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Experiences from the Aspö Hard Rock Laboratory: Site characterizalion approach

Expériences de l'approche de caractérisation en laboratoire et sur site des roches dures d'Aspo

Edahrungen aus der Charakterisierungs-Methode für den Standod des
Aspo- H a rtgeste i n- Labo rato ri u ms

e . BACTBLOM & P.WIKBERG, Swedish Nuclear Fuel & Waste Management Co (SKB), Sweden

c.c usrAFSoN, charmer.i 
HüË"^iiåg Jiflno,onu 

Göreborg, sweden

R. STANFORS, R. Stanfors Consulting

ABSTRACT: The Äspö Hard Rock Laboratory was launched 1986 for the main purpose of providing an opportunity for research,

development and demonstration in a realistic and previously undisturbed underground rock environment down to the depth planned

for the future deep geological repository of long-lived nuclear rvaste in Sweden. An access ramp has been excavated down to a depth

of 450 m below iurface where Lxperiments will continue in 1995. Prior to excavation, the results of the pre-investigations of the

bedrock were analyzecì and modelled on several geometric scales. For each scale, key issues were selected. Several hundred parameter

values were then predicted. During construction these predicted values are being compared to the situation in the tunnel and in the

boreholes. Between 100 - 200 borehole sections have been monitored on-line, The prediction-outcome matches are now under

evaluatio'. Many important results have been obtained and valuable experience has been gained. The work is presently carried through

with participatión fràm organizations in Ca¡ada, Japan, Finland, France, Switzerland, United Kingdom and United States.

ZUSAMMENFASSUNG: Der Gedanke für die Erstellung eines Äspölaboratoriums wurde 1986 geweckt. Der Zweck einer solchen

Anlage ist realistisch Forschung, Entwicklung urd Det¡ronstrationen in einem unberührten Bergmiljö zu betreiben. Die Arbeiten sollen

sich bis zur Tiefe des geplanten schwedischen Endlagers für langtebigen schwedischen Kernabfall erstrecken. Der Zufartstunnel ist

auf eine Tiefe von 450 m gebracht worden wo umfangreiche Experimente durchgefùhrt werden sollen. Vor dem Ausbau des Tunnels

wurden die Ergebnisse dei Voruntersuchungen ausgewertet und Modellberechnungen durchgeführt in verschiedene geometrischen

Masstäben. Fürleden Masstab wurden die wichtigsten Fragen ausgewåihlt und mehrere hunderte von Parametenl wurdeu anschliessend

vorausgesagt, Wahrend der Bauphase wer.den diese vorausgesagte Messwerte mit der Situation im Tullnel sowie in den Bohrlöchern

verglic*hen. Zwichen 100 und 200 ausgewählten Abschnitten in den Bohrlöchern werden von Messgeräten ständich ùberwacht. Die

übJreinstimmungen zwischen Vermessungen urd vorhergesagten Messwerten werden ausgewertet. Viele wichtige Ergebnisse und

wertvolle Erfahrungen sind dadurch gewonnen worden. Am Projekt nehmen Organisationen von Kanada, Japan, Finland, Frankreich,

Schweiz, England und der USA teil.

nÉSUvfÉ, Les travaux de construction du laboratoire d'Äspö ont eté entrepris dés 1986. Leur objet est de suciter une possibilité de

recherches, de développement et d'essai cl'installation, dans un milieu stable et adapté, du stockage à long terme et en profondeur de

déchets de l,industrie nucléaire suédoise. Un tunnel d'accès a été construit en direction de 450 mètres au-dessous du niveau de sol.

L,expérience va continuer en 1995. Avant I'excavation, les résultats des investigations de site de la roche primitive ont été analysés

et nroclelés s.r plusieurs échelles géométriques. Pour chaque óchelle, sujets principaux ont été sélectionnés. Alors plusieurs centaines

de valeurs de pãramètres ont été pronostiquées. Pendant la construction ces valeurs pronostiquées sont comparées à la situation dans

le tunnel at dans les fourages. Entr.e 100 et 200 sections de fourages ont été monitorées on-line. La comparaison entre prédiction et

résultat est maintenant en èvaluation. Plusieurs résultats importants ont été obtenus et l'expérience d'une grande valeur a été gagnée.

Ce travail est réalisé avec participation d'organisations canadiennes, japonaises, finlandaises, suisses, britanniques, américaines et

flançaise.

BACKGROUND

SKB has decided to construct the Äspö Hard Rock Laboratory

for the main purpose of providing an opportunity for research

and development in a realistic and urtdisturbed underground rock

environment down to the clepth planned for the future deep

repository in Sweden.

One of the stage goals is to "Veri! pre-investigation

methods" - e.g. to demonstrate that investigations on the ground

srirface and in boreholes provide sufficient data ou essential

safety-related properties of the rock at repository level'

A comprehensive site characterization programme was carried

out prior to the start of construction in 1990' Duting the

excavation work down to the 450 nl level conrparisons have

been rnade between the predictive descriptions based on the

pre-investigations and the actual outcome as clocr¡tnented in con-
junction with the constn¡ction of the laboratory. The facility is

depicted in Figure 1. Figure l. Sketch of the Äspö Hard Rock Laboratory



There is a strong international interest in the work with par-

ticipation from Canada (AECL)' Japan (PNC, CRIEPI), Finland

(TúO), France (ANDRA), Switzerland (NAGRA), the United

i<ingdom (NIREX), and the United States (USDOE)'

Participation with German organizations are foreseen during

1 995.

HOW WILL THE SITE II'IVESTIGATION RESULTS BE

USED?

The purpose of pre-investigations or site investigations is to:

- demonstrate that a site has suitable geological properties

obtain data and kriowledge concerning the bedrock on the

site so that a preliminary emplacement of the repository in

a suitable rock volume can be done as a basis for

constructabilitY analYsis

obtain the necessary data for a preliminary safety

assessment, which in Sweden shall serve as support for arl

application under NRL (the Act Concerning the

Management of Natural Resources) to carry out detailed site

characterization

be assessed by both the engineer and the safety assessot'

SAFETY ASSESSMENT SHOULD ANALYZE TÉIE

REPOSITORY "AS BU]LT''

From the view point of the safety assessor it is important that

site characterization be so ¡eliable that the engineering and

construction work can be done in a reliable way. The reason

is as follows:
The engineer basically divides the rock into two families.

"Good rock" implies that the rock can be excavated without any

sealing or support work. "Bad rock" means that the rock needs

grouting or reinforcement by steel and/or concrete

It is argued that this very simple division is of great impor-

tance. Rock bolting with steel bars provides a connection

between the backfill of a deposition drift and a possible dis-

turbed zone; shotcreting will interfere with the required close

interaction between the backfill and the host rock over

thousands of years due to the deterioration of the concrete

leaving a gap between the backfill and the rock; pre-grouting

of deposition tunnels will make it difficult to obtain accurate

values of transmissivity at canister positions.

The chemical inventory for a deep repository could include

some I 000 tonnes of cement, maybe some 100 tons of nitrogen

compounds (residues from blasting agents) and some minor

inventory of oil, cellulose etc. The backfill material will include

huge amounts of oxygen to be consumed in the closed

repository.
Based on the site investigations a constructability analysis /l/

should be performed so that the safety assessment can give an

account of the repository "as built" eveu prior to constructìon.

The engineer's wish to avoid "bad rock" is an advantage both

for the engineering and for the safefy of the repository. It will
also simplify the safety assessment. The engineer's wish to find

"good rock" can be an advantage. However there is a need to

check for stress or thermomechanical problems that may appear

in very good (unfractured) rock. Thus, ordinary engineering

practice will be of the utmost importance in the licensing

process for a deep repository. Utilizing centuries of knowledge

supports confidence building for the site characterization and

engineering of the repository.
The safety assessor sometimes asks for alternative models to

be presented. This is not always acceptable to the engineer

responsible for the layout of a facility. He must e.g. be certain

that no major water conducting fracture zones are present at

the underground facility; he thus needs a "best estimate" where

the safety assessor would prefer alternative models.

THE APPROACH TO SITE CHARACTERÍZATION AT
ÄSPO

A basic description of the site characterization approach can be

found in l2l . Site characterization is a multi- and inter-discipli-
nary task that necessitates integration in data acquisition,

evaluation and presentation of results.

In order to facilitate such integration, four basic decisions

were made for the site characterization.

to divide the characterization and interpretation into
distinct stages

to devise models on several geometric scales (regional
>> 1000 m, site scale 100 - 1000 m, block scale l0 -

100 m and detailed scale 1-10 m)

obtain data for planning of detailed site characterization,

which is done in conjunction with the construction work

down to repository level.

I1 is thus important to show that pre-investigations provide

reasonable ancl robust results.

The reliability of the pre-investigations can be tested during

the detailed characterization. Tlre work at Äspö is thus a "dress

rehearsal" for the site investigations and the detailed

characterization for the Swedish deep repository.

WHAT SHOULDBE ACHIEVED IN SITE CHARACTERÍZA-
TION?

Site characterization shall provide an understanding of the site

to:

Demonstrate the existence of features (processes,

structures) and their imPortzurce

Justifu division of the features into domains

Make paramete¡ estimations as an input to model

realizations, to support division into domains and to

prove the existence or non-existence of features

Demonstrating or rejecting the existence of features is of the

utmost importance in the characterization programme Features

may have to do with lithology, chemical processes' structural

features etc. At the outset of charactelization it is important that

the programme be broad so that unexpected features can also

be detected.
Division of the rock into domains can be done for e.g.

lithological bodies and groundwater composition such as

fresh/saline water, redox conditions, or be applicable to the

geometry of structural features.

Parameter estimation for each domain can be done with

altemative evaluation models. The safety assessor's desire for
"alternative models" is warrented for parameter estimation

purposes.
The relevance of each feature, domain and parameter should

5

to select key issues related to the geological-structural



Table l. Condensed description of the groundwater flow model of the Äspo in site scale - example

Geon etñc fratn etu ork and pararn elers

3D box divided into:

2D fracture zones, pla¡ar with limited extent (location,

orientation, size)

Rock Mass Units (location of boundaries)

Subvolumes (cells) between fracture zones

Size: 1.9x1.5x1.3 km
Zone geometry from geologic model (descriptions basis for
selection of "important zones")
Regular grid of 20 m cubes

Spatial distribution of 5 rock mass units (RMU) with 50 m

thick slabs (with depth)

Material prcperlies

Zoues: Transmissivity (T')

Subvolumes: Hydraulic conductivitv, isotropic (\)
Salinity field

T and K from hydraulic borehole testing

Salinity measurements in boreholes

Spalial assignm ent n ethod

Transmissivity: Deterministic assignment

Hydraulic conductivity of cells: log-normal distribution based

on RMU, depth. :

K and o dependent on cell size

Transmissivity: single- and cross-hole testing

Stochastic distribution of K from borehole testing

Boundaty conditions

Upper: frxed infiltration rate on Àspö, constant head at sea

and peat areas

Lower: no flow
Side: prescribed pressure (hydrostatic)

Salinity: prescribed initial conditions, linear increase with

depth
Tunnel: skin for rock aud zones, prescribed pressure

(atmospheric)

Infiltration data

Salinity of Baltic Sea, salinity measurements in boreholes

Numeñcal tool

PHOEMCS

Oulpttl parumeleïs

Pressure, density
(derived parameters: flux, salinity)

DATACONCEPTS

Ptocess descñPlion

Continuity equation (mass rate)

Equation of motion (Darcy's law including density driven flow)

Scope

natural flow, flow to laboratory tunnel, cross-hole tests (calibration)

GROUNDWATER FLOW MODEL OF ASPO SITE
' Stochastic continuum model

7



moclel, groundwater fl ow, groundwater chemistry, transport
of solutes and mechanical stability

to integrate and facilitate integration of data collection and

data interpretation

For each of the three stages, summary evaluations were
reported /3--5l.

The last stage was the "Prediction Stage" /6/ where the rock
descriptions were put into predictions to be checked during the
construction of the laboratory, cf Figure 2.

Begional Sile Block Delailed

l_
tttttt

>>'l 000m

KEY 0UESTIONST

100-1 000m 10-100m 0-10m

Sublecl Predlcllon Esl¡male Measurûd variabl€ Valldallon basis

I

Mechan¡cal

stablliry
T¡ansport ol

solules
0roundwôler

chemislryllow
CroundwaletCeologlcalslruclural

model

Figure 2 Analyses and models take place on different geometric

scales with respect to a number of key issues.

The nomenclature for theories, models and concêptual models

was found out to be confusing. A nomenclature for SKB work
Iras now been established 17l. The basic elements of the

nomenclature are illustratred by an example in Table L
The on-going evaluation work in progress is directed to a

studing the feasibility and reliability of the concepts used for
each key issues. The bases for these evaluations are the com-
parison between prediction and outcome.

SOME EXAMPLES OF RESI.ILTS FROM COMPARISONS
OF PREDICTIONS AND OUTCOMES

The evaluations of the pre-investigations ancl associated predic-

tions were presented prior to the start ofthe excavation work /5,
6,8,9, l0/. Some supplementary work has also been reported
/11,121.

Based on evaluations to date some of the results are dis-
cussed below.

Existence of Jeatures

The bedrock at Äspö is lithologically heterogeneous. Based on

evaluation of significance the rock is basically divided into five
different lithologies. One of these, the fine-grained granite, is

much more fractured than other rock types and was assumed to
be more water-onducting and thus would be of interest both to

the engineer and the safety assessor.

The existence of the fine-grained granite was predicted and

has been confirmed.
The existence of several major fracture zones was predicted,

They have all been confirmed. No other major zones exist. To
avoid confusion a nomenclature for fracture zones and reliability
(Certain, Probable, Possible) was adopted /13/.

One subhorizontal zone classified as "Possible" has not been

found, The existeuce of minor fracture zones was predicted.

Their existence has been confirmed.
The existence of saline water was predicted and its existence

has been confirnred,

Processes that were not predicted are oxygen consumption
(reducing conditions) and sulphate reduction due to bacterial
activity /141.

Ditrision into pt'operty domains

Due to the heterogenity of the lithology it was considered

inappropriate to predict the location of fine-grained granite.

This proved to be a wise decision. Even after construction

work, such a prediction is not appropriate. However, thé

average volume (%) of fine-grained granite was predicted.

The dip and strike of the most important fracture zone NE-1

was predicted and the outcome showed small deviations.

One major fracture zone NE-2 has a complicated dip. Parts

of the zone dip north, other parts of the zone dip south. As the

zone was considered to be of minor importance (a true

predictionl) few investigations were made to determine the

exact geometry of the zone. The outcome is that the zone dips

south instead of north as predicted.
The strike of the minor fracture zones were predicted, but not

their exact location. The strikes and dips of the minor fracture

zones trending NNW have been confirmed to conform to the

predictions. Their exact locations were determined in the

detailed characterization in connection with excavation.

The groundwater chemistry was predicted to be composed of
different bodies with higher salinity at greater depth. This has

been confirmed.

Parameler estimalion

Evaluation of the predicted parameter estimations is under way.

An example of parameter estimation for the key issue of
geology is shown in Table 2, where DEV is deviation from

mean (%).

Table 2. Prediction - outcome match for lithology in tunnel

Lithological
unrt

Prediction
(%)

Outcome DEV
(%) (%)

Småland
granite
Äspö diorite
Green-
stone
Fine-grained
granite
Mylonite-
hybridized

20(*5Yo)60%.)

56(*5Yo)60,/".)

8(*3o/o)60%.)

1 4(I3o/o) 60./,^)

2(+1%o)60%.\

28

55

3

l4

0

8

t

5

0

2

Level of confidence

I
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POINT ESTIMATE SAMPLE STATISTICS The detailed character and importance of subvertical
fracture zones.

The relative importance of the different subhorizontal
fracture zone indications.

The location and distribution of minor rock units at

depth (e.g. greenstone lenses and veins of fine-grained
granite).

The validity of the theoretical model of the scale depen-

dency of hydraulic properties.

The hydraulic properties of minor rock types.

The absolute water pressures in boreholes at great depth

due to varying salinity with depth.

The groundwater chernistry in low conductive rock

masses.

There is a need for a more stringent methodology for assess-

ment of the accuracy of measuLement and evaluation methods.

The need for appropriate classification systems should not be

underestimated. The fracture zone classification used has been

useful /13/.
Three major dritling campaigns were carried out at Äspö prior

to construction. The first three holes basically showed all the
important properties to be found at Äspö. These three holes also

provided a good basis for parameter estimation of both average

values and the variance of the palameters. The second and third
campaigns (1 I deep cored holes) were basically useful for
increasing confidence in the geometry of major fracture zones

and learning more about the minor fracture zones at Äspö. The
geometry of the major fracture zones was very important for the

layout of the Äspö facility, to ensure that it was located in
good rock.

CONCLUDING REMARKS

Evaluation of the Äspö work is under way. This evaluation

concerns the scientific results as well as the experiences gained.

Altogether the work will be of great interest for the im-
plementation of deep repositories in Sweden and elsewhere.

Some concluding comments are:

Dividing the investigation strategy in to stages, scales

and key issues was useful

Predictions useful for engineering were adequate

Constructability analysis should be a key issue

Evaluation of usefulness of data for safety assessments

is in progress

ACKNOWLEDGEMENT
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Sweden and from abroad. Their dedicate{ efforts have been

most appreciated and have provided inspiration .and enha¡ced
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Figure 3 Hydraulic conductivity in tunnel section 2265 -
2875m (level 300 - 400 m). The left part of the
figure shows the point estimate of the geometric
mean ofthe hydraulic conductivity (predictive values
scaled from 3rn to the test length of the observed
values, l4 m). GM = geometric mean, S= one stan-
dard deviation, RE = outcome/predìction of the
geornetric mean.

Figure 3 shows an example of evaluation of parameter estlma-

tion for the key issue of geohydrology.

The predicted composition of the groundwater in major frac-

ture zones and the salinity in the zones is outside the range from
the predictions. Water from greatel depths is sampled at shal-

lower depth than predicted. The underlying assumptions made

in the prediction work are being examined.

EXPERIENCE FROM THE SITE CHARACTERIZATION
APPROACH

The site characterization approach as described above has been

useful. The idea of dividing the investigations into diffe¡ent
stages, scales and key issues has simplified the evaluation work
considerably and further use of this approach is advocated.

Due to the lithological heterogeneity, it seems that block scale

predictions were not as useful as site and detailed scale predic-

tions.
Constructability analysis should be added as a key issue to

ascertain a good coupling between site characterization and the

engineering work, cf Figure 2.

Based on a general site investigation strategy the site specific

strategy shall not be fixed until so¡ne prelinìinary field work
has been evahlated, remembering e.g. that major fracture zones

can be low-conductive ancl minor fractttre zolles can be highly
conductive.

In the pre-investigation phase it was diffìcult to determine:

- The exact position and orientation of ¡ninor subvertical
fracture zones (e.g. NNW-structttres at Äspö).

GM

s
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The effect of anisotropy on the K,calibration of ISRM standard fracture toughness

speclmens

Effet de I'anisotropie sur la calibration ( de spécimens de résistance à la fracture standard de

I'ISRM

Die Wirkung von Anisotropie auf die (-Kalibrierung eines ISRM-standard-Bruchzähigkeitsmusters

SOHICHI HIROSE & TAKEO TANIGUCHI, Okayama University, Japan

FINN OUCHTERLONY Swedish Rock Mechanics Research, SveBeFo, Stockholm, Sweden

KOJI NAKAGAWA, Yamaguchi University' Ube, Japan

ABSTRAC.I':A 3.D finiie elerne¡t a¡a.lysis was carriecl ouL in orc.ler to investigtrte the efl'ect of rnaterial tLnisotropy ou the K1 values

.ì *". rSnl,r st¿urcìarcl specimeus for tËe fracture toughness testing of r99k. This.paper analyses. the case of trausverse isotropv.
--ñi¡,rr"ri.ut 

resulLs shc¡,v that the ra,Lio n of Young's"rnocluli has ã. significa,nt efl'ecL or.r K¡ for the ST arld ARR. coufìgurat;ious of

rL'à Ìi.'.tiri". to'5çhless of tra.usversely isotropic rocks. For the CB specìmetr, however, lìre efl'ect of anisotropy is quite slnail. The

eft'ect of the Poiõ,son's raLio is further ahnost negligible for l¡oth specimeus.

