant. In fact both user friendliness and computational efficiency assumed a
relatively minor importance during the project for a variety of reasons.

- 3. BENCHMARK 1

3.1 The Problem

The problem posed was a thick spherical shell subjected to internal pressure (Figure
1). it was spherically symmetric in 211 respects. The creep behaviour was described
by a Norton type temperature and stress dependent creep equation and a radius
dependent temperature distribution. The problem was then one of the creep expansion
of the shell under the internal pressure.
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Figure 1 First Benchmark Problem and Typical Finite Element Mesh
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Displacement and stress histories up to 2 time of 10
problem parameters weré chosen to ensure that @ marked stress redistribution takes
demonstrated

places during this time and a tendency towards 2 steady
at the end of the required solution.

stress

seconds

were

state is

required.

The

The definition was therefore chosen to be

numerically useful, albeit not necessarily representative of real life.

Participants were asked to provide solutions at particular points in
Otherwise there were no

precise physical

selection or timestep control.

locations.

time

as well
restrictions applied to mesh

as

3.2 Solutions
Table 2 gives a summary of statistics associated with the solutions. Further details
of the comparative behaviour of the codes is given in (3).
Time ccp ho. of
Urganfsation| Code Ho, of | Elesent Intagration Timestep Auto Control No.of | Computer Cpu time| ccp for
Elements| Type Iype Controt Criterla Steps (Secs)e|Benchmark
ClA 1HCA 14 # Hode ISV (mpticit PAHUAL - 1SW | CRAY X4 b 16,
wH - GLIA-RK w 3 tlode CSTIALh Urder Eapllicit]| AUTQ 9t | Cruk ¥ss 123 0.3
Stress incr, , Creep strain fincr,

GULIASRKN W 3 Kode CST{Sth Urder Explicit AUTY Stress TElastic strain 296 0.4

WRC MY 8 NHode ISV Eaplicit AUlY 63u1 W.¢

ANSYS 1 8 Node 15V Explicit Avty Creep stratn facrement 93ur g

¢ hut(: strawn
[ 14 YIPLEF ¥ y Node ISU Explicit AUTY Creep strala Increnent 2239 |VAX L1280 49/ 11,
(45344 v Eaplicit AUTY Creep strala imcresent 23y
FURAKY CREEY N & Hode ISV Expticit Auto Stress incresent 1299 § HP juuo 887 2.1
Stress
(314 ANSALT 16 B Hode 15U Iepiicit AUTU + HANUAL Creep strain facreaent 195 41113 397 3.4
Jsats cAMBLE® n B Node IS0 Explicit AUTY Lreep straia tmcrement 193 | YA 36w 6 1.
+lmpltcit = Euszlc strain
. Creep Rate tacrement
[ $49 ATHA k2 & NMode ISO Impiicit MAHUAL - U |SLIMENS J89Uf 45 6.7
LMS ASIREA (1] 3 Rode CSTHALA order explicit Aufy Kaximuv displacement 1979 NAS wWoBy Sy ®.
| $314] AUIHA ' 1 8 Node ISV lmplictt MANUAL - 35y | suRHUULIS 258 18.
[ 3100
IH WAUS | w 8 Kode 150 Impiicit Avto Creep strain fecrement 34 [2xCY8ER 175 4y 0.4
* General purpase commercial code Rotes: (1) 1SU » fsoparemetric

¢ [stimated valuves

® For MI s Juw

o - enia .

(2) €SI » Constant straia trianyle

Table 2 Summary of Run Statistics

Typical of the results are the histories of maximum and minimum stress at various
radii (Figure 3) and of displacement (Figure 4).
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Figure 4 Displacement Bounds for Inner and Outer Radii

There was wide variation in element mesh density. However, two codes provided
additional solutions with mesh variations, and on this evidence the problem is not
particularly sensitive to the spatial discretisation. ’
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There 1{s some evidence that the results of the codes which use an explicit method to
integrate the creep rate equation are sensitive to time step size. In contrast, the
results  from the implicit codes appear to be relatively insensitive. The implicit and
high-order explicit codes, as expected, appear to be more efficient (on a ccp basis)
than the single step explicit codes. Indeed the problem is particularly challenging
to the latter at 1late times when accuracy considerations appear ‘to impose
unrealisatically short time steps relative to the time scale of the problem,

Codes with manual timestep control generally were more difficult to use on this
problem and appear to be less efficient than those with automatic timestepping.

