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INTRODUCTION 

The constructio~i of deep radioactive waste disposal may generate a disturbed zone around the 
excavation. Stress redistribution consecutive to excavation, excavation method, rock 
deformability, and excavation gcometsy may  he responsible of the creation of new fractures 
and microcracks. and cause movement along existing natusal fractures. This disturbance will 
result in a variation of mechanical and hydl*aulic p~*operties of the hosting rock which must be 
considered in thc design of u i.eposito~.y and in the assessment of its long-term safety 
(especially with rcgasd to scaling). Qualitative and quantitative knowledge of this Excavation 
Disturbed Zone (EDZ) is 01' p~iinc importance to i.cpository perfoi.mance and operation. 

In order to obtain a better understanding of the properties of the EDZ and its dependence on 
the excavation method, ANDRA, UK NIREX Ltd. and SKB (*) decided to perform a joint 
study of the distusbed zone ell'ects. The project named ZEDEX (Zone of Excavation 
Disturbance EXpcl*i~nent)..co~npi.ised investigations before, during, and after completion of 
two drifts at the Swedish Asp6 Hard Rock Labol.a~oi-y (HRL) using three excavation methods 
under similar inilia1 conditions (Fig. 1). One tunnel was excavated by a tunnel boring 
machine (TBM tunnel). Two smooth blasting mcthods were uscd fol. the excavation of the 
second drift (D&B drift): noi.inal ~1~100th blasting (NS) similar to that used for the excavation 
of the a spa  tunnel.and smooth blasting based o n  thc applicatioli of low shock explosives 
(LSES). 

Fig. 1 Experimental configuration 

TBM t~rnnel T l T B M  Assembly Hall 
I 

I 

Dsill and Blast dl-il't A ~ I I O ~  A scale) 

* ANDRA: Agence Natiol~alc pour la Cics~ion des l)dche~s itiidioactifs (France) 
UK NIREX Ltd.: Uni~cd Kirlgdoin NIREX Lilnitcd 
SKB: Swedish Nuc1c;rr Fuc1 and W:ls~e M : ~ i ~ i ~ g e ~ n e n ~  (lo. 



The regional geology of the ~ s ~ i i  HRL has been described by Herinanson et  nl. [l] and the 
general geology o<.the ZEDEX site is su~nrna~ized on Fig. 2. The-dominant rock type is grey 
medium-grained Aspb diorite. 11.1-egular sheets of red fine-grained granite intersect the 
tunnels in vaiious locations. The geological mapping of the ZEDEX volume showed that the 
TBM tunnel is relatively fi-actui-ed coinpared to the D&B drift which is less fractured. The 
predominailt orieiltatioll of water collducti~lg fi.nctui4es is NW striking and sub-vertical. The 
Asp0 diorite has the following mechanical properties: mean uniaxial compressive strength is 
195 MPa; mean Young's ~nodulus is 69 GPa; mean Poisson's ratio is 0.25. 

The in sirz.~ stress field in the vicinity of the ZEDEX volume has been described by Leijon [2]. 
An estimation of thc in sitr~ stress is given in Table 1. 

Table 1 
Estiinated virgin rock stresses at ihe ZEDEX site 

5 tress component Ma~nitude (MPa) Trend ('1 Plunee 1°') 
Sigina 1 32 140 0 
Sigma 2 17 50 25 
Sigma 3 10 240 70 

Fig. 2 Genel-a1 gcology of the ZEDEX test site 
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In considel.ing the EDZ, i t  is common to sepalsate thc "ncar field" and "Fir field" effects. In 
the far field the rock is at'i'ccictl by the ~~edistribiition of stsesses caused by the existence of the 
voids represented by thc dril'ts. I i  generally does not induce new fractuses but existing 
fractures inay seact by dilating, closing or shearing. In the near field the process of 
excavation causes darnage to the rock, changes its properties and may produce microcracks or 
new fi-actures. 
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Hydraulic characterization of the EDZ in  thc near field requires a testing method which is 
based on the following ciitcria: the possibility to measure pel-ineeahilities down to 1.0 10-21 m* 



as thc candidate sock inasses for waste disposal asc relatively "non-permeable"; a small 
testing chamber in ol-dcr to apprcciatc tbc local variations; thc measurements should be close 
to the tul~nel walls. As an answer, onc can considcr a probe with a punctual measurement or 
a multipackcr system. Multipackei. probcs with 10 centimetses test chambers were developed 
by AECL [3] and NAGRA [4].  Our objectives were to develop the idea of using a small 
testing chamber and control possible packer lcakugc: or walerlgas ai-rivals from the lock mass. 