R.ESUIvIÉ:Des a.¡a.lyses Fplvi triclirnensionelles ont été realisées en vue cle vérifier I'eflèt de I'anistropie sur les valetlls de 1l¡ des

ér,rãu'et,tes sta.nc.laic.lisée,s cl'ISRM pour la, tónacité cles roches. Ce pa.pier analyse le-cas de I'isotropie transversale.*'1"ä'ù*ir,i,i, 
,;;ì;¿;iô"" rnontrent u¡ efl'et significatif clu quotien't n, cles rnodules d'élasticité sur l'éprouvette SR, quand la' fissure

u ìu ¿ii.""l,on ST ou AR.R.. On a. tro¡vé que K¡-est une fonciion cle log ri presque lineaire. Cette circonstatlce dotllle uu facteu| de

..fìrr."g" i.ér sirnpl" cla,ns la. clétennination clé Ia LénaciLé cles rochesãvec l'iJotropie .trausversale. Pour l'éprouvet,te CB, d'autre

óiïi^ f 
P¡"nìì""." á'i, f'*irát-piã ".i rnirrimale. De plus, I'influence clu f¿Lcteur de Poissou est presque negligea,ble pour les deux

éprouvettes.

ZUSAMMENpASSgNG:Mit ei.er clreicìimensionale¡ Fp\{-A¡alvs.e rvulde der Dinfluss der Ma.teria,lanisotropie auf die..ifrWerte

sa.Ìel isott opie.

rrni,'ìu"ìrì à"r.R.iss in cler SIT åcler AR.R.br.ientierung liegt,. 1(¡ ist von logn, fast ìinea,r abìrängig. Dies fi{rrt zu ejuer eilfacheu

Kàrl.cktionston¡el bei cler Bruchzäìiigkeitsbast,irnrruig ,,ãr.r tra.nsvers¿ll isotropen G.esteinen.. .Für den CBProbekôrper ist der

binflu., cler. A.isotropi"ão["g"ir kleiri. vveiter.hin ist ãie Abhä.ngigkeit von 1lr von der Querdehnungszahl für beide Probekörper

fast vernachl ii.ssigbar"

I lNTR,ODT]CTION

lntella,bola.Lory testitrg accolding to t'he ISR\¡I standard trlelh-
ocls fol de{,ermining l;he fracture l;ou¡çltttess ol rock has re
cenl;Ì.1, been ca.rt'ied ottt;. \4a.ny nttrnerical studies have also
beeu rna.de Lo ptovide vetilìca.l;iotr ol the experirnental results
(c.c., Ouchtcr-lony 1087, Ingla[l'ca cl ol. ]98t1, \¡la,f;suki ct ¿1.

lf)91, 'lÌr,nigrrchi cl. a.l. I99z.l). l\4ost of those studies, ho'"t'et'el ,

a$surnr:d l;ha.t lock is isot;r'o¡:ic. It is ¡rointed out that for rocks
such as gla.uites a.trd sandstoues, anisotropv lnav be a lnajor
soulce of en'ol itr eva.lu¿ltiug the fra.cture toughness atld coln-
pliance florn experirnenta.l re"sults (Ouchterlonv 1989)'

Tliis pa.pel nutnelica,llv iltr¡estiga[es the efl'ect of auisotropy
on the 1l¡ ca.libra.tion of the ISR.N¡I sta.udard lracture tough-
nrrss sllccimens: chevtc¡n bcnd (CB) and short rod (SR)(lSR\il'
1988). A &D fìnite eletnetrt lneihod is r¡sed to ca,lculaLe ctack
o¡reniug dis¡rlacetrteut;s a.t crack tips lor t,a.tious va.ìues of atliso
tropic rla.telia.l consl;a.nLs. SLless intensil.y factors a.r'e obLained
Lr.y using a,n ex¡rlicit trxptession of dispìacertretrts lle¿tr the ct-a.ck

tip in l;he a.nisol;r'o¡ric ela.stic solid. The a.xes of tnateria.l sytn-
lnetl'y a.re assilmed to coincide rvit;li the axes of sytnlrtetry of
the tesL specirnens so lha.t the ct'ack Lip ahvays lies in the rnode
I stless ñeld. T'he a.nisotropY cotrsidered here is called trans-
ve¡se isotlopy. IJrren iu this sirnple case, tìrere are five irldepeu-
dent lnateria.l pa.ra.tneLers. Fleuce au appropriate assutnptiou
is rnade in the presen[ vtot'k to reduce the nutnber of the illde
pendenL va.ria.bles. hr [he uulnerica,l results, Lhe stress intensitv
factols a,re shorvn as functious of the a¡risotropy para.rneters.
Froln lhese lesulLs, r,r,e t'ill propose ca,lil¡ra,tion factors for Lhe

eva.lua.tioli of fractule tougìrne.ss of a.uisotropic rocks.

rnens. The geotnetries a,ncl loading corlditiolls of the specitnens

àl"e illust.atiecl in Fig. f in both specitneus, tl.re thick'ess t
ài túã 

"¡"uton 
uotch*is take.n as zero and the crack front Ë is

ossurne,l str:a.ight a.ucì trortnal to tJre r1-axis' Since the specirnett

corrfìgura,t;iotrJ are svrnlnetric r'r'ith, t'espect Lo both the rv't2
ãìrã it-r. plaues, orily a quarter of eacli specitnelr is lnodelled

ìrìrn itãö. t.tnetiic eÏernetrts witli tweul'\' nodes- except.fo' the

.iáä[ ft jnt segtnetrt. Along the segtnent of Lhe crack front

ãàgã, .ottupt*iquarter-poini siugular elelneuts at'e arranged to

rurir=t"nt th" stiess sirlgula.r'itv accurately (lugraft'ea & \{anu

1980). Figs. 2 (a) and (b) shor'v the eletnetlt arrangetnents

iotlul q,ro.dår or itrã cn aìrá sn specitneus, respecLively'. IL is

urrurrË¿ tl'ra.t, ort tlre shacìor'r' a.reai in Fig. 2, uorural displace-

Xl
O lxt s=3.33D

ao=0.15D
g =90'
t=0

0

_t l
iBi

(a) Chevron Bend (CB) SPecimen

V/

X3

Dx2

XI

w=1.45D
ao=0.48D

0=54.6"
t=0

2 FINI.|D EI,DN4ENT AN¡\LYSIS

,¡\ 3-ì) finile elerlent rnethod is applied to ol¡tain the crack
o¡rening displacernetrts a.t crack tips in both Cll and Slì. speci-

X3

(b) Short Rod (SR) SPecimen

Figure 1: Cleornett-ical couflgut'atious of ISRN4 sbandald CB

ancì S1ì speciucns.
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lnents a.re fixed and ta.ngential Lr"actions are free to represent

Lhe st,ulret,tic coldi{,ious fol Lhe quarter size lnodels in the
FDh4'ana.ll,sis. On 1,he otliet boulida.ries, tra,cLion free colld!
l;ious a.re givett except for the loadirlg poinLs and the suppolLittg
poinLs.

Figure 2: Arra.ugetneut of lìnite eletneuts for a qua'r'Ler of CB

a.rid SR specitnetis.

3 STRESS ]NTENSITY ITACTOIìS

'llhe ba.sic equa.tious rvhich describe Lìle bellavior of anisol,t'o¡lic
boclie,s a,r'e Lire sarne ¿rs those of isotlopic bodie"s cxcept for i,he

collstituLive equa.l,ion given by the genera.lized I-Iooke's la,u,:

ci = aijai (t,.i : 1, 2,'" ,6, a¡¡ : a¡t) (1)

ald it;s invetse is :

oi : cije i (i, .i : 1,2, " 
' 
6)' (2)

Sih ct al. (1965) have shown that Lhe relation. betweerl the

clack openirìg displa,cetnents and the stress inteliàitv facbors in
a.n a.trisot;roltic lna.tel"ia.l is girren bv

Figure 3: An'atigemettt ol quarter'-poiilt singula.r' elements

a.long tl're crack front edge.

cla.ck opertiug displacernetrLs are expressed as follows (lnglaflèa
&. irila.lu 1980);

f l','l ì r;
I i""i l:z{Ã'\,lL (e)ì l*'1 I -t"JV/,,
I t¿3J J

u,here /,r is Lhe lengLh of the singulat eìetnetlt aud the vector

{;l'} is giveu bv 
( A" \

t¡i={¡, } (ro)

[/,J
I-Iele t;he cotnpotrent; llr ol tÌte,,e"tor {.4} is s't'itteu as

A¡ (zL"ll - ful) t z¡uf) - ["f] + l"I)lz
-rqealufl -r lr¿Íl -r- ¿1"?l - I"il)lt
r,f (t"fl + fu71- 2lu?l)14 (11)

u,hele ? : *(2ql fu* 1), .i.3 is the length of ilie elernent a,lotlg

Lhe clack ft'otrl, and [zii] denotes Lhe clack opening displacelneut

a.t Llre trocÌe ct, tta.tnely, luil : uî - ui' .

fù'orn eqs.(3) and (9), ihe stress inteusity factors carl Ìre eva'l-

ua.t;ecl usirig tihe uoda.l displace tnents in the neighborilood of the

clack tip as lollou,s (Saourla. & Sikiotis 1986).

{ -',}:'t 
-'{'it\8, (12)

4 SELECTION OF ANISOTROPIC PARANIETÐRS

\Ä/e here corlsider a, tra,tlsversely isotropic tna.telial. If au isotropic

¡rla,ne coiucicìes with the øl-:rz planef Hooke's law, eq.(1), can

be expressed iu terlrts ol engineeling consLauts as follols:

Re

Iìe

Re

R.e

I(t
I(u
K¡tt

0

0
a(l+v)

E

4)

(8)

12,2tl-
u1T

Iut
þ',
lu,"

4(t-_u2) 
0þ

^ 4(1-u2\
wE

00

Bl (3)

where Iur] is l;he cracl< opetring displa,cernenl iu the ø.i direcbion
a.ncl /(i, Ílli a.ud 1(rrr a.re str-ess iuLetrsity factors lot'tnodes I,
II a.ncì III, respectivell'. Also, r denotes the distance froln Lhe

crack ti¡r a.rtd the rn¿lltix {ßl is given by

lRl =LI

[t=''-''¡
[;itr-o'r]

0

0

0
, .,,1 l.
lc44cs5-cis) ''-

l,
l

r.vìrere s1 aud s2 are the solutions rvith positirte irnaginary parLs

wÌrich sa.Lisfy the follorving equatiou;

o¡s4 - 2o¡6s3 -l- (2a12 I ooo)s' - 2a26s * azz:0, (5)

ancÌ pi atrd q, u,iLh .i : 1.2 a.re ¡çiyett bv

p.i o11s,ì 1 o12 - o16si, (6)

qi aps¡ )' a22f si - a26' (7)

Itol a,ri isoLi-opic r:-ra.t;eria.l, the rna.tt'ix [.B] cau be expressecJ as

(tl

e22

(33

(23

c3l

ç12

1 -v
I

-r¿v.l

-lLVl'

00
00
00
E.

-U(r1 L

G;

0

0

0

0

0

E
a

It¡

o22

o33

d23

o3l

otz

( 13)
t

E syuì.

lvhere Z a.nd z a.re the Youug's tnodulus and the Poisson's
raLio, respectively.

As Ineutioned before, r'l,e iutroduced collapsed quarter'-poiuL
singula.r' elernents a.rouud the cra.ck front edge to represerlt the
stless singula.rity a.ccura.belv. Using tìre noda.l displacelnents in
l;he neighbolhood ol the crack frout as shor,vn in Fig. 3' the

u4rele .8, u a.nd C| a.l'e the Youug's tnoduÌus, Lhe Poisson's raLio
and the sheat tnodulus, respectively, for att irtpla.ne loading;
n,: Dlßr and the subsclipt 7 indica,tes the quantities rvibh

reslrecL l;o t;he a,nLiplatle dit'ectioti Í3, e.g., t/r'= t,/sr - u32 aùd
Gr: Gr¡ - G¡r. For the rnateria,l cotlstatlts wiLh lespect to
the isotropic pla,tte, u,e ha¡,e the relatiou:

EIG :2(1 + v). (14)

[u] =
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CB

Figule z.l: Alre.stet' (ARR), shot-t l,1'a¡rsr¡erse (ST) and divider
(DIV) confìgLn'a.Lious of transverselv isotropic SR specimerls.

ID or.der- t;o ha.r'e a. posiLirre definite strain energ¡r, u'e further
lra.r,e t,hc restlicLion 1- u ) 2n.u?r. Flon eqs.(13) a,r'rd (1zl)'

tla.nsverseì)' isol;ro¡.ric tna.t;erials stiìl have lìr'e itrdependetlt cotl-
sta.nLs. It is, lherefore, rlecessa.r.y to reduce the uutnbel of
ìndc¡rendenL atrisott o¡ric pa.t a.tne[et's iu ttutnerical calculatiolls.
lJxtensive da.la. fi'otrt La.rna. & Vutukuri(1978, Table 9) shor'r'

Lha.t tlre a.p¡rloxima.Liou Ga = El0 I n, 1-2n,uy) suggested by
LekhniLskii(1977) is ofLen useful aud z is apploxitnately given

by u : n,-1 u7. Tb,e Young's tnodulus .D is, furthertnore, cho-
sen a,s 50GPa, for a.ll ca.lculations as showtt iu the sequei. This
leaves either û. ot us,as the independent a.uisotropy paratneter
in our ca,lcula,tiol'rs.

Suppose tha.L tlte axes of Lhe LratisveLse isotropv coiucide
u,iLll t,he coordirraLe axes of the specitnens as shori'tt in Fig. 1.

In such ¿r, câse, there relrlain tht'ee choices for the orientatiou
ol {,he isoLrc¡ric pla.ne: arlesLet (ARR,), shott tra.tlsvelse (ST'),
and clivider' (DIV) confìgura,tions in udrich tJ're isotropic plane
coirrcide.s r,r,itìr the :t2-Í3, !tr:t-ït a.ttd :r1-ø2 coo¡ditlaLe plaues, t'+
spect;ively. In Fig. 21, the orienta,lions ol the isotropic plaues are
sclierna.tica.lly illustra,Led for ARR, ST a.lld DIV conllgurations
of tla,nsverselv isotropic SR specitneus.

5 NT]À4]]TìI CAL RESUI,TS

'lhe ìocal 1lr distlibuLious a.lotrg the crack frotrt segtneut B ( see

Fig. t) a.re ca,lcula.ted by substiLuting Lhe uodal displa.cernenLs
detellnined bv Lhe finite elelnent tneiliod into eq.(12). In the
sequel, Lhe rìlrs avera.ge lil of tìle ìoca.l .i(r va.lues is used to
er,¿rìua,l;e t;he fractut'e lougl-rtress of a.nisotropic t'ocks. Itr order
t;o sirnula,te the crack propa.ga,tiort process, va¡ious values of
af D ar-e clrosen for CB a.lld SR specirnens, i.e., af D :0.2,
0.25, 0.3, 0.35 and 0.4 for CB and af D:0.6, 0.7,0.8,0.9 and
1 for SR.

Siuce the ploblern is a. three dilneusioua.l oue, the crack frout
is ìn a.n intelrnedia,te sta,te betweeu pla.ue straitl a,rtd plarte
stless. hr tlie present lt'ork, however, a plâ,Iìe stra,in state is
assurned a,L l;he cra,ck t,ip. For the pla,ne stra.iu, Ü¿r' delìned as

b¡i : a¡j - ai3a¡3f oy a.re elnployed instead of orj appeaxillg ill
eqs.(1) Lo (12).

(a)CB,ARR (b)cB,sT

Â
o
o

11 11

5.1 CB specirnens

\Ä/e lirsL calcuìated the stress inLerlsitv factor for a.u isotropic
rna.l,elia.ì to coufìrnl the accut'acv of oul' lneLhod Fig' 5 sholvs

tlre rron-cìirneusioua,l stress intellsity factor í( r D1'5 I F as a, func-
tiorr of af D. I-Ier-e D is tlle dia.tnetet of the specirnen a¡rd P
denotes the a,¡rplied force. The Poissou's r¿rLio rz is taket'r as

0.25. Oul results a,re in good agreetnetrt s'ith othel published
soluLious.

Fig. 6 shor,r's ITrDt', lF as a, luttcLion ol al D for vat'ious val-
ues of n = ElDr. Tl]e Poissou's râ,tio,/" is takeìl as 0.25.

Figs. 6 (a.) to (c) correspoìrd to Lhe results for the ARR, S-T

a.nd DIV coufigura.tious, respectively. It ca.n be seeu that K¡
inc¡eases or decrea.ses tnonotonically witli the i'ariation of tlle
a,nisotropic pa.r'a.tnel,er n,, yet the deviatious fi'otn the isoLropic
case (n : 1) a.r'e lirnihed r'r,ithill only ¡, fs$r perceut. I-Ieuce, Lhe

efièct ol Lhe p:r.ra.tneLer n, on the fi'acture toughuess of the CB
specirnen is quite slna,ll. I)'otn Fig. 6, it is a.lso ttoted that the
rrii¡irnurn ya.lue of Ír is obseryed a.L al D = 0.3 fol a,ll ca"ses.

Fig. 7 slrorvs rhe R1D|'s f F as a fuuctiou of al D for various
va,lues ol u7. The a,rrester ot'ieltta,tiou of the isotropic plane
is considered a,nd n, is Lakeu as 2,08. It cau be seen that the
eflèct of the Poisson's ra.tio oll Kr is srnaller than that of tl.re
pa.ra,rnetei' n. Fo¡: Lhe othel coufigura'tiolls ST and DIV, the
eflèct of the Poissou's la,tio is a.lso negligible.
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(1 )Ouchlerlony(expl)
(2)Malsuki(BEM,g)
o Malsuki(BEM,rms)
o Ouchterlony(FEM,rms)
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. 0 al1 0.5

Figure 5: Non-cììrl-rensioua'l stress inteusit¡r factors as a futlction
o1 al D for the isotropic CB specirnetl.

5.2 SR. specinte'ns

As in the ca.se of the CB specirnen, the stress intensity factol' for
the isotlopic SR specirlen is 1ìrstÌy calcu.lal;ed Fig' 8 shows the
rrorr-dirnerrsional sLress inLensit.y lactor ItlDt't f -F as a furlcLion
ol al D. The Poisson's raLio ru is taken as 0.25. Agaiu, our
re.suits a,re ili good a,gt'eetnetrt with other published solutions.

Fig. 9 shou's RrDls lF as a. fuuctiou of a/ D for va'rious val-
ues of n : Elqr. The Poisson's ratio z1¡' is takeu as 0.25.

It is clear that &i fol tire ARR and ST specirneus is sbrongly
a,ffected bv the a,nisotropy of the rnateria'I. The lnaxilnum devi-
ation due Lo the a,uisotropy a.mouuts to twenLy percenü or lnore
of the iso_tropic value. It is a,lso observed that the rnillilnutn
va,lue of ilr is located at la,r'ger (ARR) and stnaller (ST) values

of al D as the pa.r'a,rneter n increases. As for the Poissou's ratio,
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Figule 6: Vr,ria.tion ol lton-clirnensiona,l stress intensity factors rvil;h af D lol v¿rrious values oi r¿ for tra.nsversely isotlopic CB
specirnens: (a) ARR, (b) ST and (c) DlV.

19



CB,ARFI

11

17yDt s

tt

ô

10 vT
o 0.4
. 0.25
a 0,1

o.2 0'3 at1 0.4

Figule 7: Va.r'ia,Lion ol non-dit¡eusiotial stress intensity factors

rviLh o/D for va.rious values of ,/" for trâ,ns\¡erselv isotropic CB

specimers: At'reste| colìngul'rìtioìì.