On the evidence of this problem 2all codes were capable of reproducing the
thermo-mechanical behaviour of a creeping solid, to satisfactory accuracy, albeit with
some variations in computational efficiency. In terms of overall reliability of the

predictions, many factors have to be considered and it is inappropriate to place undue

weight on any single aspect. Nevertheless in terms of computational practice a clear
preference has emerged for the use of high order (quadratic) spatial discretisation

and either implicit or high order explicit time integration operators 1in conjunction

with an automatic selection of time step.

BENCHMARK 2

Experimental Details

The small-scale test which provided the basis of Benchmark 2 was conducted in the

Mining Department of the Technical University of Delft, Holland. It consisted of a
salt cube, subjected to triaxial compression and heated internally by a heater placed
in cylindrical axial hole., The salt was sampled from the "Na_" seam at the Asse mine
in West Germany which has been the subject of considerable rheological study for
several years and as such was familiar to most participants. The test duration was

13.5 hours. Figure 5 show a quarter symmetric view of the cube with the data
measurement and reference positions.

Temperatures were monitored by thermocouples placed as indicated in Figure 5 and
convergence of the borehole was measured using an optical system sighted along the
borehole axis. External deformations of the cube were also recorded.

The loading history {is illustrated in Figure 6.
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Figure 5 Schematic View of 1/4 cube
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Figure 6 Loading History
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Participants modelled the .experiment fn two parts. Tirst, the transient temperature
distributions were calculated up to the full time of 810 minutes. Predictions were
compared with experimental measurements and then, satisfied that the thermal behaviour
was represented adequately, creep calculations were conducted up to 600 minutes.

An axisymmetric representation was chosen, This was necessary because several codes

could not model_generalised plane strain (i.e. the condition that the strain normal to

the plane is uniform), which was the other possible 2-D representation (3-D models
were not actively considered on grounds of cost).
Thermal Analysis | ’

The thermal
cooling of the testing machine and unknown details of the heater.

For the thermal analysis, the loading platens were modelled as an'equivalent disc and
concentric cylinder respectively with their thicknesses adjusted to give the
heat capacity. Figure 7 shows a typical finite element mesh of salt and platens.

correct

~

Figure 7 Typical Finite Element Mesh .

boundary conditions are complex because of the shape, mass and forced
The heat input was

ary e Boing e 1o

approximated by a heat fluX history applied uniformly over the borehole surface.
Temperature histories at the outside boundaries of the platens were prescribed using

.Lhe measured temperatures.
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Salt Properties

Density = 2187 Kg/m°

. - T 2 3 o
Coefficient of thermal conductivity 3+ @) + o, tagg W/( cm)

Where a, = 5.734, 2 = -1.838 x 1072

2, = 2.86 1% and 2y = -1.51x 108

T 1s temperature in .
. T o 3
Specific heat capacity = by + b1 J/{Tem

Where b, = 1.8705 x 105 and b, = 3.8772 x 10°

T is temperature in °C.

Young's modulus = 24000 MPa

Poisson's ratio = 0.27

5 ,oC

Coefficient of thermal expansion - 4.2 x 107 /

Steel Properties

! Density = 7830 Kg/m

Coefficient of thermal conductivity = 60.0 N/(ocm)

Specific heat capacity = 3.758 x 106 J/(°cm3)
Young's modulus = 210 000 MPa
Poisson‘s ratio = 0.3

Coefficient of thermal expansion = 1.6 x 1073 /%

Table 3 Second Benchmark Material Properties

l NC BT I eher T by e
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Figure 8 Temperature at Borehole Surface

Solution of the creep part of the benchmark was more difficult and generally required
considerably more computing resources than had been anticipated. The number of
timesteps wused renged from 43 to 2700 with a corresponding range of time integration
schemes,

Displacement results for ten solutions are 9fllustrated in Figure 9 showing the
borehole convergence at position M near the central plane., Similarly wide variations
were evident in the predictions of displacement at the other positions and also in
stresses. ’

Detailed examination showed that ‘'user errors' and in one case a "code discrepancy”
account for many of the differences. Subsequently a number of corrected analyses were
performed and far better agreement between the individual solution was obtained, as

shown in Figure 10,
Y
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4.3 Creep Analysis

For the creep model the side platen was removed. This was necessary because of its
unrealistic circumferential stiffness. Participants otherwise kept the same meshes as
had been used for their thermal models, using appropriate structural elements, Most
participants used eight-noded d{soparametric quadrilateral elements but nine-noded
{soparametric quadrilaterals, six-noded f{soparametric triangles and four-noded
{soparametric quadrilaterals were also used. .