EQUIPMENT USED AND INTERPRETATlON METHOD: THE SEPPI PROBE 

A specific tool for  measuril~g the peiemcabilily in horcholcs, the SEPPI probe (Systkme 
Exp6riinental de 1nesul.e de PcrinCabili tl! par Pulse In .ritu) was developed by the Laboratoire 
de G6om6canique - Nancy and the Lahosatoi1.c de Mecanique de Lille (Fig. 3). The concept 
lies in using u srnall in-jcction chambcr (5 cm) wi~h the ability to mcasu1.e start from the first 8 
cm from the tunncl wall by usc of a ho~.cI~ole l e ~ ~ g t l ~ e ~ ~ i ~ ~ g  tube. enabling control of a possible 
leakage or wate1.1gas arrivals duc to cham hers placcd bchind thc packers 151. 

Testing method can be eithel. a stcady state condi~ions test (k, intrinsic permeability, greater 
than 1 .Ox 10-l7 in2) or a pulse test (k lcss than 1 .Ox 10-l7 m2). Usually, permeability values are 
relatively low in rock masses proposed ibr waste disposal and the pulse test which is suitable 
in this case. is mostly perfosmcd. 

Fig. 3 Thc SEPPI probe. ~ool fol. high resolutio~~ pel~ncability measurements 
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Fig. 4 Two testing tncthods: the stcady statc conditions test and the pulse test 



In steady state conditio~~s. the p~essui-c in the tcst chambci- is maintained at a constant level, 
and the flow ratc is rncasi11-ed. The intrinsic permeability is calculated with the standard 
relation in steady state Ilow condilions: 

k iiltri~lsic permcabili ty (L*) 
p fluid viscosity (ML-IT-') 
Q injection rate (L3T- I )  
L injection length (L) 
P pressure (ML-IT-*) 
S ill-jection section (L*) 

The pulse tests are coilduc ted by ins tan taneousl y increasing the pressure. The pressure time . 
dependent recovery back to the initial hydraulic pressure is interpreted in terms of 
permeability. The tests can be dcscribcd by thc following equations: 

Rbol., borehole radius (L) 
Rid. influence radius (L) 
P pressure in the test zone (ML-IT-*) 
r distance fi-om the borehole (L) 

(r=O on the liinit of the borehole) 
k intrinsic permeahili ty (LZ) 
p fluid viscosity (ML-'T-l) 
S specific storage of ihe rock (M-lLT2) 

S = $(Ci+C,) with: 
Cr tluid compressibility 
C,  pore compressibility 

porosity 

Muss bcrl~l~ce rqur~tion: 

Sd defined as the change in fluid volulne per unit  change in pressure (L2) 
yw specificweightoCiheHuid(ML-2T-2) 
A injection section (L2) 

Initial and limiting cc111r1ition.r: 

P(lW,O) = O for RlIor. < 1. 5 Rinf, 

P(Rh,,.,t) = P(t) for t > 0 



The diffusivity equation comhincd with thc Inass balance equation. the initial and limiting 
conditions is appi-oached by a f in i  tc dil'fci*cncc method and the intsinsic permeabili ty is 
calculated [ 5 ] .  

In equations (2) and (3). somc pal-ametcl-s i.clalivr: lo  thc tool 01. the rock inass have to he 
determined. The injxtion 31-ca (A) was cvaluil~cd wi~h a silastenic casting; Sd, which could 
be callcd the compi.essivt: stonlge 01' thc systcrn (loo1 + bo~.eholc + fluid), is deiermined i~z sitrc 
by applying a vai-iation of p~.essiii.c by injcc~ion 01' a volume; Sd is considered non-dependen t 
of the pressure. The porc compressibility C ,  is dcl'incd by:  

Kg drained bulk modulus (ML-1T-2) 
KM matrix bulk modulus (ML-IT-2) 

Its determination 1.eclui1-es lahoi-a~o1.y tcsts: an isotsopic co~npression test in drained conditions 
gives the bulk modulus KB; an isotlapic co~np~.cssion test where pore pressure increment 
remains equal to thc hydi-ostatic pressure incr-emcnt gives the bulk modulus of the matrix KM. 
Ideal conditions for performing these tests 111-e difficult to obtain and the values may be 
inaccurate. A sensilivity of the interpretation ~ncthod to KB and KM variations showed that a 
25% error in determining either* pasametcr did not result in  more than 3% variation for the 
permeability valuc. The pososity, which is detci*n~ined by a mercury porosimeter, is often 
under the apparatus sensitivity ( i .u. < 2%). A porosity 100% error leads to less than 2%) 
vasiation Sol. the pel-mcahili ty. a 400%~ ~1.1-01- to ICSS than 7%. 