SR (1)lnsraffea(BEM)
(2)Raiu(FEM)
(3)Shannon(expl)
(4)Matsuki(BEM)
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Figure 10: À4iliirnuln va,lues of K¡ as a" function of n for the
tra¡rsvemel), isoLlopic CB a.nd SR specirnens.
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An anatytical and experimental investigation of rock indentation fracture

Etude analytique et expérimentale de la fractu re par entaille des roches

Eine analytische und experimentelle Untersuchung von Eindruckbrüchen an Felsgestein

Kou SHAO-QUAN, P.-4. LlNDQV|sr & rAN 
ij:ifi3#:S,3å"ji". 

of Minins Ensineerins, Luleå university of

ABSTRACT: Through a similarity analysis based on a large number of experimental data for rock indentation, relationships between

indentation force anJeither indentation depth or length ofradiaVmedian crack are established. These forces are induced by hemispherical,

truncated, or cylindrical indenters. The formulas obtained can serve for general use in various kinds of rock with different diameters of the

three indenter iypes. This analysis provides a great deal ofinformation for practical use, such as full face boring and percussive drilling.

RESIIME: A travers une analyse de similitude basée sur un grand nombre de données expérimentales sur I'indentation de la roche, on a

établi les relations entre la force d'indentation et soit la profondeur d'indentation soit la longueur de la fissure radiale/médiane induite par

des indentateurs hémisphériques, tronqués, et cylindriques. Les formules obtenues peuvent servir à une utilisation générale dans

différentes catégories de roches avec des diamètres diflerents pour les trois types d'indentateurs. Avec cette analyse, on a obtenu

d'importantes aÃéliorations pour les applications pratiques, comme pour le forage par explosion et le forage par percussion.

ZUSAMMENFASSUNG: Durch eine Similaranalyse einer gropen Anzahl von experimentell gewonnenen Daten zur Gesteinsintrusion

werden Verhältnisse zwischen Intrusionskraft und Intrusions-Tiefe oder zwischen Intrusionskaft und Länge der radialen/medianen Spalte

hergestellt. Diese Kräfte werden durch hemisphäriçche, stumpfe oder zylindrische Druckwerkzeuge verursacht. Die erhaltenen Formeln

koÃen allgemein auf verschiedene Gesteinsarten mit verschiedenen Durchmessern der Druckwerkzeuge angewandt werden. Diese

Analyse liefert viele Informationen fur die Praxis, beispielsweise beim \¡ollschnittvortrieb und bei der Schlagbohrung.

1 INTRODUCTION Table 1. Mechanical properties of tested rocksi

Mechanical Kallax Bohus
Full face boring, percussive drilling, and drag bit cutting are today

the most frequently used mechanical excavation methods for
medium or hard rocks. llowever, the basic mechanisms involved

in them are still not fully understood. Rock indentation by a bit is
the fundamental mechanism in most mechanical excavation

methods. Therefore, the investigation of the indentation

mechanisms is important for improvement of rock excavation

methods.

The lnain purpose of the present study is to propose a

reasonable model for predicting the indentation depth and the

radiaVmedian c¡ack distribution in rocks induced by different types

of indenter. The former is important for the improvement of rock

excavation eftìciency. The later is important for the analysis ofthe
hydraulic conductivity in the near-field ofa nuclear waste storage.

It can also contribute to understanding of the mechanisms of
mechanical excavation and the improvement of excavation tools.

2 ROCK FRACTURES I.N{DER INDENTATION

Four types of Swedish rock, narnely Kallax gabbro, Bohus granite'

Ekeberg marble, and Lemunda sandstone, were tested in

indentation by using two displacement-controlled rock mechanics

testing machines, Instron 0-100 kN and Instron 0-4500 kN, with

maximum loads ranging from 15 to 150 kN. Their mechanical

properties are given in Table 1, where o., E, v and G are uniaxial

compressive strength, Young's modulus, Poisson's ratio and

energy release rate, respectively. Three kinds of indenters, namely

hemispherical, truncated and cylindrical, were used in the

indentation tests. The dimensions of the rock sample were selected

to avoid if possible crack propagation longer than half way

through the sample for the strongest rock loaded to 100 to 150

kN. The sample diameters were much larger than the diameters of
thc indenters, and confined in a manner similar to the confinement

properties gabbro granite

or (MPa) 279 152.8 160.4 55.1

r (GPa) e8.e IU 64] l2l

0.31 [U 0.31 [2]

Ekeberg
marble

84.4121

0.3s [2]

Lemunda
sandstone

26.s Í21

0.38 [2]

I 13 [3]G Qlnz) sr.3 Ul roo-l10 [4] ¿o.s [3]

lTh" ligutes in the brackets [ ] indicate the data resources: [1] Vutukuri et

al., 1983, [2] Homberg and Forslund, 1989, [3] Ochterlony, 1986, and [4]
Div. of Rock Mechanics, Luleå Univ. of Tech., 1993.

provided in a semi-infrnite rock mass during the indentation

process. A constant indentation rate of 0.05 mm/s was applied for

all experiments. This approximately corresponds to 1x 10-8 of the

wave speed ofrock material and therefore, the load can be treated

as static, A-fter indentation tests, the samples were cut in slabs, and

the cracks in the samples were observed under a fluorescent light

by introducing a fluorescent substance inside them (Lindqvist et

al., 1994).

From numerous experimental results, a general picture of
fractures in rock under indentation can be summarized as in Fig. l.
Underneath the indenter there is a disintegrated and sometimes

partly recompacted zone, a crushed but basically confrned zone'

and a cracked zone. Outside the cracked zone there are mainly

three kinds of cracks: median cracks, radial cracks, and side

cracks. In general, fully developed radial cracks on each sicle of
the indented area connect with median cracks and fo¡'m a

radialimedian crack system, We may also observe Hertzian cracks

in the rock under indentation with an axially-symmetric indenter.

Among the various fractures, the indentation depth plays an

inrportant role in the evaluation of rock excavation effrciency and

thc improvement of cutter design. The radiaVmedian cracks are
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Fig. I General picture ofcracks in rocks under indentation'

3 1IOCK BEHAVIOI.]RS UNDER COMPRESSION

A complete stress-strain relationship of structured coal is shown in

Fig. 2 (Kou et al. 1990). It is typical forvarious kinds of rock-like

mãterial, although it was obtained from the experiments using the

so-called structured coal. The stresses corresponding to the letters

d, c, and r in the figure are yield strength (defined as the onset of

aitaiancy;, limit strength, and residual strength, respectively'

These tLree strengths split the complete curve into four regions,

i.e., elastic region, initial damage region, post failure region, and

shearing and slipping region' In addition, it seems reasonable from

the tesi(ou, et al., 1990, Bieniawski, 1968) to assume that all of
the three strengths have linear relationships with the values of
contìning stress.

irnportant for the hydro-conductivity in the near-excavation-field
ol a nuclear lvaste storage. We shall therelbre cottcentlate olì

discussing them in this paper.

Disintcgratcd and partly Crntcr
rccompâctcd zonc

Radial crack Sirlc crncl<

Crushctl zone
Crackcrl zonc

Mcdian cracl<

Post
failureElastic lnitial damage Shear & slip

od yield strength
o" limit strength
o, residual strength

Strain

Fig. 2 Typical stress-strain curves ofstructured coal under triaxial

cornpression (Kou et al., 1990).

The relationship between the physical processes during

indentation and the mechanical properties ofthe rock material can

be defined as

l.Rock material behaves elastically in the far-indenter-field,

where the main long cracks propagate.

2. The initial damage region is due to the growth and formation

of microcracks during deformation, and it, therefore,

corresponds to the cracked zone.

3.In the post failure region, the damage ofthe rock material has

already amounted to such a level that no extra stress can be

sustained by the material and, therefore, this corresponds to
the crushed zone.

4. In the shearing and slipping region the material is disintegrated

into granular rock without any cohesion and it, therefore,

corresponds to the disintegrated and partly recompacted zone.

From the boundary of the crushed zone (some times together

with side cracks) a crater is formed afler removal of the indenter.

4 Sß4ILARITY ANALYSIS OF INDENTATION DEPTH AND
LENGTH OF RADIAL/}4EDIAN CRACK

In order to do an effective analysis, we assume that: the indenter is

rigid, the tested rock mass is semi-infrnite, the indentation load is

static, and the indentation process is isothermal. The pertirrent

physical parameters which control the "near-fieid" phenomenon of
rock indentation are then the indentation load magnitude, F; the

geometry of the indenter, i.e., the indenter diameter d and the

other normalized geometrical parameter d¡; Ihe parameters

characterizing the rock material, i.e., the grain size dr, the uniaxial

compressive strength oc, the other normalized characteristic

strenglhs o¡, Young's modulus .8, and the energy release rate G.

Indentation depthp is introduced to describe a particular response

of the rock to the indentation. We assume that there is a physical

law ofthe form

l(F,d,dt,ds,o",o,,E,G,p)=0. (4.1)

Only seven independent dimensionless products can be formed

from the nine quantities. There is then an equivalent physical law

between the independent dimensionless quantities according to the

well-known æ theorem in similarity analysis @aker, et al., 1978).

The relationship between the seven 7r terms can be written as:

p=tt¿..L.o,.E F=.G\.. (4.2)
ã- J \ut, d ,"t, o", o"d2' o"dt'

We further assume that the rock material is homogeneous and

isotropic, and constitutive similarity exists for different types of
rock, which means that the various types of rock have identically

scaled strength and stiffness properties so that stress normalized

by the corresponding Young's modulus is identical for all strains

for these rocks. In addition, the observation of the experimental

results can provide a further simplifìcation, and then Eq. (2)

becomes

+=¡ø,,J-¡,
cl'o" o"d-

(4 3)

where d, characterizes the indenter shape. Eq (3) can be specified

by a comparison with the experimental results for individual

indenter type, and this gives the following three equivalent

equations: for hemispherical indenter,

1t9¡-to6 = -1.265+ 2.ns(+),
d-o"d' 6"d'

for truncated indenter,

#r*r-ro6 = -3 633 + 1.2û(+),

and for cylindrical indenter,

1f9>*106 = -l5.ee +z.6sz(+).
d 'o"d' a"d'

The comparison between the experimental data and Eq' (4) is
shown in Fig. 3.

By a procedure similar to that in the discussion about the

indentation depth, we may obtain three equations to describe the

lengths ofthe radiaVmedian cracks induced by different indenters.

When the crack length and Poisson's ratio are represented by c
and v respectively, these formulas become:

for hemispherical indenter,

c,
c)
L

Ø

N'x

(4,4)

(4.5)

(4.6)

cc
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5 DISCUSSIONS AND CONCLL]DING REMARKS

5.1 Relationship between indentaliott depth and loadingforce

The indentation depths in the four types of rock induced by a

hemispherical indenter with various magnitudes of load are shown

in Fig. 5. The intercepts on the ordinate show the threshold ofthe
force to start penetration for different types ofrocks They are 4 5

kN for Lemunda sandstone, 12.4 kN for Bohus granite, 13 1 kN

for Ekeberg marble, and 22.7 kN for Kallax gabbro with the

indenter diameter of 12 mm. However' the order can be changed

at a high load level. For example, at a load of 300 lò1, the

30.00

20.00

+

300

Hemispherical indenter

Granite

Gabbro

Marble

Sandstone

05101520
lndentation dePth (mm)

Fig. 5 Relationship betrveen indentation depth and loading folce
for clifferent rocks induced by a hemispherical indenter.

,''' çJ9;)'''l F = o.o28o3 + o.03088(+), (4.7)

250

z 200
.v.

C)o
.9 150
(t)
c
õ
(ú

3 100

for truncated indenter, 50

0,t'' (
T'U

T-7)''' IF =-0.01632+o.o 1160(+), (4.8)

and for cylindrical indenter,

EG

-._;1- t/

0.40

X

li

X granite

+ gabbro

X marble

O sandstone

o

F
,''' ( )"'/ F = -0.05805+0.03987( ) (4.e)

o"d'

The comparison between the experimentally obtained crack length

ancl liq. (7) is shown in Fig. 4'

indentation depths for these four kinds of ¡ock are in a proper

order ofmarble, gabbro, granite, and sandstone from the larger to

the smaller. Tlierefore, the load level control is important both in

the design of percussive drilling and in practical operation if one

wishes to obtain a maximum indentation depth in each percussion.

From Eqs. (4.4) to (4.6), we may also have relationships

between indentation depth and loading force for a particular rock

with different indenter types. For example, the loads to start

penetrating the granite rock are 12.4,22'7, and 130.5 kN for

hemispherical, truncated, and cylindrical indenters respectively

with the indenter diameter of 12 mm. In Bohus granite, a

hemispherical indenter produces the largest indentation depth

among the three indenters all the way until 300 kN, which stresses

the importance ofregrinding blunt indenters.

5.2 Relationship ltetween crack length and loadingforce

The radiaVmedian crack lengths in the four types of rock induced

by a hemispherical indenter with various magnitudes of load

according to Eq. (4.7) are shown in Fig. 6. The crack lengths in

sandstone are the longest among the four rocks, followed by

marble, granite, and gabbro. That explains why some of the

samples of sandstone totally cracked (Lindqvist, et al' 1994) when

we observed the design principle of experimental specimens

described in section 2. Among the three types of indenter, a

hemispherical one produces the longest lengths,of radiaVmedian

cracks, followed by truncated and cylindrical indênters

5.3 Relationship belween crack lenglt and indentalion deplh

Fig. 7 shows a relationship between length of radial/median crack

o

X

¡l-

N
-^ 0.30
C\

(,
tlj
c! 0.20o

-c
o)c
-()Y 0.10oo
IJ

o

+

0.00

o.oo 4.00 8.oo ^ 12.00 16.00

Force F/(d'o)

Fig. 4 Median/radial crack length vs force in nondimensional
form for hemispherical indenter.

All of these formulas, i.e., Eqs. (a) to (9), are valid when the

force F is so large that the right sides of the formulas are not

negative. The values of the crack lengths c are defined as zero

when their right sides are negative. The quantities in the equations

are in SI units, i.e,, the force is in a unit of N, the stress in Pa,

energy release rale in J I n/ , and the length in m.
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Fig. 6 Relationship between radial/median crack length arrrl

loading force for different roclcs induced by a hemisplrt'.r'it;al

indenter.

Hemispherical indenter

Granite

Gabbro

Marble -: -
Sandstone

../'/

compressive strength, and confrning stress, respectively.

According to the experimental results, the coefücient q fbr
structured coal (Kou et al., 1990) can vary between 1.3 to 3.9,

and it was set to 5 for Siena granite by Cook, et al. (1984).

Replacing ø" in Eqs. (a.4) to (a.9) by Eq. (5.1), we can obtain six

modifred formulas to include the influence of the confining stress

higher than that provided in the semi-infinite case. In this way we
may estimate the indentation depths and crack lengths in deep

underground by superimposing the tectonic pressure to the

uniaxial compressive strength according to Eq, (5.1). In addition,

we may also see that there is a possibility of increasing the
penetration depth and crack length due to reduction of the
confrning stress. Especially, the indentation depths and lengths of
cracks might be very long when the cutters or button bits work in
the area close to weakness, such as faults, joints, or free surfaces.

CONCLUDING REMARKS: The present analysis results in an

establishment ofrelationships between indentation force and either
indentation depth or length of radial/median crack indtrced by
hemispherical, truncated, or cylindrical indenters. The relationships
depend on rock properties, diameter of the indenter, and the
indenter shape. Good agreement between the model and the

experimental data is obtained. A modification to the uniaxial
compressive strength obtained in ordinary rock mechanics

laboratories makes it possible to include the influence of
confrnement and, therefore, excavation at depths can be taken into
account. The formulas obtained can serve for general use in
various kinds of rock with different diameters of the three indenter

types, This analysis provides a great deal of information for
practical use, such as design of cutting tools and the operation
procedure in full face boring and percussive drilling.
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and indentation depth, where the ending point of each curve

corresponds to 300 kN. From this fìgure, one may notice that to

cut gabbro by a hemispherical indenter produces the shortest crack

lenglh among the four rock types with the same indentation depth,

followed by marble, granite, and sandstone. In addition, one could

possibly produce a shorter crack length by having a short

indentation depth of each cut. This should be considered in the

practical operation of both percussive drilling and full face boring.

5.4 Modif cation o/ relalionships by irtcludirtg confinentenl

Confinement is an important factor affecting the rock fracture

under indentation. The indentation depth predicated by Eqs. (4'4)

to (4.6), and the crack lengths by Eqs. (4.7) to (4.9) are

overestimated if the indentation is carried out underground
Flowever, if the confìning stress is not too high, the failule
criterion in triaxial compression can be quite accurately given by

oc=do+qúp, (s.1)

20

where o", cro and o, are triaxial compressive strength, uniaxial
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Micromechanical study of rock deformation behaviour

Etude micromécanique du comportement de déformation des roches

Mikromechanische Studie van Fels-Deformationsverhalten

C. Ll & E. NORDLUND, Division of Rock Mechanics, Luleå University of Technology, Sweden

ABSTRACT: The defoimation of brittle rock is studied using a mechanical model that is developed based on the analyses of the micl'o-

scopic fracture processes within rock. The simulations demonstrate that the elastic parameters (E and v) for the rock matrix and for tlte

fraótured specimen ca¡ be measured during the unloading and reloading cycle; the axial splitting failure brings about more abrupt bursts

than the shear faulting failure; and the size of specimen affects the post-peak behaviour.

RESUME: La défo¡mation des roches fragiles est étudiée à l'aide d'un modèle mécanique qui est basó sur I'analyse du processus de

microfracture à I'intérieur de la roche. Les simulations démontrent que les paramètres d'élasticité (E et v) de la marice de la roche et de

l,échantillon f¡acturé peuvent êne mesurés du¡ant le cycle de décharge-recharge; la n¡pture axiale provoque plus d'explosions brutales

que la rupture en cisaillement; et la taille de l'échantillon affecte le comportement post-pic.

ZUSAMMENFASSUNG: Die Deformation von Spödgestein wurde unte¡sucht anhand eines mechanischen Modells, das auf den Ana-

lysen von mil:roskopischen Bruchvorgängen im Géstein basiert. Die Simulationen zeigen, daß die elastischen Parameter (E und v) der

óesteinsmatrix und der gebrochenen Proben wäh¡end des Austragtaktes und der Frisctrladungsaufnahme gemessen werden köru:en; das

Versagen durch axiale ùsse bewirkt ein abrupteres Bersten als das Versagen durch Scherbruch; und die Größe der Proben beeinflußt

das Post-Peak-Verhalten. :

i INTRODUCTION

In underground excavations, it is often observed that a great

number of parallel cracks appear in mine pillars and walls
(Coates, 1981). Obviously, the cracks are induced under com-
pression. Sometimes, pillars fail completely due to axial spliaing,
but most of the time pillars fail in a combination of spalling and

shear faulting. In this case, axial cracks are initiated and grow to
some extent within a pillar under compression. Then, spalling
occurs in the middle of the pillar and develops towards the

centre. At the final stage, pillars fail due to the shear faulting
along the conjugate planes crossing the centre of the pillar or due

to crushing.
Horii and Nemat-Nasser (1985, 1986) conducted a series of

experiments using resin specimens containing a single flaw or a
large number of flaws that were different in length to examine the
fracture pattern of the specimens under compression. For the
specimen containing a single flaw, wing cracks were initiated at
the tips of the flaw under compression. Then, they tended to
grow in the loading direction. For specimens containing a large
number of flaws, it was reported that they failed in the form of
either axial splitting under uniaxial compression or shear faulting
under biaxial compression. Wing cracks were fust initiated at the
tips of those large flaws and grew in the direction of the

ûüimum compressive stress. The wing cracks continued to
grow with an increase in the r¡niaxial compressive stress. Finally,
they coalesced and formed axial splitting fractures through the
specimen. However, the fracture pattem was different when
conñning pressure existed. Vy'ing cracks were fust initiated at the
tips of large flaws, but their growth was soon suppressed by the
confining pressure. Vy'ing cracks were then initiated on a large
number of small flaws and coalesced to fom¡ shear faults,

It is concluded, based on the observations in the field and the
laboratory experimental results, that axial splitting is the basic
local fracture pattern for brittie rocks under compression. In the
pre-peak stage, axial splitting predominates the fracture process,
while in the post-peak stage shear faulting does. A constitutive
moclel has been developed for brittle rocks based on the analyses

of the fracture process within rock. The deformation of rock, in
this model, is decomposed into four components which ale
caused by (i) the elastic response of rock manix, (ü) the closure
of open cracks, (üi) the growth of cracks, ard (iv) the shea¡

faulting, respectively. In the pre-peak stage only the ñrst three

are considered, but all four components a¡e involved in the post-
peak stage .