At the central plane, symmetry boundary conditions were.applied and at the end-plane
frictionless sliding between the salt and the loading platen was «llowed. Ideally the
cylindrical outer surface of the salt would have been constrained to remain flat but
this was not possible 1in all of the codes and so it was left as a free surface. The
platen forces were represented by pressures applied axially to the outside boundary of
the end platen and radially to the free cylindrical surface of the salt.

The basic mechanical properties of salt (see -Table 3) were obtained from previous
research at Asse in the form of primary and secondary creep equations. Only primary
(transient) creep was considered for the short duration of the test and this was
described by

é;, = mB exp (-mtl 09 exp {-Q/RT)

With m = 0.35 day o B = 0.21, n =5, Q = 4.8 x 10° J

However, some codes could handle only secondary type creep laws and the primary creep
equation was therefore approximated to a time-independent form by setting m=0.

: 4.4 Results

Solution of the thermal part of this benchmark proved to be reasonably straightforward
and there was generally close agreement between codes. Predicted temperatures also
agreed acceptably with the experimental measurements, particularly at the central
(symmetry) plane. Figure 8 shows a typical temperature history prediction together
with measured values at the borehole wall on the central plane.
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Figure 9 Radial Movement at Borehole Surface (Position M)
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Figure 10 Radial Movement at Borehole Surface (Position M)
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Creep Analysis - Yariants

A number of variants to the ‘basic' solution described in 4.4 were subsequently
obtained and provide a limited 'sensitivity analysis'., The results of these variant
calculations are illustrated in Figure 11, ’

Four variants dealt with salt vheology

(i) EMP fitted a Lemaitre strafn hardening model to the results of new "creep tests
they carried out on the same salt as the test block. This was described in
the VIPLEF code by the equation : )

> ’ . : l
£ = wloA) er(-A/T]
Eo T

with = 0.463, B = 3.57, K = 0.166, A = 2540
The results are labelled 'VIPLEF' in Figure 11,

(ii) RWTH used an alternative time independent (secondary) creep law {"MAUS (3)* in
Figure 11) of the form :

4 L4 o
Cee = 4.55,,,‘;‘ a,;(—ésa.—:/_r)
' — Atkins R & D
e
—
Lt EXPERIMENT \ nare |
. RN :
“ N :
5 ) : ASTREA 3
: 3
g . . “xxsys ‘
i ANSALT, VIPLEF,
(=] ol |
' JM GAMBLE, ADINA
< i = =
! l
< l - ‘
| INCA
B s —— s "
. 0. . X, o i o |

No e3criba DO el O efla e

TINE (einutes)

Figure 11 Radial Movement at Bore-Hole Surface - Variants
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{(fi1) RWTH also tried 2 strain hardening primary creep model (“MAUS (4)"

&. = 4 -8ex10° <(r-r.>"’u’ (-¢880/T)

) Yo
° o L 0 :

where {0--¢,> =

-

i v, 0.1
' and 0, < K{L S J‘J ok k.= o0 F1la

{iv) KfK supplied results ("ADINA") for a value of Youngs modulus of 7 GPa rather
than 24 MPa for the base case.
5 variants dealt with the idealisation of the experiment.

(v) Curve “GOLIA (1)" was obtained assuming that there was no sliding between the
steel platens and the salt.

{vi) Curve “GOL§A {2)" corresponds to the case where the lateral pressure is
applied directly to the salt (i.e. no steel platen).

(vi1) variant “MAUS(1)" was obtained with 64 time steps (cf.133).
(viii) Variant "MAUS(2)" was obtained with 47 time steps.
(ix) A plane strain axisymmetric analysis (ie. one-dimensional) analysis of the

mid-plane was carried out by XfK with ADINA. Borehole convergence was very
similar to the base case.

5. CONCLUDING DISCUSSION

szen the protracted timescales {involved, estimates of repository behaviour
necessarily rely on computer predictions. The measure of confidence in long term
predictions can only be based on comparisons with short term experiments and the
degree of consistency between alternative computer calculations. The reliability of

calculations for the short term is therefore clearly of great importance 1in the
context of nuclear waste disposal.

Benchmark 1 showed that all codes were capable of reproducing satisfactory results for

simple hypothetical problems, However the same cannot be said about prediction of
more complex realistic situations.
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It was clear from the outset that the simplifying assumptions required to model
Benchmark 2 would preclude the successful prediction of the experimental results.
Three sources of difficulty were identified, Firstly the need to represent a complex
3-D problem by a 2-D model, Secondly the short term of the experiment for which
retiable rheological data for salt were not available (and certainly not in a form
amenable for computation). Thirdly the need to create a model which would be solved
by all codes. The departure of the computational predictions from the experimental
results shown in Figures 9 and 10 is therefore to be expected. As expected for better
agreement was achieved by those variants which addressed the short term creep
behaviour directly (Figure 11). .

of :greater significance is the wide wvariation in the computational results as
inftially reported (closure rates vary by a factor of 6). Several participants
produced results which are broadly similar and there iJs an implication that this
‘common’ solution 1s the correct one for the specified model. Note however that
despite wide variations in the results, all solutions are plausible in isolation, By
implication 1t appears that independent assessment by several teams will be required
of complex non-linear phenomena.