In this article, we only give a brief review of the model. The

details of the model can be referred to Li and Nordlund (1993)

and Li (1993, 1995). Emphases will be put on studies of the rock
fracture and deformation behaviour using the model. The studies

show that the apparent Young's modulus and Poisson's ratio for'

the rock marix and for the fractured specimen can be meastlied

in the unloading andreloading periods, respectively. The study of
the post-peak behaviou¡ demonstrates that axial splitting brings

about more abrupt bursts than shea¡ faulting. The class I and II
load-displacement behaviour of rock is associated with the size

of specimen. Class I behaviour might be Eansformed to class II
when the height of specimen is increased.

2 BRIEF DESCRIPTION OF THE MODEL

The model is developed under the two-dimensional condition.

The 2-D specimen is subjected to compression by o' and 02, see

Figure la. It has been assumed that the original microcracks are

distributed uniformly in the specimen and that all the microcracks

are initially open and have an average lengùt of 2a,.
In the early stage of loading, two processes occur within the

specimen. The fust one is the elastic response of the rock marix.
The second one is the closure of open cracks. Kranz (1979) and

Sprunt et al. (1974) reported that the aspect ratio of cracks, ct,
(defined as the ratio of the opening to the length) in ¡ock was

between l0-5 and l0-3. Under hydrostatic pressure, all the open

cracks can easily be closed at the same time, no matter how they

are oriented. The hydrostatic crack-closure sEess o" is directly
proportional to the aspect ratio as follows:
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Figure 1. (a) A 2-D specimen containing uniformly distributed

microcracks. (b) Wing cracks are initiated and Propagated in the

direction of the maximum compressive sress. (c) A crack loaded

by a cenüal wedge force, which is a simplihcation qf the growing

wfurg cracks.

. zsE(r-=- (1)
(l + v)(1+1)

where E is the Young's modulus, v Poisson's ratio, and

x = (3 - v) / (l + v) for the plane stress and (r - +v) for the plane

strain. Under uniaxial compression, the crack-closue stress oí
depends not only on the aspect ratio but also on the angle of
crack 0 (see Figure 1a). It is expressed as

2d.E
61 ,---------JZ- (2)

(t + vXt + 2f cos' 0

It is seen fiom equation (2) that the cracks perpendicular to

the loading direction are most easily closed under uniaxial com-

pression. The crack-closure stress increases rapidly with the

increase in the angle of crack. The nearly vertical cracks (í.e,

0 = 900) actually could not be closed.

IVhen the open crack is completely closed, wing cracks will be

initiated at its two tips under the shea¡ stress on the crack piane.

Both theoretical and experimental studies have proven that the

wing cracks are initiated at an angle of about 700 to the crack
plane. Using the fractu¡e criterion for Mode II, we obtain the

crack initiation sress as shown in Figure 2. Wing cracks a¡e

difñcr¡lt to be initiated on those cracks whose angle 0 is ciose to

either 900 or to the friction angle Q. The aspect ratio has a small

irfluence on the crack initiation sEess (see Figure 2a). T\e
confining sEess retards the c¡ack initiation through increasing the

friction resistance on the crack surface (see Figure 2b). The

cracks, on which wing cracks are most easily initiated, are

located in the range of 0 from 40o to 70o under the condition of
the friction angle 0 = 30'.

As soon as the wing cracks are initiated, they tend to grow in

the direction of stress o, (see Figu¡e lb). The wing cracks either

continue to grow until the specimen fails in the form of splining'
which occurs only under uniaxial compression, or stop growing

in the direction of o, at some stage and coalesce and form shear

faults under the shea¡ sEess, which occurs more often in the

20 30 
iL*"å?"'*f'" tJi 80

b

Figure 2. The relationship between the crack initiation sness and

the angle of crack (the friction angle S = 30')' (a) under uniaxial

compression. (b) Under biaxial compression. (o, = or¡ - oz, âñd

the aspect ratio ü = 1.5 x 10-4).

o1

62 Oz

o1

Figure 3. Schematic illusration of ttre conceptual model for shea¡

faulting.

presence of the confining stress.

The formation of shear faults is simpliñed and represented by

a faulting plane as illusrated in Figure 3. The normal of the plane

is inclined to the di¡ection of o, ât an angle of ry . Supposing

that the faulting occu¡s in the di¡ection of the maximum shear

sress, we have ry =(%*%) where S is the intemat friction

angte. The progressive shear faulting process is represented by

thJdec¡ease in the shea¡ stiffness of the faulting plane, K, defined

as

K = K,(l-ô) (3)

where K, is the initial shear stiffrtess and õ the shear faulting

factor. The factor ô va¡ies in the range from 0 to 1, whereô=O

corresponds to no faulting and ô=1 to the state that the shea¡

fault has been formed through the specimen.

As stated before, there exist four processes within a rock

specimen under compression, which a¡e the elastic response of

rãck matrix, the closure of open cracks, the growth of wing

cracks, and the shea¡ faulting. Their corresponding deformation
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components are designated as De, Dc, D¡and D9 respectively.
the total deformation of the specimen is the summation of thenr,

that is

D.= D,+ D"+ Dr+ D" (4)

Hooke's law is used to calculate D, and D, is the sttm of the

closure of all cracks within the specimen. In deriving the equa-

úon for the calculation of D¡, the wing crack is simplified into a
growing crack loaded by a-cennal wedge force F expressed as

(see Figu¡e lc)

F = a"f(ar- or)8' (0,Q) - 2(o, - o" )cos e tan Q] (5)

where g,(0,$)=2cos30(tan0-tanQ)' The length of the grow-

ing crack has the following relationship with the compressive

stresses:

o a¡ Simulation

- 
Experiment

Tennessee
marble

-o.2 -0.1 0.0 0.2 0.4 0.6

Lateral strain Axial strain (7o)

Figure 4. Comparisons of the model simulations with the experi-

mental data.

A

B

-0.4 -o.2 0.0 0.2 0.4 0.6 0.8

Lateral strain Axial strain (7o)

Figure 5. Model simulations of the sness-axial and lateral strain

curves.
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Figure 6. Variation of the apparent Young's modulus during the

loading, unloading, and reloading processes.
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Figure 7. Va¡iation of the apparent Poisson's ratio during the

Ioading, unloading, and reload-ing processes.
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where Kr. is the fractu¡e toughness. The lateral displacement of

the crack contour, øt, has been derived, and is expressed as

,, =i-tN,l'"l!ì*,'1" (7)nE L \¿,,1 I
where N is the crack density expressed as the Eaverse-crack
intersections per unit lengtir, L is the length of the growing crack

and L, the initial value of L. The calculation of D¡ can be done

using u¿ of all growing cracks.

The faulting plane divides the specimen into two blocks. The

anatysis of the shea¡ displacement along the faulting plane is

similar to that for a rock joint @rady øt ¿/., 1985). The sliding

along the faulting plane is ¡esisted by the shear stiffness K and

the friction resistance on the plane. The equilibrium equation is

expressed as

K(J 
" 

= P, - ôP, tan Q, (8)

where U, is the relative shear displacement of the two blocks,

and P, and P, are the shea¡ and normal forces on the faulting
plane, respectively, and 0¡ is the friction angle of the faulting

plane. Then D, is calculated using Ur.

3 STUDY OF TIIE ROCK BEHAVIOUR BY THE MODEL

Figure 4 shows the comparisohs of the model simulaúons with
the experimental data for fou¡ types of rock. The experimental

curves for the basalt and Tennessee marble are after Wawersik
and Fai¡hu¡st (19?0). The simulations involved only axial

splitting fractures for the Malmberget gneiss specimen, but both

axial splining and sheil faulting for the basalt and Tennessee

marble specimens. The model simulated the rock behaviour well.

3.1 The apparent elastic parameters E' and v'

Figure 5 shows the stress-sEai¡ curves simulated under uniaxiat
compression, The nonlinear "toe" of the stess-axial shain curve
is due to the closu¡e of open microcracks, while the nonlinea¡
behaviour occurring at high stress levels is due to the growth of
wing cracks. The hysteresis is formed under cyclic loading due to
the friction on closed crack surfaces. The apparent Young's
modulus E' and the appÍuent Poisson's ratio v' vary during the

deforming process due to the fracturing within the rock. In other
words, E' and v' are quantitative measures for the fracturing
process. Based on the curves in Figure 5, E' and v' are

calculated and illustrated in Figures 6 and 7, respectively. In the

simulations, the Young's modulus for the rock matrix is defined
ns 75 GPa and the Poisson's ratio is 0.2.
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Figure 6 shows tJrat the apparent Young's modulus of the

specimen is much lower than 75 GPa at the beginning of loading.

This is due to the closu¡e of open cracks. The modulus E

increases rapidly and approaches the level of 75 GPa. The

modulus E' starts to decrease with the initiation of new craçks'

When the unloading begins at point A (see Figure 5)' E jumps to

?5 GPa from a low level in the loading period. The reason for

this is that sliding does not occur on the crack surfaces in the

ransition from loading to unloading until the load drops to a

certain level ma¡ked by B. Most of the open cracks have been

closed at high levels of load. Therefore, the response of the

specimen in the period between A and B is only dominated by

that of the rock matrix. From this point of view, the apparent

Young's modulus measured in this period is the Young's modulus

for thé rock matrix. When the load drops below the level marked

by B, both sliding on the crack su¡faces and opening of cracks

otcur, resulting in the decrease in E'. During the ransition
process from unloading to reloading' sliding does not oscur on

the crack surfaces in the beginning. With the increase in the load'

sliding gradually occurs and E'reaches an elmost constant level

in the period between D and A' The apparent Young's modulus

in this period is a measure of the fractu¡e developed within the

specimen corresponding to the load level marked by A. When the

lõad is beyond point A, new fractures will bê developed a¡d E'

reverts to the cuwe for the loading process.

The apparent Poisson's ratio v' va¡ies in a simila¡ way (see

Figure 7). The ratio v' increases rapidly in the beginning of
loading and approaches the level of the Poisson's ratio for the

rock matrix, v. When new fractures are initiated at high load

levels, v' increases rapidly again and remains at the level of v in
the period from A to B in thi unloading process. Ii remains at a

relative high tevel in the period from D to A in the reloading

process. The explanation for the variation of the apparent Pois-

son's ratio is the same as that for the apparent Young's modulus.

It is concluded that the Young's modulus and the Poisson's

ratio measured in the section from A to B (see Figure 5) are for
the rock matrix, and those in the period from D to A are for the

fractured specimen corresponding to the load level marked by A,

fore not only associated with the properties ofrock but also rvith

the length of specimen. Figure 8 illustrates the tansformation of
the apparent stress-strain behaviour from class I (cuwe 1) into

class Ú (cuwe 2) when the length of specimen is increased. This

kind of transformation occurs when the elastic expansion of rock

material is larger than the displacement caused by the shear

faulting. Class II behaviour is likely to occr¡r for a long specimen

since ii has a large expansion. It is evident that the final failure

occurs more abruptly for class tr than for class I since more

strain energy absorbed within the material will be Eansformed

into kinetic energy for class II. In the case that no shear faulting

occu¡s and the specimen fails completely due to axial splining'

the post-peak curve will drop along the dashed line in Figure 8. It
is obvious that the finat failu¡e related to the axial splining failure

occurs most abruptly.

3.2 The post-peak behaviour

Vy'awersik and Fai¡hurst (1970) reported that two classes ofrock
behaviour exist in the post-peak stage. For class I, fracfure
propagation is stable in the sense that work must be done on the

specimen for each incremental decrease in load-carrying ability.

For class II, fracture is unsta6le, and the elastic strain energy

absorbed in the material is sufficient to maintain fracture propa-

gation until the specimen has lost all snength.
rWhen shearfaulting occurs in the post-peak stage, the relative

displacement of the two ends of the specimen is the result of the

axial component of the shear movement on the faulting plane and

the elastic expansion of the rock material. The average strain
(deñnect as the relative displacement of the specinren), is thcre-

o aY=AYt

o ÁY=2aYl

ÂY ^Yt

class I

, class II

0

0.0 0.5 1.0 I '5
Axial strain (7o)

Figure 8. Simulations of the stress-strain behaviour when the

height of specimen is changed.

4 CONCLUSIONS

1. The confi.ning pressure retards the initiation of new frac-

tures and has a great effect on suppression of the axial splitting.

2. The Young's modulus and Poisson's ratio measured in the

sraight upper section of the unloading stress-stain cuwe are for
the rock matrix. Those measu¡ed in the straight upper section of
the reloading stress-strain curye are for the fractured specimen

corresponding to the load level at which unloading starts.

3. The axial splitting failure of rock brings about more

abrupt failure than the shear faulting.
4. The height of a rock specimen aflects its post-peak

deformation behaviour. Class I behaviour might be ta¡sformed
to class II when its height is increased, resulting in more unstable

failure.
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ABSTRACT: The aperfure distribution of a rock fractule can be studied with different experimental methods. The methods are based on

(I) surface topog.apiry measurements, (II) resin injection or (III) casting techniques and are briefly reviewed in this paper. Differences

between the methoãs are discussed and parameters that may be chosen in presenting the results are recommended,

RESUME: La distribution de I'espace fissural peut être étudié avec différentes méthodes expórimentales. Ces méthodes sont basées sur

(I) des mesures de la topographie de la surface, (II) des techniques d'injection de résines ou (III) de moulages; celles ci sont brièvement

passées en revue. Les différences enre les méthodes sont discutées et les paramènes qui pounaient être choisis pour la présentation des

résultats sont recommandés.

ZUSAMMENFASSUNG: Kluftöffnungsverteilungen können mit verschiedenen experimentellen Methoden untersucht werden. Die d¡ei

meistverwendetene Merhoden sind: (I) Messong der Kluft-Oberflächentopographien, (tr) Injektion von härtenden Kunststoffen und

(III) Abd¡uckmethoden. Diese Methoden werden zuerst kurz beschreiben, worauf die wesentlichen Unterschiede diskutiert werden. Zum

Schluss wird kommentiert, welche Pa¡ameter zur Besch¡eibung der Kluftöffnung mit diesen Methoden ermittelt werden können,

1 INTRODUCTION

Fractures have a major influence on rock mass behaviour' and

fracture studies have aiways been a central part of rock
mechanics. Ground water flow in rock is today an important

research area, mainly in conjunction with the assessments of
undergtound disposal of hazardous waste' As a consequence'

many rock mechanics researchers have focused on the

hydromechanical properties of rock ftactures during the last

decade.
The conductivity of a rock fracture is governed by the

geometry of the void space between the two fracture surfaces.

This geometry is complex and its detailed nature is not very well
known. The aim of this paper is to give a very brief review of
methods and parameters that have been used to measure and

describe the fracture void geometry.

2 MEASUREMENTMETHODS

The measurement methods can be grouped with regard to the

basic measurement procedure (see Figure 1). One procedure (I) is

to measure the topography of the two fracture surfaces on each

side of the void space and to define the aperture as the space

between the surfaces. Another procedure (II) is to inject resin into

a fracture to fill up the void space. The specimen containing the

fracture can then be cut into slices and the aperture be measu¡ed

as the resin thickness along the fracture intersections on each

slice. A third procedure (III) is to make a replica of the void
space between the surfaces of a fracture, or to make replicas of
the fracture surfaces. The different methods are explained in
some more detail as follows.

2.1 Surface topography approach

This approach has been used by Genúer (1986). The topography

of a natural granite f¡acture was measu¡ed with a profilometer, a

mechanical device which has a stylus that moves on the surface.

ü Casting

Figure l. Different approaches to make measurements of fracture void space

geometry.

For each fracture surface the surface heights and the location

along fracture profiles is continuously recorded. The opposite

profiles a¡e matched and the resulting aperture is calculated. The

difficulty with this method lies in the matching of profiles since it
is difficult to measure the exact relative position of the profiles'

Also the size of the profilometer stylus will determine the

accuracy of the measurement.
An analogous procedure was used by Iwano & Einstein (1993

and 1995). They used a laser beam profilometer,to measu¡e the

surface topography of.the two fracture surfacés. Five fracture

specimens from different rock types were included in their study.

The size of each sample was 25 cm' and the spacing between

measurement points was 1 mm. The accuracy of surface

topography and, hence, of the apernre determination is

considerably improved with the laser beam equipment.

Surface
topography

Injection
u

ffi,
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2.2 Injection approach

This approach has been used by Gale et al. (1987a,b and 1990)'

fney usø ci¡cula¡ f¡acture specimens which were resin injected

from a central hole, while the sample was subjected to normal

load. The resin was allowed to cure before the sample was

unloaded and cut along profiles in different di¡ections' The

thickness of resin and void along the sections was examined

using a photo-microscope. The accr¡racy of the measurements

was about 0.01 mm.

Hakami (1993) and (1994) used a similar method where a resin

or a cement grout was injected in the fracture in-situ' Specimens

were taken fto- 
"o.e 

holes d¡illed parallel to a fracture plane,

moulded in concrete and cut into slices. The resin thickness was

measured from close-up photographs aiong the fracture proflle on

the slices. The procedur.e has now been developed further, using

fluorescent epoìy resin and image analysis techniques which

facilitates the measu¡ements and data collection (see Figure 2)'

Figure 2. Digiøt image from microscope showing a 4 mm long secúon of a

ftaìtu¡e filled with fluorescent epoxy. The vertical lines across the void

indicate ùe dâtâ collecúon poina. The length of the lines is a measu¡e of the

aperture, b. The locations of the lines on each image a¡e stored in a dâtâbase'

Th" a""o.acy of the measurements depends on the magnification used on the

microscope and the contrast and sharpness of the image.

Pyrak-Nolte et at. (1987) also used injection of a fracture

rp.õi*.n under normal load in their apern:re studies' They used

Woo¿'t metal, a metal with a melting point of about l70o F, and

the temperature was held above the melting point during the

injection tnstead of cutting the specimen, they split the fracture

after the metat had solidified and studied the panern of areas

covered by metal and those free from metal with the aid of image

analysis technique. Using this method the difference in aperture

pattern at different load levels was analysed.

2.3 Casting approach

Gentier (1989) made a transparent coloured replica of the void

space of a fractu¡e as illustrated in Figure 3. An images of the

replica, produced by taking a photograph, have different grey-

scales according to the thickness of the coloured resin' The

thickness can thus be calculated using image analysis techniques'

Each pixel covered a square with a side length of 0'3 - 0'5 mm'

The method used by Hakami (1992) also belongs to this group

although the details a¡e different. Small volumes, V, of a silicon

material (bouncing puny) were put between the fracture surfaces'

The rubber deformed during normal loading of the sample and

covered a smaller or larger area, A, depending on the local

aperture. The fractu¡e was opened after unloading and the size of
the small patches covered by silicon were measured to give the

average apefnre at that location (see Figure 4).

Another way of using casting techniques is to make replicas of

the fracture surfaces and match them to form physical models of

fracfures. This method has been used fo¡ mechanica-l studies of
fractures by several resea¡chers. To make the models suitable for

flow experiments, Hakami (1990) made the replicas of each side

in a transparent material. When colour was injected to the water

during thã flow experiments the torh¡ous stream lines could be

oUserveO. The apernrre was determined by placing water drops of
known volumes between the f¡acture surfaces. The transparency

of the replica makes the area stained by the drop visible and the

average ãp"tno" over the small area can be determined in the

same way as above (see Figure 4).

lnjecdon of
dyed resin

between the
two sides of
the fracure

Cast of the voids

Digitatisadon of the image

from the cast @ack lighting)

Figure 3. Principle of measu¡ement technique using transparent void replica

used by Gentier (1989).

Figure 4. Principle for aperture determination using a small known volume of
silicon placed between the fractu¡e surfaces, Hakami(1992).

3 PARAMETERS

3.1 Fracture aperture

The term aperture is frequently used when describing fracture
void space. This term can be defined as illustrated in Figure 5.

The overall fracture surfaces are assumed to be parallel with a

reference plane. The distance between the surfaces at a certain
point, in the di¡ection perpendicular to the reference plane, is the

aperture, b, at that point. This apeûure defrnition includes some

considerations that should be noted:
1 The apeffure, b, as it is defined here, is not the local

perpendicular distance between the surfaces, which may be

shorter at points where the surfaces are inclined relative to the
reference plane. This should be recognised when aperhre data

a¡e used for flow calculations.
2 The apemre, b, is defined at all points on a fractu¡e surface,

which me¿ns that the apeffure can be zero and that the average
aperture, b , includes also the zero-aperture values.

3 The overall fracrure characteristics can be quantified using
averaging parameters of b such as the average aperture and the

standa¡d deviarion of apenure.
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4 The aperture varies with the applied load' A certain point on

a fracture plun" "* thrrs have any aPerture value depending on

the stress level appüéd, This means that if the aperture

distribution of two ftact*"s are to be compared, a reference

sÍess level must be defined.

3.2 Contact area

The term contact area has been used by several researchers in the

literature. since the true mechanical contact a¡ea is difficuit to
define, we suggest that the definition of contact area be the

percentage of iracture area which have apernrres smaller than a

ãertain value. In detailed studies this threshold value may be kept

small (=0.001mm), but depending on the accuracy of the

measurement method the threshold may be assigned a higher

value (=Q.1¡¡¡n¡.

3.3 Aperturefrequencydistribution

The aperture standa¡d deviation or aperture variance a¡e often

used as a measure of aperture variation. Some resea¡chers' e'g'

Gale (1987a,b), use the transformed variable ln(b) or log(b)

instead of b and in this case the standard deviation (variance) also

refers to the this variable. Most aperture distributions reported to

date a¡e positively skewed, but there is no consistent indication

that the aperture is log-normally distributed. It is therefore

suggested ihat the sta¡dard deviation (so) or variance (so2) of

upãitot" be presented together with a frequency histogram of the

data.
Figure 6 shows some results of aperture measurement results

which have been presented as (probability) frequency histograms'

The spread in thã aperture distributions seems to increase with

increaiing average aperture. The explanation to this may lie in
the difference in shear displacement that the f¡actures have

experienced. However, the experimental data is stitl very limited

and does not allow one to d¡aw general conclusions.

3.4 Correlation length

Two f¡actures with similar apertue frequency distribution may

well have different hydromechanical characteristics due to

differences in the spatial correlation of the aperture. The

correlation length is a measure of how abruptly the aperture

changes over the aperture surface area' Fractures with longer

correlation length will have fewer, large, contact areas and a few

channels conducting most of the ground water flow, as compared

to the fracture with shorter correlation length. The correlation

length can be expected to increase with increasing average

apefture but there is not enough experimental data available to

state the existence of such a relationship yet.

Spatial correlation of aperture data can be quantitatively
analysed with geostatistical methods, which involves calculation

of the correlogram or variogram (see for example Isaaks &

Jl.aperture [mrn]

d)

Figure 6. Examples of published aperti¡re data from fractu¡es of different

ni*., r*r*"å wiúr different techniques. a) Natural and labmade tensile

fractures, Iwano & Einsrein (1993), b) Natural tensile ftacture, Gen[ier

(1990), c) Tensilc (A,B) and shea¡ (S24) fractures (best-fit log-normal

functions), Hakami (1990); d) Minor fault, Hakami (1994)'
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IGT The aperture measurement methods described here are all

intended for research purposes. In field mapping for site

characterisation the measwements must be quick and simple,

which can not be said for the procedures discussed here' One of
the tasks of future research must be the development of quick

fracture cha¡acterisation procedures.

The aim of current research on rock fractures is to find the

span over which different fracture properties may vary and to

uìderstand the relationships between them. A step in this effort

will be to agree on a common language with clearly defined

teÍns that are accepted by most of resea¡chers in the field'

---t5'
"-" J0'

-. -{s"

---60'
- _ _7s"

- 
90.Éo

t

É

(.)

-0.5 t0 l5 20 25 J0

Lag Distalcc (mm)

Figure 7. Example of correlogram of fracture apenure' Iwano & Einstein

(19e3).

Srivastava, 1989). The resulting diagrams present the difference

in aperture value of data pairs as a function of the distance

between the compared data points (lag distance). Different
parameters can be used to describe the curve in a

correlogram/variogram depending on the mathematical model

which is chosen. To facilitate comparisons between experimental

results, it is suggested that the parameter (practical) range be

presented. The range is the lag distance at which the aperture

va¡iation of the compared points hás reach 95 Vo of the overall
variation (sill). In the case of anisoropic void geometry the range

and/or the sill are different in different directions on the fiacture
surface. Figure 7 shows an example of correlograms calculated in

different directions for one of the samples in Iwano & Einstein

(1993) (range = 4 mm). The correlation in this sample is
isotropic.

4 DISCUSSION AND CONCLUSIONS

The methods for aperture measurements that were reviewed here

do all have advantages and disadvantages' The suitability of each

method depends on the type of fracture, the scale of the

measurement and the aim of the investigation.

One important difference between the procedures (I) and (II) is
that the aperture is not directly measured using (I), but it has to

be derived from the surface topography. This means that the

effect of normal sress cannot be studied with (I). Also, the

contact area is difficult to assess since the surfaces a¡e

numerically matched. However, the surface topography methods

seem to have a potential of becoming automated and not very

expensive.
Procedure (II) has the advantage that the fracture is under

compressive loading when the resin is injected and this is

expected to give a realistic picture of the specimen aperture. This
procedure seems to be the only suitable if the strength of the

fracture walls or infilling materials are very low' A disadvantage

could be that the specimen is desroyed during the measurement.

The contact area can be determined well with (II) if the apeffu¡e

threshold defining the contact a¡ea is not smaller than the resin

(grout) penetration limit. Both procedure (I) and (II) can be used

to analyse the spatial correlation ofthe apernrre.

In some investigations it may be an advantage to use methods

(I) and (II) as, apart from the aperture distribution, the surface

roughness can also be characterised.
The methods in group (III) may offer ways of getring good

comparisons between the average aperture cha¡acteristics of
different f¡actures. The void casting method used by Gentier
(1989) is also suitable for spatial correlation studies while the

simpler methods reported by Hakami (1990 and 1992) can not be

used for this purpose. An advantage with the casting methods is

that the measurements do not destoy the fracture specimen. The

fractures to be studied must, however, be competent enough to
tolerate the casting procedure. The casting methods are generaily

more time consuming compared with other methods.
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A method to determine stress-transmissivity relationship of joints from hydraulic

field testing

Méthode de détermination de la contrainte - Relation de perméabilité des fractures naturelles à

partir de test hydrauliques sur le terrain

Eine Methode zur Bestimmung des Zusammenhangs zwischen Dehnung und Permeabilitätvon

natürlichen Brüchen bei hydraulischen Feldversuchen

JONNy RUTQVIST, Division of Engineering Geology, Royal lnstitute of Technology, Stockholm, Sweden

ABSTRACT: A method to determine the large scale normal stress-rransmissivity relationship of a rock rra3turg !r hydraur,-- hole

t"rti'g un¿ numerical modelling is suggested The testing consists of step pressure tests (hydraulic jacking) and fast pressure Pulse tests'

The method has been applied tõ ,i* sri¡-ho¡zontal joints intersected by ã borehole at Luleå university of rechnology, sweden. The rock

,ypl u, ,t, site is granite and the joints are located ãt 80 to 417 metres depth. The study demonsEates that hydraulic aperture and joint

í".rul stiffness can be determined accurately from the hydraulic borehole injection test.

RESUMÉ: on suggère ici une méthode pour déterrniner la relation à grande échelle pression normale-transmis.sivitéd'une fracture dans

le roc à l,aide des essais de forages hydrauliques et I'utilasation d'un model numérique. La méthode a été appliquée à L'Ecole

polytéchnique de Luleå en Suédã à six joints horizontales intersectés par un forage. Iæ rocher du site est du granite et les joints se

üouvent de g0 à 4l? métres de profondeur. L'étude a démontré que l;ouverture hydraulique et Ia rigidité normale du joint peuvent êre

déterminées avec acuité à partir de tests d'injections hydrauliques pratiqués dans des forages'

AUSZUG: Ein Verfahren zur Bestimmung des örtlichen normalen Spannungs-Durchlässigkeits- Verhältnisses einer Gesteinfraktur durch

t yãr*iirrr" Bohrlochprüfung und numeriãche Formgebung wird vorgeschlagen. verfahren wurde an der Technischen universität, Luleå'

Schweden in sechs unter der"Horizontalebene liege¡ãen, vãn einem Bohrloch du¡chkreuzten KIYÍ"." angewandt. Der Gesteintyp vor Ort

ist Granit und die Klüfte finden sich in g0 bis 417 Meter Tiefe. Die Studie zeigt, daß die hydraulische Öffnung und die Normalsteifheit

der Klüfte durch die hydraulische Bohrloch-Einspritzprüfung genau bestimmt werden können'

INTRODUCTION

The effect of mechanical stress and deformation on the hydraulic
permeability of rocks is an issue of concem in the performance

ãss"ssment of nuclear waste repositories. In the Stripa Site

Cha¡acterization and Validation Project, the inflow to a d¡ift was

reduced by one order of magnitude due to excavation effects
(Gni¡k, 1993). One possible reason is that induced stresses in the

disturbed zone of the drift causes the joints to open or close

which in nrn strongly affects the hydraulic permeability (Fig 1).

Groundwater flow in fractured rock masses is modelled by

discrete fracture models or equivalent continuum models. In

these models, coupled hydromechanical effects are frequently

considered by simple stress-Eansmissivity relationships for the

fracture planes or for the equivalent continuum elements (Gni¡k,

1993). Experimental and field studies have shown that the fluid

flow through natural joints is strongly affected by the stress

normal to the fracture plane. Studies have also shown that the

properties of thejoint plane changes with sample size. This scale

effect implies that data from a core sample test may not be

representative for an entire fracture plane in the field. Therefore,

a field test method is desi¡able to determine the s[ess

transmissivity relationship of a fracture plane.

In this article single borehole hydraulic injection tests together

with numerical modelling are used to determine an effective

sress-transmissivity relationship for a fracture plane. An

approximate analytical solution is also applied to analyse the field
test results.

COUPLED I{YDROMECHAMCAL BEHAVIOTIR OF A
ROCK FRACTURE

The flow rate (Q) along a fracture (Fig. lb) is affected by

changes in the effective stress normal to the fracture plane (o'').
It is a coupled process where a change in effecúve stress causes

mechanical deformation which in turn affects the fractu¡e

aperture and fracture ransmissivity.
The mechanical normal displacement (Av) of a fracture plane

can be related to the effective normal stress (o'n) according to

Goodman's classical model (Goodman, 797 4):

ci-aí' 
=,,, 

or, 
(1)

c'n Vo- Lv

where V*¡ is the maximum possible closure at the initial
reference stress, o'n¡. The initial normal stiffness can be
calculated according to;

, o'^,
k", =i: e)

I

I
(b)(a)

stess t.

Figure. I. Coupled hydromechanical processes in the rock mass

around a tunnel; a) change of sress and fluid pressure due to

excavation; b) coupling of stress and flow in single fracture.
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Rearranging equation (1) and including the initia-l normal

stiffness in equation (2) gives;

o"=!(r-!ì ,r,kr,\. o;)
The transmissivity of the fracture plane can be related to an

equivalent hydraulic aperture (e) according to:

r =+'g (4)' t2p*
where p* *d lt* are the density and dynamic viscosity of the

fluid. The hydraulic aper$re at a given effective normal stress is

(Zhao and Brown, 1992):
e= e,* Le= e¡+ l|v (5)

where e¡ is the initiat hydraulic aPerture at the initial reference

stress, o'ni. Âe is the change in hydraulic aperture as a result of
the mechanical normal .displacement. The factor f reflects the

deviation of a natural rough fracture from the ideal case of
smooth fracture surfaces.

Combining equation (3) and (5) gives a relationship between

the effective normal stress and the hydraulic aperture:

"=,,*#('-*)=',.*['-;) ,t
where Kn¡ is named hydraulic stiffness and relates the change in
effective stress to the change in hydraulic aperture. The hydrauiic
stiffness is equal or higher than the mechanical stiffness since the

factor fis equal to or less than 1:

k^,
*", =î (7)

Equation (4) a¡d (6) will complete a relationship between the

fracture ransmissivity and effective normal stress:

r=r,+p=,?*'81":.4l.,-+'l-l (8)
12tL*l' 

'(; \ 
6: ) )

Equation (8) shows that the initiaj aperture, initial normal

stiffness and the initial effective normal stress are very important
factors to define a relationship between stress and transmissivity
of a fracture plane.

During a hydraulic injection test (Fig. 3a) the effective sress
will be reduced by the increased fluid pressure inside the fracture.
At the same time, the hydraulic aperture is measured from the

injection flow. The coupled hydromechanical behaviour during-
an injection test is highly non-linear and requires numerical

modelling to be analysed.

FIELD TESTS

(a) (b)

Figure 2. Typical results of single borehole hydraulic tests on a

single fracture; a) pulse test. b) hydraulic jacking test.

NUMERICAL MODELLING OF FIELD TEST

The finite element model ROCMAS (t'loorishad et al, 1992) is

applied to simulate the single borehole injection tests of the

fractures. The code simulates coupled hydromechanical processes

of discrete fracrures and a porous rock matrix.

The conceptual model of the field test (Fig 3a) is analysed

with an equivalent axisymmetric model with an equivalent

hydraulic boundary condition at an equivalent radius @ig' 3b)'

The fracture is discretized into discontinuity elements with a non-

linear relationship between effective normal süess and normal

displacement (equation (3)). The current hydraulic aperture

deiends on the mechanical normal displacement according to

equation (5) with factor f equal to 1. The fluid flow is governed

Uy Oarcy's law with the transmissivity calculated from the

hydraulic aperture according to equation (4)'

Figure 4 and 5 present the modelling and expenmental results

of thã pulse test of the fracture at 356 metres depth' The

experimental and numerical results of the pulse test are in close

agreement to a pressure decay of about 50 Vo (Figrne 4).

Thereafte¡, the experimental result shows a slower pressure decay

than the numerical modeiling. This may be due to reduced

aperture of the fracture away from the borehole in the

experiment. In the numerical model, the apertue was assumed to

be constant and equal to 16 pm over the entire fiacture plane. At
85 percent of pressure decay, the pulse affects the area nea¡ the

wellbore to a radius of about 1 metres (Fig. a). An aperture of 16

microns may therefore be representative for the fracture plane of
2 meEes diameter nea¡ the wellbore.

The numerical model was calibrated to the experimental

results of the hydraulic jacking test giving the best fit for the

input parameters presented in the Table 1. At well pressures

below the virgin normal stress the fracture is jacked up with
maximum opening taking place near the wellbore (Ftg. 5)'

Therefore, the pressure-flow response is very sensitive to the

hydraulic apeffure (e) and normal stiffness (k") of the fracture

plane near the well bore. The fracture radius will have a minor

effect on the test results (Rutqvist, 1995b).

À
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Hydraulic tests were conducted on six sub-horizontal joints

intersecting a 500 metres deep venical borehole at the Rock

Mechanics Laboratory of Luleå University of Technology'

Sweden. The sub-horizontal joints are located at a depth of
between 80 to 4i7 metres in granitic rocks. The downhole

equipment consists of a sraddle packer with 0.65 meres packer

separation and downhóie pressure transducer. A valve placed

above the packer is used to conduct pressure pulse tests.

The joints were fi¡st pressurised and propagated by injection

of 5 litres per minute. Thereafter the fractwes were vented for 24

hours before the actual hydraulic injection testing was started.

A pulse test was conducted to determine the initial
transmissivity and the initial hydraulic aperture (Rutqvist' 1995a)

(Frg. 2a). Thereafter, a hydraulic jacking test was conducted in

cycles of step-wise increase (forward step-Pressue) and step-

wise decreased (backward step-pressure) (Fig. 2b). Fi¡st, the well
pressure was increased step-wise until a maximum flow rate of 4-

5 litres per minute was obtained. This cycle can be considered as

mechanical unloading of the fracture plane because the effective

stresses a¡e reduced as the fluid pressure increases. Then, the well
pressure was decreased step-wise until a back-flow from the

fracture into the well was obtained.

(a) 
o)

Figure 3. Models of the field test: a) conceptual model, b) finite
element model.
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Modelling

'When the well pressure is increased above the virgin normal

sÍess the pressure at the fracture periphery is gradually

increasing. At maximum flow rate of about 5 litres per minute,

the fluid pressure at the fracture periphery is equal to the virgin

normal sress. At this stage the fiacture opening has occurred all

the way from the well bore to the fracture periphery (Fig' 5)'

Therefore effective sEess across the ftacture and the fracture

normal stiffness is relatively low and the pressure+flow response

is dependent on the deformability of the ambient rock mass'

During the subsequent backward step-pressure cycle, the

fracture may squeeze to a smaller volume if the leakage to the

intersecting joints is larger than the injection flow rate' At zero-

flow rate the pressure is uniformly distributed over the fracture

plane and is equal to or less than the virgin normal sftess

(Rutqvìst and Stephansson' 1995).

From the two types of test and the numerical modelling the

three parameters needed to define the stress-permeability
relationship in equation (8) can be determined. Table 2 presents

the initial hydraulic normal stiffness, initial hydraulic aperture

and initiat effective normal stress obtained by modelling of the

field experiments on the six horizontal fractures. The results are

compared to the initial mechanical joint normal stiffness
determined on the core samples containing the same f¡acture. The

back-calculated hydraulic stiffness of the fracture plane in the

field is up to one order of magnitude less than the mechanical

Experimantal data

Table 1. Material properties for modelling of the injection test at

356

Table 2. Back-calculated parameters by numerical modelling and

mechanical normal stiffness obtained from testing of core

samples.

I1.5t21 100100004t7
9.51610005000356

6_0l65002000281

6.018125100025'1

3.5225001000131

),.2I3030081

Exp.
and

Morlel

Exp.
and

Model

ModelExperimentExperiment
and Model

Virgin
normal

stress, o"r

(Mpa)

Initial
hydraulic

âpenufe, e,

(pm)

Initial hydraulic
normal stiffness,

lÇ'

(GPa/m)

Test depth

(m)

stiffness of the core samples. This is likely to be an effect of the

different sizes of the fracture area in the field tests compared to

the laboratory experiments.

AN APPROXIMATE METHOD TO DETERMiNE STRESS-

TRANSMISSIVITY RELATONSHIP OF FRACTURES

During hydraulic injection the pressure and opening is uneven

over the fracture plane @ig. 5). Therefore, the one-dimensional
model governed by equation (6) alone cannot fully simulate the

three-dimensional hydraulic and mechanical response of a single

well test. However, an approximate solution may be developed

by considering that the mechanical response of the fracture plane

is dependent on an "average" effective stress in the fracture

around the borehole. Similarly, the well flow is dependent of an

"average" hydraulic aperture in the fracture near the wellbore.

The "average" hydraulic aperture is back-calculated from the

well flow according to Darcy's law and equation (4):

1.0

r Borehole

tfuruiapressure

È
fL

0.8

0.6
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0.0

Fluid pressure in fracture

tt 
Experimental data
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1o' 'lo' 1oo

TIME (Second)

Figure 4. Modelling and experimental results of the pulse test at

356 metres. Fiuid pressure in fiacture is schematically presented.

Back-

Pe

Modelling with P. = 3.6 MPa Modelling wilh P. = 9.5 MPa

012345
WELL FLOW (l/min)

Figure 5. Modelling and experimental results of the hydraulic
jacking test at 356 metres. Fluid pressure and change of hydraulic
aperture in fracture are schematically presented.

6Q.tt tn(r" /r*)
n(r* - r")

The "average" hydraulic aperture is assumed to be related to the

"average" normal shess according to equation (6). This equation

can be written in the form:
I

ê = ê¡ *v; +vnai, - 
(10)

()"

Now the hydraulic aperture is expressed as a linear function of
1/o', The average effective sress in the fracture during the

hydraulic injection test is approximated as:

oi = o',, + LP, 'C (1 1)

The factor C is introduced assuming that the "average" change of
fluid pressure in the f¡acture a¡ound the wellbore is proportional

to the change of well pressure. The approximate solution was

verified using the results of the numerical modelling at 356

metres depth. The calçulation showed that the approximate

solution can be applied with a factor of C = 0.44 (Ftg. 6). The

approximate solution follows the one-dimensional formula where

the hydraulic apertrue proportional to the inverse of effective
süess unfil the well pressure increases above the virgin stress

normal to the fracfure plane.
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Figure 6. Inverse of effective stress as a function of hydraulic

aperture. Soiid line depicts input data to numerical model.