‘Project COSA 1is continuing with a third problem which is based on an 1{n-situ
experiment. In this phase participants will have increased latitude to model the
problem according to the dictates of their experience and capabilities of their
codes. It will be interesting to observe ‘how this increased freedom affects the
degree of agreement in their predictions.
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Introduction

Within the United Kingdom, the disposal of both low level radioactive
wastes (ILW) and intermediate level radioactive wastes (ILW) is the
responsibility of UK Nirex Ltd (Nirex), a body whose directorate is
formed of personnel from the major waste producers. High level (or
heat generating) wastes are due to be stored for several decades
pending final disposal, by which time much of the heat and
radioactivity will have decayed. The work of Nirex is regulated by a
number of govérnment bodies, but it is the Department of Environment
'DOE) who act as the licensing authority for disposal sites.

The DOE published a set of disposal site assessment principles
towards the end of 1984 (Ref 1) in which there is a stated
requirement for Nirex to base the radiological assessment of any
proposed disposal site on objectives not of dose, but of risk to the
individual, with risk being defined as the probability that a given
dose will be received multiplied by the probability that such a dose
will result in a fatal cancer. The assessment principles in effect

.contain the following:

-

i) The appropriate target applicable to a single repository at any
time is a risk to an individual in a year equivalent to that
associated with a dose of 0.ImSv; about 1 chance in a million.

ii) Radiation exposures resulting from the disposal of radiocactive
wastes must be shown to be as low as reasonably achievable,
taking into account economic and social factors (ALARA)

In order properly to assess any proposals submitted by Nirex, the DOE

has been deriving an independent radiological assessment methodology

over the past few years, with much of the work carried out by
organisations within the private sector.
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Requirements of Predictive Models

Present considerations are for the disposal of LLW in near surface
repositories situated in low permeability clays, and ILW in deeper
(100 - 200m) low permeability clays. Thus both types of disposal
options would seek to wutilise the natural geosphere barrier

properties of low ground water flow and high sorption provided by
such geological media. ‘

The various types of radionuclide release scenarios and subsequent
exposure routes may be categorised as follows:

Natural . - groundwater transport
- occurrence of faults
- glacial action
- biotic transfer

Repository induced - gas generat%on and movement
- mechanical/thermal/chemical/biological
disturbance
Human induced ~ transfer of contaminated material by

- repository construction
- resource exploitation
- pumped water abstraction

Thus the Tlong-term prediction of risk to mankind from buried
radioactive waste requires the modelling and interaction of many
different transport processes. The pathways travelled by -
radionuclides are generally split into the categories of vault,
geosphere and biosphere, but this can mask the fact that many of the
processes affecting waste transport are common to each category. For
example, knowledge of groundwater flow is essential in each
component, and the interaction of waste and ground water chemistry
may be handled by similar methods throughout the transport path. As
far as the prediction of risk is concerned, it is perhaps better to
separate the types of model used into the categories of:
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- - research models
- process models
- simple models

Research models include those areas for which single mechanisms are
addressed, e.g. corrosion. Process models dinclude those areas
involving multiple interacting processes modelling overall systems,
e.g. groundwater flow and associated radionuclide transport. In
order to establish a figure of risk from a proposed dispo§a1
facility, it 1is necessary to carry out and combine the results of
many individual calculations to ensure that uncertainties in data and
inaccuracies in models are taken into consideration. This generally
requires a probabilistic approach inyg]ving simplified, often
one-dimensional models. ’

Validity of Models

In theory, all models used in the prediction of radiological risk
should be rigorously validated. In practise, however, this is not
possible due in part to the very long time periods required, and in
part to the measurement errors, sampling errors and prbcess
interactions which will cloud the validation attempt.