Dashed lines are "average" values calculated from well flow and

well pressure using equations (9), (10) and (1 i).
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1.0Figure 7 presents the stress-apernrre relationship of the six

fractures calculated from the fietd data using equations (9) and

(10). Included is also the stress-aperture relationship based on the

results of the numerical modelling in Table 2' Now a residual

hydraulic aperture (e. = e, + Vr) can be determined where l/o'.
approaches zero. The slope of the line indicates that the fracture

at 257 metres has relatively low stiffness and a negative residual

aperture. This fracture was coated with calcite and weathered

pyrite and may therefore be clogged at high stresses.

A va¡iation of the C-factor of between 0.3 to 0.5 may change

the stiffness value by a factor of two. However, the solution

certainly gives a stiffness value within the same order of
magnitude as the numerical modelling and serves as a good

starting point for a fine tuned back-calculation with the numerical

model.

CONCLUSIONS

Initiat hydraulic aperture, initial effective stress and initial
hydraulic normal stiffness are the most important factors
governing the stress-transmissivity characteristic of a joint piane.

These parameters can be determined by single borehole hydraulic

injection tests of the joint. The hydraulic normal stiffness should

be back-calculated with numerical modelling but an approximate

one-dimensional expression (eq.9, 10, 11) can be used'

The combination of testing and modelling was applied to six

horizontal joints intersecting the same borehole in granititc rocks.

The results indicate that the normaì stiffness of the fracture is

dependent on the size of the fracture surface area. However, it is
likely that the method of field testing gives a stress-transmissivity

relationship which is representative fo¡ the entire fracture plane.
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356 m and Ð 417 m. Dashed lines are values calculated from the

field data using equations (9), (10) and (11). Solid lines a¡e

Stress-apemrre relationship based on data in Table 2.
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water cuftains in gas storage - An experimental study

Stockage de gaz dans des cavernes rocheuses sans revêtement - Effets du rideau d'eau

à Partir d'une étude Pilote

Gasspeicherung in unverkleideten Kavernen - Die Einwirkungen von Wasseruorhängen;
Ergebnisse einer Versuchsstudie

CARL-OLOF SÖDER, VBB

ULF LINDBLOM, Department of Geotechnical Engineering, Chalmers University of Technology, Göteborg, Sweden

ABSTRACT: Water curtains comprise an interesting method to enhance the storage capacity of compressed, unlined gas stolage and have

been used for more than 20 years får this purpose. At the Röda sten Rock Laboratory (RSRL), operated by chalmers University of rechnol-

ogy, tests were performed in a pilot-scaie rock cavern, explicitly constrLlcted fol gas storage experiments. The tests showed that no gas

te"lage o..u.r"à, pr-ovicled the water.cnrtain pr.essur", ot ãll points, was higher than the gas pressure. At gas pressures above 1'0 MPa,

conplete gas contarnment was not achieved due to hydromechanical breakdown of the rock mass caused by the water ctlrtâin pressure'

RÉsutr,tÉ: Les ricleaLrx d,ean représentent une méthode intér'essante poru augmenter la capacité d'emmagasinage des dépots sans dottblure de

gaz sous pression. Au laboratolre des r.oches de Röda sten, en activité à l'Ecole Polytechnique de chalmers, des essais dans une caverne

iito," a t'å"n"¡e, exclusivement construite pour l'emmagasinage des g^2, ontétê. effectués. ces essais montrent qu'aucune fuite de gaz n'a er'rt

lie' aussi longternps q.e la pression du rideau d'eau était en tous points supér'ieule à celle du gaz. Pour des pressions de gaz supérieures à 1 0

Mpa, une retenue complète¡u gaz ne fut pas réalisable à cause de le lupture hydromécanique de la masse rocheuse, causée par le pression du

rideau d'eau.

zusAMMENFASSUNG: wassel.vor.lränge umfassen eine interessante Methode zul Erhöhung cler Lagerungskapazität beim Lagern von

Gas nnter Druck, in Räumen ohne Verkleidung. Sie:haben seit i.ibel'20 Jahlen ftir diesen Zweck Verwendung gefunden' Im Felslabor Röda

Sten Rock Laboratory (RSRL), betr.ieben clurch die Technische Universität Chalmers, wnlde eine Modellversuchsanlage einer Felskaverne

geprüft, c¡e ausc¡.ticklich ftir versuche mit Lageln von Gas konstl'r¡ielt worden wal'. Die Pltifungen zeigten keine Gaslecks ân, unter

îórn,,rr"trung daB der DrLrck cles wasservor.hangs, an allen Punkten, höher war als der cles Gases. Bei Gasdrücken über' 1,0 MPa wurde kein

vollstäncliger ðaseinschluB er.reicht wegen hyclromechanischel Zelteilung der Felsmasse verursacht durch den Druck des wasservorhangs'

i. INTRODTJCTION

Stolage of gas undergronnd dates back to the beginning of the

cerltuly when depletecl gas and oil fields in the USA were used

foL this puryose. Even today, aquifer storage is widely used

where an appropriate geology can be found. Another llrethod
where the geological conditions are used as a natu¡al seal to
plevent the gas from escaping is storage in leached salt
fomations.

However, nature has only formed such geological settings in
certain areas. Storage in hard rock geologies nrust be based on

man-macle caverns to create the necessary volume. Storage of
pressurized gas in such caverns can be divided in two categories;

lined and unlined caverns, where the former has a gas-tight
nrenrbrane ofsteel or plastic attached to the cavern walls.

For any unlined storage, gas containment depends on the

plesence and pressure of wate¡ in the ¡ock mass around the

storage. The water plessure situation, aud thus the gas

contaimrent capacity, is combined effect of tlie natural ground

watel'pressure and the influence from the storage. Control ofthe
water pressure in the rock mâss prevents leakage and increases

the gas containment capacity; such control is possible by the use

of a water curtain.

The following paper summarizes the most important results of a

series oftests performed in a pilot-scale cavern at the Röda Sten

Rock Laboratory (RSRL), operated by Chalmers University of
Teclmology, Sweden. The material was presented as a doctoral
tliesis by the senior author (Söder,1994).

The gas leakage phenotneuom can be divided into two

processes, each of which is controlled by different factors; gas

entry (fi'om the storage into the rock joints) and gas migration

(Íurther tnovement of gas in the joint system) These two

processes were iuvestigated thoroughly by Åberg (1977) and

iater by Goodall (1986) tluough theoretical analyses and

laboratory tests.

The process of gas entry, i.e. at which conditions a meniscus of
gas is spontaniously developed at the mouth of a fracture, is

controlled by the capillary pressure in the interface between

water and gas. Laboratory tests by Ãberg (1977) and Goodall

(1986) showed that the necessary capillary pl'essure to prevent

gas entry varies signifìcantly under different conditions and is

ionu'olled by parameters which are more or less unknowl in a

rock mass; tiatul'al fiacture aperture, fracture connectivity and

disturbances florn the excavation. Consequently, Goodall, Ä'berg

and Blekke (1988) concluded that the most practical design

approach for gas storage was to prevent gas migration, llot gas

entry.

Gas migt'atiou is refeued to as further nrovement of gas already

existing in the joint system. A theoretical explanation of this

pl'ocess was first given by Á.berg (1977) who found that if the

irydraulic gradient in the vertical direction is large¡ than unity no

gãt ttl migrate frotn a storage. Later work has confrrmed this

ðriterion (Gooclall, 1986; Äberg, 1989) which can be generalized

for the entire cavelu periphery: the water pressure along all

possible leakage paths must increase for some small distance in

the direction of- potential gas escape (Goodall, '4'berg and

Brekke, 1988).
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Vat'ior-ts authors have reported from fìeld tests on diffe¡ent scales

where this criterion was adopted to establish gas-light

conditions; Gnstafson, Rhén and Bodén (1989) on borehole

tests, LiniUtom (198S) on air containment of a Swedish LPG

riotug. prior to còmmissioning and Goodall, Kjørholt' Tekle and

nro"t itOat; on the experience from nine air cushion suge

"t]urn¡"ì, 
i Norway. These facilities are important since tirey

represent full-scale, air containment test plants in various

gJ"gi."f conditions, being operated at different air and

grouudwater Pressures.

Tluee air cttshion surge chatnbers, Kvillclal, Tafiord and Torpa'

use a water cnrtain to control the air leakage' The performance

of these air cushion sttrge chambers at different water curtain

pr.ttt""t was reported by Kjørholt, Goodall' .Johansson 
and

ãì"tL.¡" (1989i and bv Kjørholt and B¡och (1992)' The

investigatioìs clearly showed that a water curtain can

,igninåntly inlprove the air containtnent capacity and probably

eiablishect air tight conditions at these sites; the small air losses

thal occtu'r'ecl weì'e explained to be caused by dissolution of air

in the water bed.

Cavern B

cavern A

Iligure t ; View of RSRL v'ilh cavet¡¡ A and cavet'tt B

2. AIMS OF TEST PROGRAM AT RSRL

As expiained above, international experience in general and the

Norwågian in particular, have shown that water curtains are

eflectiJe itt reátlcing or halting gas leakage' I{owever' large-

scale gas containment tests turder well defined and controlled

conditions was still lacking at tlie start of the test pl'ogramme at

RSIIL. These tests hacl tlie following airns:

- The hyclraulic characteristics ofthe rock mass should be

cletermined

Air leakage rates should be investigated at different atr

pressutes in a cavern without a water curtain

With a water curtain installed, the degree of air containment

at different air pressures and water curtain pressures should

be cleternrined.

The effects ofhigh water curtain ptessure on air

contairunent, causing shearing and jacking of rock joints

should be investigated'

- The effects ofdifferent borehole spacing in the water curtain

should be investigated.

- Monitoring of microseismic events, should be perfonned

clurirtg the tests.

Key results ofthe iests are presented'

3. SITE CONDITIONS

approxirnate dimeusions as indicated in figure 2' At the entrauce

u åo,t"r.t" plug is located, which was designed for au internal

pressrlre of 8 MPa to enable flitul'e tests with a liner attached to

tlie cavet'n walls.

In total 33 boreholes were drilled to create the water curtain' Out

of these, 28 l¡oles were drilled with a top-hammer percussion rig

(cliam. 64 nrm.). 5 borel'¡oles were col'e drilled (diam' 46 mrn') to

gain geological information of the rock mass around cavern A'

The length of the boreholes was approxirnately 40 m'

7m

4m 12m
Cross-section I.ength-section

Figu e 2: Principal layout of cmern A and lhe concrete plttg'

A series of tests witli compressed air, wliere the ground water

pressure was lìot contlolled, were performed to assess the uatural

ail contairu-nent capacity of the rock mass, to be used as

reference for the next stage ofthe project.

Tl.re water pressure around a storage can only be controlled if a

water cut'tain is constructed and operated corectly, To achieve

tliis, a water cut'tain was d¡illed, with the drillholes located at an

avel'age dìstance of 5 n'r from the cavern walls as shown iu ltgure

3.

Side elevation 2740

Plan view elevation l840

Figure j: Walet' cttt'tain at lhe cavern A, RSRL, based ot't devialiott

measut'enlellß.

RSRL is located in Göteborg on the Swedish west coast, at a

depht of 70 ni and approximately 30 m below the ground water

level (cavern roof). The site contains two caverns, cavern A and

cavem B, figure 1. Cavern A was designed for high internal

pressures while cavern B was designed for low temperature

tests. This paper describes tests which were performed itl cavern

A in the period 1990-1994.

Cavern A was excavated through couventioual drill-and-blast

technique without any reinfolcement lneasures and has the

Cavem A

pit
Pump
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Packers were installed in the water curtain bo¡eholes and we¡e

connectecl to a water supply system and a pump from which the

pressule in the system was controlled. The system was very

flexible ancl allowed seve¡al cotnbinations of boreholes and

pressures to be tested.

The rock lnass at RSRL is a massive, non-weathered, medium-

grained glanite of pre-cambrian age' Narrow veins of mylonite,

anrphibolite and qnartz appear iu the rock mass.

During drilling of the core holes, tneasures were taken to enable

olientation of the joints. The joints in all cores from the parts

closest to caveru A are shown in figule 4.

E

S

I;iguwL O\¡serted joints in lhe cores close lo ctwern A. Pltr,s signs (+)

rcprcsen! snoolh joinl .sn'faces and lriangles reprcsent tough joittl
sn'faces.

As a complerretit to core logging, cell rnapping was perforrned

insicle cavet'n A to obtain an estillratioll of the trace lengths for'

cliflerent joint sets. Based orl joint frequency atld trace lengths,

the following joint sets dominate the rock mass around cavern

4, AIR CONTAINMENT RESULTS

4.1 Leakage criterion

The single most important airn with the tests in cave¡n A at

RSRL was to verif the criterion by .Aberg (1977) in a large-

scale field test: if a vertical hydraulic gradient of at least unity
exist aror.rnd a storage, l1o gas cau migrate away from the

stol'age. This criterion can be generalised to: the water pressure

in the rock rnass close to the storage must be higher than the gas

pressure along all possible leakage paths (Goodall et al, 1988).

A firct series of tests was conducted to iuvestigate the air
containment capacity when only the natural ground water

pressure existed in the rock mass. Thus, no water curtain existed

at this stage.

Cavern A was filled with cornpressed air to a pre-defined

pressrìre, the inlet valve was closed and the pressure and

telnperatrìre contiuously tnouitored. From the general state

eqnation for an ideal gas, the total mass of air, m6¡¡y, in cavern A
was calculated as:

N

l,'l

,rr",r=ffi llrsl

.loint set

Auitude: N60W/85W 0/0 N20/30W N-S/60E N65E 0E

A compzrison with the observed joints in figure 4 indicated that

cole logs alone wel'e inadequate to produce a correct model of
the ioint systen. The core logs only produced cleat evidence of
joint sets A ancl E. In addition to joint frequency, the extension

of joint planes is an important factor for the geohydrological

behaviour of a rock mass (Long and Witherspoon' 1985;

Auderssou and Tlitrnvik, 1986 and Aldersson and Dverstorp,

1987). For the cell mapping at RSRL it was simply assumed that

the larger the trace iength , tlte larger the joint radius.

When possible, core logs should always, be compared with cell

rnapping of the sarne rock mass. The size of the cells must be

chosen according to the trace length of individual joints; if a

majority of the traces have oue, or both, ends outside of tlte
rnapped area, the estirnation of trace lengths will be difficult.

where: pr, = absolute gas pressure þo]
V = volume [m3]
Raír = individual gas constant for dry air,

287 [J/(keK)]
T¡, : absolute temPeratule [K]

The volume I/ was calculated as the total volume of cavern A,

330 m3, rniuris the volurne of water in the water bed.

For practical put'poses, the leakage was expressed as the

nounalised air volume per time unit. The unit used for
normalisecl air volutrre is Sm3 (standard cubic meter), i.e. the air
volume determined at atln. pressure and 20oC.

The rnaxiurnrn air pressure, /2, in cavenr A during these tests

was approximately 500 l,JJa; pr denotes pressure in excess of
atmospheric. Tlre resulting air leakage versus the air pressrtre, in
cavern A can be seen in figure 5. Two significant trends,

apploxiurated by two lines, can be identified; below an air
pressure of 114 kPa no air leakage was detected and above this

value a srnall increase in the leakage occurred. At air pressures

above 330 kPa, the inc¡ease in air leakage was considerable.

Inclucled in Figure 5 is also the global groundwater pressure in

the alea arouncl cavern A, 350 kPa, A reduced piezotnetric, near-

field pressure level of 170 kPa was monitored in an inclined

bolehole between cavern A and the near-by service turutel.
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Figure 5 shows that the break-th'ough pressure for air iu cavern

A was slightly lower tltan 114 kPa. Should uo service tunnel

have existed close to cavern A, the results indicate that

breaktluough wonlcl have occutred at an air pressure of

approxirnately 330 kPa, slightly smaller than the monitored

grorurcl water pressure of 350 MPa.

A tl.reoretical calculatioll of the breaktluough pressure was

performed, based on a method presented by Liang and Lindblont

(f qS+). This method assullles a liomogenous, isotropic rock

mass; the iuflnence of the service htnnel otr groutld water

pressu¡e can not be illcltlded irl the analysis' Based on this

illethocl, the critical gas pl'esstlre pgs becotnes approximately

110 kPa. Comparecl to the true breäkthough pressure of 330

l<Pa, it can be conclucled that this tnethod, at RSRL,

undelestimates the breaktluough pressure.

The rnost likely explanation for this discrepancy is that pressure

ch'awclowi iti a hourogenous continttum model due to an

excavation is overestiurated; experience both frou-r RSRL and

the Stripa ploject (Olsson 1992) seem to indicate a zone of

clecreasecl permeability arouucl the excavated cavern' Joint

closnle, clue to the excavatiotl and prevailing rock stresses,

together with tlie existance of bonded water dtte to capillary

foices in snrall joint openings, is a plausible explanation of this

zone. Orl the other hand, blasting damage atound an excavation

tencls to work in the opposite direction. Factors which changes

the pern.reability locally around excavations are at present the

subject of research within the Swedish nuclear waste disposal

progralnme.

At the next stage of the ploject, â water curtain was used to

contlol the water pressure outside of cavern A. The air pressure'

po, clrrling these tests ranged from 420 kPa to 1020 kPa The

¡r'r:ocedule of a test incltlded a stepwise clecrease of the pressure

clifference between tl-re water curtain alid cavel'n A until tlie
water supply pump was cornpletely stopped. The purnp was then

restartecl and the pressìire difference increased in reverse order'

Each pressure difference was maintained for at least 3 hours and

a stable air leakage rate was detennined.

The results of these tests are sttmmarized in fìgure 6 as air

leakage, Qair., verstls potential difference between the water

curtaitr aud caver¡r roof A/ty,s. A valùe of Lh*t larger than 5'5 m

con'esponds to a vertical hydraulic gradielrt above unity which,

u""ol,ling to Ä,berg (1977), should prevent gas leakage. Figure 6

cleally shows that Äberg's criterion was verified in these tests'

Accorcling to figure 6, the value of Lhy,¿ at breakthrough was

zero at the smallest air pressure, and then gradually approached

a value close to 5 m, as the ail pressr-rre increased. This implies

tirat, at the lower air pressures, the air flow was directed more or

less horizontally from the cavern roof' As the air p¡essure

increased, a gradualiy more vertical flow is indicated. This

behaviour could be an effect of capillarity in the vertical joint
planes wirich could have prevented air entry into these joints at

the lower air pressures.

This conclusion is supported by the results of well tests in the

water curtaiu. A sunmary of these tests is shown in figure 7,

where tl're hydraulic conductivity of each individual borehole is

represented by a filled circle. Hydraulic communication paths

are sclrenratically presented as follows: a solid line corresponds

to a clear corntnunicatiort; a broken /lne corresponds to an

nnclear or limited commturication; no line corresponds to no

communica-tion.

Hy(lrrulic con(luctivitv

lm/sl

. lo-ll. K . lo 
-lo

¡ lo 
lo. K. lo 

-9

o lo'9<Kclo-8
¡ lo-t. K. lo"7

Communic¡lion wilh c¡vern A

and hetween horelroles

- 
; ç196

'- - : unclcar or limited
communication

(no line) : no communication

a ao
l/
li

\I
aa

a a

Figttre 7: Snntmar¡' ofthe geohydrotogical cottdiliorts aroutd cavern A'

Tlie results in figr"rre 7 clearly show the cornparatively low

hydraulic conductivity and limited hydraulic communication in

the area above cavetu A. However, it is diffìcult to assess the

effect of capillarity fi'om field tests. Instead, any contribution of
capillarity should be i¡rcluded as an iucreased factor ofsafety.

4.2 Air containnrcn! at high air pressure

An operator of a storage will be interested in the tnaximum

amount of gas that can safely be stored. For this type of storage

the limit is set by the maximutn water pressure that can be used.

The additional costs ofa water curtain pressure increase (higher

water consumption, treatment of collected water in the storage

and higher design pressure fo¡ the equiprnent) are probably

small cornpared with the advantages gained from a larger gas

stolage capacity.

An incleased water pressure in the rock nrass will eventually

result in sirear failures of existing rock joints. At even higher

pressules, jacking of joints will occur (Pine and Batchelor,

1984). Due to dilation, shea¡ failures result in an increased

hydlaulic concl-rctivity around the watet' curtain. Jacking

represents a process which inevitably puts a lirnitation to the

water plessure. Norlnal stresses across joints are balanced by the

water pressut'e then; joint openings in water flow will increase

cù'arnatically.

Slieal failures were registred at RSRL by detection of
rnicroseismic events by a system of accelerometers, located

aronnd cavern A. The source location of these events was

deterr-nined based on the difference in arrival times.
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The source location analyses of microseismic eveuts was

perforrned by Cambome School of Mines Associates, U.K. and

the result is shown in figure 8.

,

I

e

S¡d¿ cl.vation l84o

.mié=g
I
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Figttr 8: Location of alla ercnts which cottld be located (+) Sensor localio¡ts

are marked with triangles (Y). (From CSMÀ, 1994)'

It appears fron.r figure 8 tilat the majority of the shear failures

occu¡ed in the rock mass outside the eastern wall of cavern A.

Outside the. west wall, tire ¡ock mass experienced jacking in
earlier experiments (He, 1992) which probably released a large

portion of the sliear failures at this occasion.

The micloseismic events staltecl to occrìr at a water cuttaiti
pressrìr'e of approxirnately 650 kPa wliereas the uraximrtur

pressrìre during the experimerlts was about 1650 kPa. An attempt

was made to predict tl.re pressure at which shearing of rock joints

would stalt, based on the method suggested by Pine and

Batchelor (1984). According to this rnethod, the limiting water

pressure is calculated from the prevailing in-situ stresses and

strength propelties of rock joints.

From the parameters determined at RSRL, the resulting critical

water pressrlre was calculated; the result is presented in figure 9

where the critical pressure (MPa) is given for a joint with a

clefined dip and strike in relation to the major principal rock

stress oi. Included are also the tluee dominating joint sets

together with a Schmidt-net to show their orientation' Joint set

B, which is almost horisontal, was assumed to have a dip

valiation of the order of 10o, conesponding to the results of
allnost vertical core logging. The strike of this joint set was not

well clefined due to its o¡ientation close to horisontal.
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Figure 9 shows that joint set B is the most critically oriented;

shealing was predicted to start at an injection pressure of 500-

1000 kPa (0.5- 1.0 MPa). With a maximum dip of 10', the

critical pressnre becotnes approximately 700 kPa' Joint set A
and E would require an injection pressure of almost 2000 kPa

(2.0 MPa) to initiate shearing.

Thus, the method by Pine and Batchelor (1984) resulted in a

prognosis of the critical injection pressure (appr' 700 kPa) in

vely goocl agreement with the trtle valt¡e (appr. 650 kPa).

Sl.rear failures did not seem to influence the air containmeut

capacity of cavern A; cornplete air tight conditions was possible

rìp to an air pressnre of 1020 kPa, well above the pressure where

shear failules started. When the air pressure was increased

fi"u'tlier, howevet, it was impossible to achieve air tight
conditions, even at very large water curtain pressures. The most

likely explanation ofthis behaviour is the opening ofhorizontal
joints. Such opening was successfully registered by instrunients

insicle cavern A, starting at a pressure of approximately 1000

kPa and increasing rapidly towards tlie jacking pressure of 1700

- 1 800 kPa.

Thus, conrplete air- contaimnent seems linked to opening of
joints lather than to shearing ofjoints.

5. CONCLUSIONS

5.1. Air containntent

Without a water cut'taiu around cavern A the breaktluough

llressure, controlled by the global groulldwater pl'essure, was

detelmined to approximately 330 kPa, slightly smaller than the

prevailing ground water pressure of 350 kPa. A homogeneous,

2-D, continuunr model undelestimated the breaktluough

pressul'e, drastically.

Local changes in the hydraulic conductivity due to the

excavation seelns to be a plausible explanation for the

brealcthrough plessul'e being higher than predicted by the

rnodels. This is, however, a fielcl where the knowledge is not

satisfactory. Further research would irnprove prognoses of, for
example, water iuflows to tttmels and other excavations.

With a water curtain iu operation it was possible to maintain

complete air contaiument at a maximum pressure of 1020 kPa

(in excess of ahnospheric pressure), which is about tluee times

larger than without a wate¡ curtain. It was shown that no air

leakage occurred tluough the rock mass in situations when the

water pressure increased along all rnigration paths away fio¡n

the cavem; tlie results implied that capillarity en.hanced air

contairuneut at the lower air pressures and that tl.ris effect was

leduced when the air pressure iucreased. However, it was found

unlikely that such effects could be predicted from field

investigations. Instead, gas contain¡nent assements are

l'econimended to be based on the general criterion by Goodall et

al (198S); ifcapillarity effects exist, they can simply be included

as an inct'eased factor ofsafetY.

The requiletuent to maintain the lock mass water saturated at all

times was found to be inadequate; the experience of all tests at

RSRL levealed that exJensive air leakages into the rock mass

had no influence on the terminal air containmellt capacity of the

cavern. The sarne held true even in the tests without a water

cultain; when the air pressure dec¡eased below the ground water

pressule, after a breakthrough, tlie containment capacity was

soon re-established.
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5.2 l-lydr o nt echatti col b r eakdown

The microseismic system at RSRL successfully registred several

events inclentified as shear failures of existing rock joints. The

injection pl'essure required to initiate shearing was calculated to

approxilnately 700 kPa, with expected variations of the

orientation of rock joints accounted for. Actual shearing was

detected when the injection presslìre reached 650 kPa' A
significant result is that shear failures alone did not seem to

inflnence the air colrtairur'rent capacity of the rock mass.

When the watel ct¡rtain pressure was increased above

apploximately 1000 kPa, defomration gauges registered the

opening of horisontal joints in cavern A. At slightly larger

pressuïe, air-tight conditions could not be maintailled ally lnore.

It should be lecognized that the actual jacking pressure at RSRL

was of the orcler of 1800 kPa, calculated by the method

presentecl by Bloch (1982) anct verified by FIe (1992).

Thus, the opening of joints seelns to stan at lower hydraulic

pressure tlian pledictecl by theoretical metliods. Since air

contaimrrent capacity appears to be jeopardised by opening of
joints, a rnore refined analysis of nou-elastic deformations clue to

the pressure both in the water cultain and in the cavern is

necessary. Today, the knowledge in this field is lirnitecl.

Before any aualyses, as described above, are performed it is

suggested that the conservative criterion of shea¡ failure is used

to define an rìpper limit of the water curtain pressure. As shown

by Gustafson, Lindblom and Söder (1991), this wôuld allow for
a maxir.nunl over-pressllre ratio of 2.0 times the prevailing
glouncl water pl'essure, Compared with a gas storage without a

watel curtain tliis cottlcl still allow for a considerable increase of
storage capacity.
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Grouting in theory and practice - A case study from Aspö HRL, Sweden

Théorie et pratique du forage des puits par cimentation- Une étude 99jqt {'Aspö HRL, Suède

Grouting in TheorË und Praxis - Eine Fallstudie vom Aspö-HRL in Schweden

T.JANSON & H.STILLE, Royal lnstitute of Technology, stockholm, sweden

G.GUSTAFSON, Chalmers University of Technology, Göteborg, Sweden

ABSTRACT

The tunnelling work for the tunnel at the Äspö Hard Rock Laboratory, Oskarshamn, Sweden, is completed. The tunnel has passed rock of

different quality ancl sever.al zones of difficult wate¡ conditions. Grouting technology has been developed in order to deal with the

difficult conditions, high permeable zones with high water pressure and limited penetration of the grout into the rock. Grout properties

have been tested for different types of grout. The grout properties var-y depending on concentration and type of admixture. The theory of

grouting has also been developed in order to better predict grout take and penetration. The theory indicates that there are three main

!.oup. ãf tu.tors : grouting technology, hydrogeology and geology. Comparison of theoretical grout take and penetration with measu¡ed

values has been car¡ied out with promising results.

RESUME

Le percement en lui même du tunnel du Äspö Ha¡d Rock Laboratory à oskarshamn en suède est maintenant terminé' Le tunnel traverse

des roches de différentes qualités et plusieures zongs de problèmes hydrauliques délicats. Des techniques d'injection ont été développées

pour faire face à des difficultés comme des zones très ierméables à haute pression hydraulique et à faible capacité d'injection dans la

roche. Les propriétés de différ.ents types de coulis ont été testées. ces propriétés dépendent de Ia concentration et du type d'adjuvant

utilisé. Les recherches ont aussi été o¡ientées en vue d'obtenir une meilleure prédiction théorique de ia pénétration et de la prise du coulis'

ces recherches font apparaître tr.ois facteurs déterminants: la composition du coulis, I'hydro-géologie et la géologie du milieu' Les

conclusions obtenues après la comparaison des résultats théoriques de la pénétlation et de la prise du coulis avec des vaÌeurs mesurées sur

ìe tefrain sont Prometteuses'

ZUSAMMENFASSUNG

Die Tunnelarbeiten ftir das Äspö Hard Rock Laboratory in schweden sind abgeschlossen' Der Tunnel läuft durch durch Fels mit

unterschiedlicher eualität und mehrere Zonen mit schwieiigen Grundwasserverhältnissen. Injizierungstechnik wurde entwickelt, um die

schwierigen Felsbedingungen mit dtrchlässigen Zonen unter hohem Wasserdruck und geringer Eindringtiefe des Injiziermaterials zu

beherrschen. Die Mörteleilenschaften änderten sich mit deren Konzentration und Zusammensetzung. Ein theoretisches Modell wurde

entwickelt, um besser die Eindringtiefe und den Mörtelverbrauch vorhersehen zu können' Die Theorie zeigt, dass drei Faktoren

haLrptsächlich von Bedeutung sind: das Injizierverfahren, die Hydorlogie und die Geologie' Ein vergleich des theoretisch ermittelten

Möitelvolumens und de¡ Eindringtiefe mit gemessenen werten is vielversprechend'

1 INTRODUCTION

The purpose of grouting is to create a watertight zone around a

tunnel. This watertight zone should fulfil a tightness requit'ement

which corresponds to a ce¡tain penetration length and a filling of

the aperture of the fractules. Research into the fundamental

mechanics of gronting has been going on at the Dept of Soil and

Rock Mechanics, Royal Institute of Technology Stockholm, since

1983, sponsored by the Swedish Rock Engineering Research

(SveBeFo). This has led to two doctoral theses on theory of grout

flow (Hâssler, 1991) and grout properties (Håkansson, 1993)'

Some theoretical developments have shown that the penetration

length is dependent on the pressure, grout mix and the fracture

apelture while the grout volume is dependent on the penetration

length and the rock porosity for used mix'

Particularly difficult and comprehensive grouting work have been

carried out for the tunnelling project at the Aspö Hald Rock

Laboratory, Oskarshamn Sweden' (Stille et al, 1993, 1994)' The

grout mix has been developed and investigated in order to find

suitable combinations which deal with difficult conditions, highly

conductive zones with high water prcssure. A palticular reqttire-

ment of this project is that a limited grout penetration is desired in

order to avoid excessive ground water contamination around the

tunnel. Three analytical models have been developed to predict

the grout take. A theory for predicting grout take and penetration

is presented and applied to the experience gained in the tunnel'

2 PREDICTION OFTHE GROUTING

2.1 General

The analytical models are based on the following assumptions :

the flow of grout has to come to a standstill, the flow is slow
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(laminar), ancl both the grouting pressure' AP, (pressure between

grouting over pressure and pore pressure) and the yield value, t6,

ãfgroot are known and have a constant value during the grouting'

2.2 Model I

Assumption

The fracture can be described as a circular disc with a constant

aperture b (figure 1). The fracture disc intersects the drill hole and

the grout mix will fill the disc symmetrically' f'he flow of grout

has come to a standstill when the penetration reaches the maxi-

mum length I¡. The number of injected discs along the dlill hole'

N, is supposed to be the same as the number of conductive frac-

tures.

Figure 1 In model I the penetration takes place in a circular

disc

Corurcctiotts

The penetration length fol the grout is expressed as

bo

Figure 2 In model II the penetration takes place in a part of a

disc

Connections

The penetration length for the grout in the section can be ex-

pressed as :

ÂP.bl
t_rlt - -;-¿.fo

The grout volume for all the discs along the bolehole can be cal-

culated according to :

The water loss measurement in a drill hole can be expressed as

(Hässler 1991) :

^P*.Nb?r 
cxôtt*= l21r* ;F*

where AP1¿ is the water over pressure calculated from a certain

distance L flom the drill hole. W is the length of fracture aperture

crossing the drill hole wall, normally assumed to be the circum-

ference of the drill hole.

From the water loss measurement and the estimation of the

spreading angle a prediction of the grout volume can be carried

out as :

/ 
^p 

\2 12. Q*.p* /. ".L'\Vhorc"ar=l*rj rLp_'rnlr+ w J

From the estimated number of conducted fractures the fractut'e

aperture and thus the penetration length for the grouting can also

be determined.

2.4 Model III

Assuntptiort

In model III the rock is described in more detailed than the other

models. Grouting in model trI is based on the assumption that the

grout flows out into a system of discs (figure 3)' The geometry of

discs and penetration of grout are described by a number of geo-

logical parameters.

Figure 3 In model III the penetration takes place in a system of
discs

b

v = 1fr.u,,.]. N

Il ^P.b')--'0

The grout volume for all the discs along the borehole can be cal-

culated according to :

V = I?. n.b.N

From the water loss measurements the transmissivity, T, can be

expressed as:

Nb3.p*.g'ï'- 

-

12.þ*

Based on the relationship between the penetration length and the

number of discs along the drill hote and transmissivity, the pre-

dicted grout volume can be estimated as :

/ 
^P 

\2 12'T'P*
vhore.or =l^ l'-"n,rurqlur 

[''toJ P*'8

Flom the estimated numbel' of conducted fractures the fracture

apertrìre and thus the penetration length for the grouting can also

be determined.

2.3 ModelII

Assumptiott

This model is an analytic simplification of Hässler's (1991) geo-

metrical model. The principle is that the grout flows out in a sys-

tems of channels in the rock. The area of each of the injected

channels is added together and the total area is described as a sec-

tion of the disc. The disc section is defined by a spreading angle

a, which is dependent on the geology, and is assumed to have a

constant apelture b¡¡ (figure 2). lt is further assumed that water

flows in the same channels as the grout.

õ
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The discs have an average aperture b, where b can be described as

the product of a palameter 0 and the hydraulic aperture b from the

water loss measurement
6=0'b

The parameter p is the ratio between total disc area and the area of

the primarY disc.

N. is the number of discs which are grouted and intersect the drill

nåe and can be deternined as the product of a ¡eduction parame-

ter I and the number of water conductive discs :

Nr=1N

The penetration length is calculated from bg and 1', where l' is a

parameter for the curve way in the disc, accordingly the quotient

between the curve way and the radial way for the penetration'

The parameter r is described as the quotient between the channel

apertule bg and the hydraulic âperture from water loss measure-

nìent :

r = belb

Corutections

The penetration length for the grout in the disc system can be ex-

pressed as :

^P.b"Ilil =: 
^¿'xo'lt

The grout volume for the disc system along the bórehole can be

determined as :

,r2 -
vhole,cat -'¡¡¡bnBN,

Fron the water loss measurements the transmissivity, T, can be

expressed as:
Nb3.p*.8

t2'þ*

From the tlansrnissivity and determination of the five different

geology parameters (T, *' I, 0, F) the predicted grout volume can

be estimated as :

z r2.T.lLw yo'. e. p.r,

bearing and the most intense part was highly fractured and partly

clay-altered. The lock quality was poor in both zones.

Transmissivity has been recorded in the probe holes drilled every

20 m. In general, values in the range of 0.5-1.0*10-7 m2ls have

been recorded, but in the two major zones, values have been

recorded in the range of 2 000-15 g6g't 1g-7 ¡1275.

3.2 Grout ProPerties

Several different mix designs have been investigated in order to

find suitable combinations. The investigation focused on the rheo-

logical properties, i e yield stress and plastic viscosity, of the dif-

ferent fresh cement grouts. Rheology plays an important role in

the grouting; for exemple; the yield stress will limit the penetra-

tion length. In general, suspensions possess a very complicated

rheological behaviour. This complexity is due to various physical

and chemical interactions from both the fluid phase and the solid

phase. Such complex behaviour introduces problems in the mea-

surement and evaluation of the rheological ploperties (Håkansson,

1993),

The rheological ploperties and the effect of different manipula-

tions were evaluated by using a Brookfield Rheoset rotational vis-

cometer. The measurement could continuously be carried out in

the same flttid sample, enabling the change with time to be ob-

served.

Firstly, a grout called Stabilo grout was used; this grout has been

used extensively in grouting works in Sweden. Later a highly ac-

celerated grout with calcium chloride was developed to better

withstand the higher water pressul'e encountered in the tunnel'

Stabilo grou.t

The mix design with grouting cement, bentonite, plasticizer and

silicate provide the desired rheological properties. In order to im-

prove the penetration in finer fractures, the grouting cement was

changed to a finer cement, Mikrodul P (Micro). The mixes at'e

shown below (table 1), where Std was the standard mix design,

Styv was a stiffener mix and Acc has an accelerating effect on the

setting time.

It was confirmed that the temperature has an effect on the proper-

ties and the tests were carried out at low temperature, about the

same as the rock 8-10oC. Low temperature will decrease both the

yield stress and the plastic viscosity and slow down the reaction

rate.

Table 1 The tested mixes for Stabilo grout

Nanre std Styv Acc Micro

/¡p\
vhorecar=[a,l

P*' I ?,"2

From the estimated number of conducted fractures and the param-

eter K, the fracture aperture and thus the penetration length for the

grouting can also be determined.

J DOCUMENTATION OF THE GROUTING

3.1 GeologY and hYdrogeologY

The bedrock at the Äspö Hard Rock Labratory is dominated by a

granite which in mineralogical composition valies from real gran-

ite to a mo¡e diorite variety. The rock quality has in general been

good or fair according to the RMR classification system' The tun-

nel direction is N-S.

The main hydraulic structures are single fi'actures, faults and

fracture zones, The single water-bearing fractures form a steeply

dipping NW-SE striking set. The faults dip gently with the same

NW-SE strike (Munier and Hermanson, 1994)' Two of the majol

fracture zones have ¡esulted in very comprehensive grouting

activities. The first zone was a 45 nl wide zone composed of a

nnmber of subzones ancl the second zone was highly water-

Cement

wc
Bentonite [70]

Plasticizer [%]

Silicate lo/ol

(solution)

Degerham

l.J

2.0

1.0

3.0 (40)

Degerham

r.0

3.0

2.0

4.0 (40)

Degerham

1.0

2.0

1.0

3,0 (40)

Microdu¡

2.O

2.0

I,O

2.0 (40)

Stabilo grout results

The result ate shown in figure 4. The following observations have

been made : a decrease in the W/C tatio increased both the yield

stless and the viscosity; the bentonite influenced the grout by in-

creasing both the yield stress and the viscosity due to the ability of
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-^cc'

'Slyv'

'std"

'nìicro'

the bentonite to absorb water; the plasticizer separated the indi-

vidual cement grains and made them less prone to form agglomer-

ates. In ordinary cement grouts the plasticizer will clearly give

lower yield stress and iower viscosity. When silicate was used' it

increased the yield stress. Grout with both plasticizer and silicate

increased the yield stress (due to the silicate)'

Table 2 Grout volume and hole length

Fracture zone I Fracture zonc II Remaining parts
of the tunnel

30

20

t5

l0

5

Grout volume [l ]

Drill hole length [m]

Grout length of the
tunnel [¡n]

Average grout voiume
per meter tunnel [l/m]

Drill length per meter
of tunnel [m/m]

50 000

3050

3l

t 6l0

98

70 000

70ó0

30

264000

11 840

I 160

l0

2302330

235Ê.

q)

!
o

lìigtrlc 4

30 60 90 120 lsn

Tirnc Irnin]

lnvestigation on Slabilo grout, for the yìeltl valLre

Calcium chloride grout

Irr order to meet the conditions in the tunnel, new grouts had to be

designed and tested. The new mix used calcium chlolide to

achieve a more accelerated grout with the fotlowing compositions

: Degerhamn grouting cement W/C 1.0 or 0'8 and 15'0 7o chlo-

ride.