Because of the general impracticality of rigorous validation, much
use is currently being made of comparison, or benchmark studies of
predictive models, whereby a number of different computer programs
are used to 'solve' a set of well defined test cases. Table 1 lists
a number of recent and current examples of such studies. Whilst
being no substitute for full validation (where this is possible), "
such studies serve to highlight areas of current agreement and
disagreement, and help to maximise research effort by providing an
environment for the exchange of work and ideas.
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Derivation of models and data

The prediction of radiological risk requires that both models and
data be derived from given repository/site combinations. Whilst most
if not all modelling attempts will be site specific, there are a
number of steps which will be common to all sites, as follows:

* site characterisation

- establish conceptual model(s) of érdundwater flow and
radionuclide transport, using all available recorded data

and all realistic radionuclide transport routes to the
biosphere,

- carry out process modelling of groundwater flow and
' radionuclide  transport, using 2D/3D models  as
appropriate. From this modelling derive a set of simple

models which account for all main transport processes.

- make use of the derived simple models within a sampling

framework to undertake a full PRA of the repository/site
combination.

Note that, whilst the majority of simple models will be one
dimensional, it dis necessary to take account of all significant
transport processes.  Thus, whereby it may be possible to discount
lateral dispersion effects for advection dominated transport in clay
(Ref 2) it dis possible to include such affects for transport in a
confined aquifer by appropriate use of simple post-processors to a
1-D solution (Ref 3). Similarly, the effects of pumped well

abstraction may be included within a 1-D geosphere model provided

that it is previously shown that the abstracted water contains all

significant activity (Ref 3).

In addition to site characterisaction studies, it is necessary also

to carry out studies on proposed repository/site combinations, as
follows: ‘
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* repository/site characterisation-

- establish conceptual model(s) of the physical and
chemical environments

- -carry out process modelling of the effect of the
repository on the water flow through the host stratum

- . carrying out process modelling of the chemical effect of
the repository/host water combination, to 'provide
relevant solubility limits and sorption characteristics
for use in the simple modelling required for a PRA.

Whilst some types of data required for a PRA may be acquired from
judicious wuse of sensitivity studies of process models and
experimentation, the use of formalised and repeatable procedures for

eliciting subjective probability distributions from ‘'experts' have
also shown promise (Ref 4).

Case Study

In order to demonstrate how a PRA of an underground radioactive waste
disposal facility might be undertaken, a single groundwater release
scenario from a hypothetical repository for ILW situated in a clay
layer at a depth of about 150m under Harwell has recently been
studied (Ref 5). The assessment procedure adopted was fairly
complex, but contained the following general stages:

Selection of scenarios

. Characterisation studies, using process models
Sensitivity studies, using process models

PRA, using simple models

Reconsideration of high risks, using process models
Decision on site/respository/inventory combinations.

o S, WwNN -

Point 5 is of importance since the experience of this and other work
suggests that the PRA runs giving the higher doses contribute most to
risk even though their probabilities are small. Consequently, the
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conditions sampled may .be very different from those assumed earlier
in the process modelling of stages 2 and 3. It is necessary,
therefore, to check that the simple PRA models are satisfactory by

comparision with more precise process model calculations under these
extreme circumstances. '

Figure 1 - 5 show, respectively, a plan of the Harwell region
together with the model section chosen, groundwater streamlines
predicted using a 2-D groundwater flow model, the conceptual,
transbort models derived from the 2-D flow. mode]1ing, the
contribution of individual nuclide chains to the overall variation of
risk with time, and the comparision of PRA prediction of I-129 flux
out of the repository host clay layer with results of a 2-D

calculation (giving an example of Stage 5, above). The PRA code used
was SYVAC A/C (Ref 6) '

Current Developments

Work on the Harwell case study highlighted a number of issues in need
of further consideration, and the UK Department of Environment are
currently funding development in the following general areas:

combiration of risk estimates arising from different exposure
route scenarios

- simple regional network hydrogeology models
- time dependency in PRA models

coupling of groundwater fliow and chemistny effects within a
single model

- use of a site evolution prediction model
- improved methods of sensitivity analysis
- methods of accounting for human-induced effects
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‘Table 1 - Benchmark Studies
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Project | Area = Type { Test
| l
INTRACOIN | Geos (mig) { P,S { Ve, Va
MIRAGE Geos (mig) { P,S | ’ Ve
MIRAGE Chem } P l Ve
HYDROCOIN Geos (flow) ! P ! Ve, Va, A
BOIMOVS Bios { P ’ ve(?)
SYVACOIN PRA } S } Ve, A
PACOMA AN { PsS % Ve, A
INTRAVAL | Geos (mig) , P } Va
COSA = Geomech } P } Ve, Va
NAWG ; Geos, Chem { p } ve(?), A(?)
CHEMVAL i Geos, Chem, Data aq. i P i Ve, Va, A
= Process S = Simple

e = Verification

Va = Validation

A = Application
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