The grouting was mainly concentrated in four different sections

along the tunnel (figure 6). The grout volume in each section var-

ied from 10 Vo to 25 7o of the total volume fo¡ the whole tunnel.

The first two sections are the two major fracture zones, section

970 m to 1000 m and 1270 m to 1360 m respective' The third sec-

tion is section 1360 m to 1390 m which is in typical tunnel geol-

ogy but near the fracture zone II and it has a high transmissivity.

The fourth section is section 2010 m to2160 m which is a long

section with several minor fracture zones and fracture swarms

(Munier and Hermanson, 1994).

180

Cølcium chloride results I

The lesults are shown in figure 5. From the study it is clear that by

aclding calcitrm chloride, the setting time can be altered' The grout

*o, ul.y sensitive to disturbance during the first part of the hard-

ening piocess. As long as the mixing was going on the hardening

p.o.ãrì rvas delayed and the grout had rheological properties simi-

lar to ordinary cement grout but with a higher yield stress'

100

$oo
c80o'E ro

ø60
o
€:o
'* 40
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Figure 6 Distlibtrtion o[ grotlt take along the tunnel
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FigLrre 5 lnvestigatiort o¡r crtlcitttn chlolide glotrt, for the yieltl

3.3 Grouting performed

A total of 136 groutings have been carried out aìong the tunnel

where 52 of these groutings, or nearly 40 Vo, are related to two

fracture zones. The total grouted volume is 384 000 l, excluding

bore hole fillings, where the two zones have consumed 120 000 I'
or about 30 Vo, of the grouted volume (table 2). A total of 21 950

m grout holes have been drilled for the grouting.

Extraordinary grouting was performed for the two fracture zones'

Table 2 demonstfates that the fracture zone II has a high average

grout volume. The high volumes of grout in the zones are a result

of the high degree of regroutings performed at the zones

4 Application of the models

4.1 General

The water loss measurements were carried out in all the boreholes

before the grouting started. The grouting of the first hole will in-

fluence the transmissivity for the rest of the hole in the fan.

Because of this influence only the first grouted borehole in each

fan could be used in the analysis. Ofthe total 136 fans,44 have

been used for the analYsis.

Pressure and grout mix have often been varied during the grouting

of a hole. The pressure and yield value used in the calculation

have been determined as the mean value for the hole. The number

of fi'actures has been estimated based on the geological mapping

(Stanfors et 
^1, 

ï993, 1994).

In order to calculate the grout takes, the described models need

some geological data. For model II the value of the spreading

angle has been supposed to vary with the rock quality, which

gives a value between 0.2 - 2.4 rad. The lowest value is valid for

the poorer rock because in poorer quality only a few fracture leads

watel and the rest fractures are filled with gouge. For model III
the values given in table 3 has been used.

-r- 
chlorlde 159å ilc 1.0

- 
+- chlolde 151'. w/c 0.8
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Table 3 Estimation of geology parameters in nrodel III Table 5 Penetration length comparison belween the models

Model Mean length [m] Median length {ml Acccptable
Consideration Paramete r Value

Number of fractures

Channel aperture

Average âperture

Grouted path

SecondarY fracture Plane

0.05 - 0.40 : Depending on
rock quality and type of

fractures

4.0

t.0

1.5

Number of fracture sets dived
by two

ï I

tr

m

5.8

13.0

t4.9

4.9

2.8

1 1.8

45 o/o

16 o/o

59 Vo
K

0

À

Þ

It was observed thât poor rock had many fractures which were

more or less concluctive but just a few of the fracttlres could be

grouted, this yielded a smaller ] value' The good rock have few

fractures but many of them wele highly conductive and could take

grout, hence the ]value is higher.

4.2 Grout take

The calculated volumes have been compared to measured values

for the three models. The ratio between the calculated and

measured grout volume has been determined. The models are

complete if the ratio is 1.0. Table 4 shows the average and median

ratio for all fans. The models can be said to be reliable if the ratio

is in the range of 0.5 to 2.0, table 4 shows the percentage of ratio

in this range. A regression analysis has been carriçd out with the

measured and calculated volumes as variables. The correlation

coefficient r is shown in table 4' The comparison between

calculated and measured grout take can also be seen in figures 7-

9, where the lines represent the limits for reliabilify are shown.

Table 4 Volume comparison between the models

4.4 Comparison between the models

The ability of the models to give an acceptable prediction is

expressed as the ratio between the number the acceptable out-

comes and the total number. The results are given in table 6.

Table 6 Comparison between the models

Model Grout volume
[4o)

Penetration length
[o/ol

I

tr

il

36

30

59

45

l6

59

Model Average
ratio

Median
ratio

The average is higher than the median, because some holes have a

much higher calculated value than measured' Accordingly the

median is more useful to compare. Model III gives a better result

than model I and II for all comparisons.

4.3 Grout penetration

The penetration length can be calculated on the basis of the mea-

sured grout take. The calcuiation for model I is simple, since only

the number of f¡actures has to be estimated. For model II the

results from water loss measurement have been used so that the

actual value of the spreading angle can be calculated. The situa-

tion is similar for model III. The result from the water loss mea-

surement has been used and the ratio between the channel aperture

and fo¡ the hydraulic aperture has been calculated. The remaining

parameters have been estimated according to table 3.

For the grout penetration the acceptable value is between 5 to 15

m which was the actual span measured in the th-r'ee water-bearing

zones at the tunnel. The results of the calculated penetration are

show in table 5.

Model I
This model is the simplest one and gives a moderate result for

both grout volume and penetration length.

l0

0.1

0.01

0.001

Reliability The r value (the
idcal value is 1.0)

I

II

m

t;16

2.07

1.80

0.71

0.58

0.90

o.62

0.56

0.71

36 o/o

30Vo

59 7o

o

0
u

O

0.00r 0.01 0.1

Measured grout take [m3]

l0

lìigule 7 Cornpalison between calculatecl ancl nteasltted gtottt

lakc fol rnodel I

Model II
This model is sensitive to the input data and therefore sometimes

gives the wrong results..Minor errors in measured grout take and

water loss can give large errors in the spreading angle and thus in

the penetration iength.

A

o
a

a

I
a

^

a
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^

a

^
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^

75



o
at

a

OD
o

a

Irigure 8 Cotnpalison between calculated and tlleastttecl gtortt

take for nlodel Il

Model III
This model gives the best results but is the most complex one and

needs a good knowledge of geology to be used. One impoltant

factor is that the model distinguishes between glout and water

take in the fractures.

0.01

0.00t

0.001 0.01 0.1 I

Measured grout take [m3]

lìigule 9 Cott-rpat'ison between calcLrlated ancl nrcnstlled grottt

take for nloclel Ill

5 CONCLUSION

The theoretical models point to three main categories of factors :

grouting technology (grouting pressure and grout propelties),

hydrogeology (transmissivity and fractures polosity) and geology

(number of fractures, fracture aperture and geometry)'

For all the models, the yield value of the grout is a very important

parameter and a small error in the measurement and estimations

ãf this value can result in a large er¡or in the calculation of grout

take.

The grout take is directly dependent on the transmissivity value'

The estimation of the transmissivity is dependent on the evalua-

tion method and what is measured - the first borehole or the

whole fan.

The knowledge of how the geology influences the spreading of

grout in rock is poor. In model trI different geological parameters

have been used with good experience but more investigations

will be needed to make a classification system for grouting'
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shotcrete as a tunnel lining - A laboratory study

Le béton projeté comme revêtement de tunnel- une étude de laboratoire

Spritzneton als Tu nnelauskleidung - Eine Laboru ntersuch u ng

YANT|NGCHANG,VattenfallHydropowerAB,Ludvika,Sweden

HÄxnru STILLE, Division of Soil and Rock Mechanics, Royal lnstitute of Technology, Stockholm, Sweden

ABsTRACT: This paper presents a laboratory study concerning sho-tcrete as a tururel lining applied on irregular tunnel surfaces' The

problem concemed is first presented. A description ãf trr. model"test is given and major fìndingjfrom the study are presented' The main

conclusion gained from the study is that the irregularities oftunnel surfacis are unlikeiy to have negative effects on the general safety ofa

tunnel.

nÉsu¡rli: ce document présente une étude laboratorie en ce qui concerne béton de spray comme u-n revêtement du tunnel, appliqué sur

des surfaces inegulières åu tunnel. D,abord "" 
i"-å"i-i" p-ulc.. Ensuite une dèsciiption de I'essai du modèle est présentée' Des

résultats majeurs de l,étude sont exposés 
"t 

tu .on"lurion p¡n'.ipur est la suivante: Des irrégularités des surfaces d'un tunnel n'ont pas (ou

peu probablã) d'effects sur la sécurité générale du tunnel'

ZUSAMMENFASSUNG: Der vorliegende Bericht beschreibt eine Laborstudie bezüglich der Anwendung von Spritzbeton zur

Tunnelwandverstärkung an unebenen õb"rfla"h"n. Zuerst wird das Problem dargestellt. Dãnach. werden die Modellversuche beschrieben

und die wichtigsten Ergebnisse beschrieben. o.r ri*ptr"irluä,J 9i9r.¡ studie i;t, daß es unwahrscheinlich ist, daß unebenheiten an der

Trrnneloberfläche einen negativen Einfluß aufdie allgerneine Sicherheit des Tunnels haben'

I INTRODUCTION

When a tunnel is excavated by the drill and blast method, tunnel

surlaces are usually uneven and waved, sometimes there is

substantial overbreaking due to the nature of the rock mass or

unfavourable blasting pãtfot*un... The unevenness or irregulari-

ties of the tunnel surfaces make tunnel sections deviate, some-

iim"s signin.antly, from designed sections which a¡e often of
pertectly"circular, elliptical, horse-shoe shaped or rectangular in

ihop.. Wtt.n thot"retè is used as tunnel lining, the shotcrete will

ioffå* tfr. irregularities of the constructed tunnel. Because tunnel

support analysi-s and design are performed based on those perfect

design sectiäns, the foúowing questions are often raised in

tunnelling practice:
i. howïuch does a shotcrete lining applied in a tunnel behave

differently fi'om the design ?

ii. is it necessary to ñll the overbreakings with shotcrete ?

iii. is it n.r.rráry to have a smooth finished tunnel surface to

meet the condition of design ?

Answering those questions has significant importance to an

economical ãnd fast tunnelling performance, since filling over-

breakings with shotcrete is costly and time-consuming By careful

blasting the roughness ofthe tunnel surface can be reduced But it

.un nãu., be guaranteed that overbreaking can be avoid'

Moreover, trnoot-h blasting in tunnels can be time-consuming and

expensive.
in the past, some work concerning this problem in hard rock

have been done (e.g. Holmgren' 1975; Fernandez, et al, 1976),

whereas little has bãen found in the literature with reference to

weak rock. This paper, with focus on weak rock, presents a study

on the interaction 6etween a shotcrete lining and uneven tunnel

surfaces by laboratory model testing. The model testing is aimed

at gaining overall information on the behaviour of shotcrete

tiniñgs apltied on waved tunnel surfaces. Numerical calculations

ur. iro cãrried out in order to study the rock behaviour around

an uneven tunnel by means ofground reaction curve concept The

study was done ai the Division of Soil and Rock Mechanics,

Royal Institute of Technology, Sweden,

2 SCALEFACTOR

In order to relate the results of a model test to an actual

iunnelling practice, similitude laws must be derived' This is done

by dimensional analysis based on Buckingham's n-theorem (e'g'

såe Langhaar, 1951i. For the purposes ofthe model test ofthis

study, tñe tunnel lining probløn is treated as a static and non-

body force problem. Therefore velocity, acceleration and density

ur. îot takån into account. For such a problem, the following

conclusion have be drawn by the dimensional analysis (Chang'

1e94),
For n stntic, tton-body-force tunnel lining ptoblenq n contplete

sinúIøri$ befween a- model and prototype can ,be 
nchieaed, if

the nntäinl properties and load conditions of the nrodel are

identicnl to'thise of the prototype, and Toaided thøt the

geonrctrical scale is satisfied'

In ieality, it is impossible to find a model material identical to the

.o"k .äss in wirich a tunnel is driven. However, the above

statement tells us that if the model materials are chosen so that

properties of the materials are fairly close to that of a practical

iuså, un¿ the geometrical scale is satisfied, the results obtained

from t¡e moJel tests can be well related to the tunnel by

similitude laws.

3 DESCRIPTION OF THE MODEL TESTS

The dimension of the model is l.6m x l.6m x 0 5m and the radius

of the "tunnel" is chosen as 0.4 m' The rock material is made of
cement, bentonite, sand and water. The material properties were

intensively tested by Holmberg (1992) with uniaxial and triaxial

tests. Th; mechaniðal properties of the model material are given

in Table 1. which shows that the model material iS equivalent to

rock class IV (poor rocþ in aócordance with the Geomechanics

Classification fór Rock Mass Rating ßlvß'). Therefore' the test

results are applicable to poor rock conditions according to the

statement given above.
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Tablc 1. Properties ofthe rock material residual strength. This indicates that the irregularities of a tunnel

surface will unlikely affect the general behaviour of a shotcrete

lining. The r.uson iot the higher residual strength of the doubly

wavãd models is likely due to the contribution of the steel frbres

used in the linings. Another reason could be that the irregularities

of the tunnel tuLfu.. provide somewhat resistance to the lining

sliding along the tunnel surfaces after the failure of the lining, as

illustrated in Figure 3.

Modulus of elasticitY
Poison's ratio
Unia,xial strenglh
Friction angle
Cohesion
Dilation a¡gle

80 - 100 MPa
0.2
0.7 - 0.9 MPa
150 - 200
0.2 - 0.3 MPa
200

The lining material consists basically of standard cement' sand

and water (w/c ratio is 0.4), while steel fibres of oR¡vrx 30/50are

incorporated 3% by weight for some rnodels' The thickness of the

lining is 1 cm excePt one model.

Tñe model is loaded by six jacks from two sides (three on

each), providing hydrostatic load-conditions' Using the

a*iry**åtri"ul piinciple, the "tunnel" is located at the corner in

ordér to have an easy access for placing lining and convergence

meters inside the tunnel. Instrumentation consists of devices for

measuring the radial deformations of the tunnel and the oil

pressure in the loading system.

Totally, seven models as listed in Table 2 are tested Three

moclels fith a circular tunnel, two of which are lined, are tested

and they provide a base for comparison' Model No 2 had a too

thick lining and its results are e)dracted from the comparison

Two typeJ of irregular surfaces shown in Figure I were tested

Model i is a supplemental tests due to that model 6 had improper

contact at the iining ends to the loading frame so that the lining

cracked at the contacts at relatively low load.

Table 2. Seven model tests perfonned il the laboratory investigation'

o - -l0MPg
ì.0

0.8

0.6

0.4

0.2

P(Ì"0Ð o. =2.5 MP¡

.¡ a. =0MPâ

- 

Thcory

- 

Modcl 3

..... . Modcl6

- - - Modcl7

('m)

20l0 t5

Numbcr TvDe of Tcst Commcnts

i Circular, trnlined

Figure 2. Cornparison of doubly waved and circular models with theory

Rcsistûnce providcd

by the îpcxes

Lining sliding dircction

,"t. r lirirl f:riluro

Figule 3. Irregularities provide resistance to sliding of lining along

tnmrcl surface.

2

3

4

5

6
7

Circuìar, lined (2cnt)
Circular, lined (lcnt)
Simply rvaved, lined (1cm)

Simply rvaved, lincd SFR (lcrn)
Doubly rvaved, lined SFR (lcnÐ

Lining vras too titick

Lining crackcd at low load

Doubly rvaved, lined SFR (lcnt)

(a) simply lvaved surface (b) doubly waved surface

Figure I . Two types of waved surfaces tested in the model testing'

The observations from the model tests show that tensile cracks

are presellt at the apexes of the irregularities at quite low load

levei. Even so, the doubly waved linings still have adequate load

bearing capacity. The observations indicate that such local

cracking is unlikely to affect the general safety of a shotcrete

lining irithe short term. But in practice it will affect the durability

of the lining in the long term.

As the load increases, the cracking at the apexes develops in

the lining and eventually the linings begin to split from the rock at

the ape>les. This indicaies that the apexes are the weak points of
iir. Uå"¿ between the lining and rock, so that they must be bolted

in order to enhance the bond. At the general failure ofthe lining'

the simply waved models show a gentle failure,. whereas the

circular ånd doubly waved models show a brittle failure

a"co.paniea with iarge deformation, even the linings in the

doublywaved models are steel fibre reinforced--ih. 
unatysis of the measured load-deformation curves from the

model tests shows that the lined tunnel will deform as much

as the unlined tunnel after the brittle general failure ofthe lining'

itr.r. it a deforrnation leap from the lined deformation to the

unlined deformation accompanied with high deformation rate'

*frirfr in turn may result in a high risk of progressive tunnel

failure. The theoreiical studies done by the authors show that the

residual strength of a shotcrete lining has substantial importance

in reduction olthe risk of the progressive tunnel failure ( Stille et

aI,1990; Chang,1994)''Afier 
the linilgs have b¡oke down, the observations show that

lock pieces at the apexes behind the linings are squeezed out as

thc låad is being maintained. This indicates that the rock is

4 MAIORFINDINGS AND DISCUSSION

Major findings fiom the model tests and a short discussion are

givãn here. For details, please refer to Chang (1994)'

The effects of the irregularities are investigated by comparing

the results from the models with different tunnel surfaces ln the

cases where the tunnel surface is simply waved (model 4 and 5),

the load-deformation curves are quite similar to that of the

circular tunnel without lining (model 1). This indicates that the

simply waved lining has little support effect concerning the

stifhess and strength of the model

Figure 2 showJ the comparison of the doubly waved models

(moð'el 6 and 7) with the lined circular model (model 3) together

with the curves obtained from an anal¡ical solution where the

residual strength o.,. ofthe lining is considered (Chang, i994) It
c,an be seen that the doubly waved models have almost the same

"stiffness and strength" as the circular one, but somewhat higher
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acljììsting itself and forming an arch. The stress analysis donc.tr)'

nurnericãt calculations shows that there is a stress concentration

at the recesses. So plastic zone will start to exist at the recesses

and propagate as the load increases. It can be imagined that the

plastì" 
"on"s 

starting from the recesses will eventually get

coalesced and consequently the apexes between the recesses will
be squeezed out.

Cóncerning the influence of irregularities on the behaviour of
the rock mais, numerical calculation is carried out to obtain

ground reaction curves of tumels with four different cross

iections. The results are give in Figure 4 which show that the

ground reaction curves of the irregular tunnels are all similar to

íl.,ut of the ci¡cular tunnel and the analytical solution' This

suggests that ground reaction curves are unlikely influenced by

thãTrregularities. It should also be pointed out that the difference

in defoimation at recesses and apexes is almost negligible' The

numerical results also indicate that the extension of plastic zones

are unlikely to be affected by the irregularities'

Numeriõal calculations are also done to study the structural

behavioul of flat and waved plates. The results show that a

doubly waved plate has a higher bending stiffness and capacity,

brrt lt'xver compressive stiffness and capacity than a flat plate'

Placing more shotcrete at the recesses is also a trivial solutiolr'

which juãt costs more. The model tests indicate that apexes rather

than récesses a¡e the weak points ofthe lining system' Therefore,

it is more important to ensure that the shotcrete layer covering

the apexes hàs suffrcient thickness Bolts are suggested to be

placeà at the apexes to enhance the bond between the shotcrete

iining and the rock. Nevertheless, attention must be paid to the

locaf cracking at the apexes, which may affect the long term

durability of the lining.
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5 CONCLUSION

The study shows that the irregularities of-a tunnel surface are

;;ltk;it i" have negative effeJs on the safetv of a tunnel lined

;iih ," shotcrete liing Whereas the study indicates that the

i;;;;"ilit;; ;ay contr-ibute to the residual strength of the lining

;;rä which ìn turn will reduce the risk of progressive tunnel

fáilur" *¡.n the strength ofthe lining is reached'

The frndings in the study have significant 
^importance 

tn

,u*.iling eñgineering. From safety point of view' it is

,î""".ttîty to" speci$ strict requirements on the roughness of

i,,nn"t ,urrá."s, oiherwise it will iesult in an uneconomical tullnel

c<¡nstrttction-
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