APPLICATION TO ZEDEX: PERMEABILITY MEASUREMENTS IN RADIAL HOLES 

After excavation of the drifts, a numbcr of short (3 m) radial boreholes (Q 86 mm) with 
different orientations we= diilled in each tu~~nel to assess the extent of the disturbed zone in 
the near field. Vei-tical boreholcs were placed on the floor; 45' inclined (down) holes were 
drilled at the junction of the tlooi with thc walls; horizontal holes were located on the walls. 
In all twelve boi.eholcs wcrc tested (Fig. 5): t111.e~ in the TBM tunnel (one of each orientation 
placed in onc section), foul* in LSES sounds (two inclined, one horizontal and one vertical). 
and five in NS rounds (two inclined, two vcrtical and one horizontal). 

Pulse tests paramctess werc the following: initial pressure in the in-jection chamber was 
around 1.5 MPa; pulsc magnitude was ahou t 0.5 MPa; pressure fall-off was registered during 
about 300 s. The dl-ained hulk modulus and matrix bulk modulus were taken equal to 48 
GPa, and 56 GPa ~*cspcctivcly. The pososity was detesmined to be equal to 1%). 

Permeability values weic determined as a function of distance fi-om the wall: from 8 to 50 cm 
depth, the measurements welac: made at intervals of 5 cm; fsom 50 to 100 cm. at 10 cm 
intervals and from lO(.) cm to thc end of' thc horchole, at 20 cm intervals. 



Fig. 5 Tcstcd ho~*choles layout 

Round 2 (LSES - rchlasted): RD21 
Round 3 (LSES): RD3H, RD31, RD3V 
Round 6 (NS - 1-eblasted): RD61, RD6V 
Round 7 (NS): RD7H, RD71, RD7V 

TBM tiinnel ~*esults 

Pulse tests revealed that the undistushed matrix pcrmeahility is about 2.0~10-19 - 3.0~10-l9 m2 
(Fig. 6). The presencc of natural fractures, which existed prior to excavation, meant that 
some sections could not be tested by pulse tests. Such fractures were observed on the cores: 
their bounding planes were altel.cd os sccl~ystallizcd. In those zones, the pressure fall-off was 
nearly instantaneous. When placcd near the tunnel wall, these natural fractures obscure the 
possible damage due to excavation. On that account, damage could not have been observed 
in the horizontal and inclined boscholcs (Fig. 7). For instance, in  borehole RTIH. 
measure~nents were not possible S~.om 10 to 35 cm. That section coincides with two altered 
fractures observed on the calves. F1.oi-n 35 to 5 0  cm, the measuscd permeability values are 
low, relatively constan1 and can he assumcd eq~~al  to the matrix permeability. At least, rock 
matrix perineability was I-ctsicvcd at 40-50 cm in  the inclined borehole, at 35 cm in the 
horizontal holehole. Ful.the~. nutusal liactu~.cs west: readily identified. 

Fig. 6 Permeability ~-esults in  short ~adial holes in the TBM tunnel 
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In the vertical boreholc, which docs not contain significant natural fractures in the first meter. 
the permeability tests did not show any notable induced effect: pesmeability values were not 
significantly highcs near the wall than i'il~. 1'i.or-n i ~ .  



It was considered  hat the tunncl hosing machinc did not ii~ducc any fractures at distances 
greater than 20 cm from the lunncl wall. Thc bo~ing lnay be responsible of some fractures 
movemcn ts (dilating, shearing), cspccial ly whcn locatcd neal the tunnel wall, explaining the 
high pel-mcability values encoun~cscd. 

Fig. 7 Core logging supcsirnposcd to mc;lsul.ed pc~~neability values in RTl H and RTlV 

B drift results 

RTl H k intrinsic pel-lncahili ty (12) RT 1 V k intrinsic pesineabili ty (n?) 
0 1 .E-18 0 1.E-18 2.E-18 

The geological mapping showed that the D&B drift was less i'l.actu~-ed than the TBM tunnel. 
Only two water conducting l'ractu~-es in~ci-scct the drift (one at each end). Excavation effects 
were more clcarly i-evcalcd. 

In all tested borcholcs. thc peilncability valuc cu~~vcs join logether: at a more or less important 
distance from the tunncl wall, lhc permeability is ncai-ly constant. Consequently, the rock 
mass matrix permeability in  thc D&B drift was cstimatcd about 3 . 0 ~  10-lg m* (Fig. 8). This is 
in a good accordance with thc TBM ~.csults. 
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DZ extent as a f'unciion of thc considcrcd disection, In  general, the results from the vertical 
boreholes were inlerprctcd as showing the greatcst induced damage while the horizontal 
boreholes wcrc intesprekd as having s~~lTcred the lcast damage: EDZ extent in  the vertical 
boreholes RD3V and RD7V was estilnatcd to 80 cm; in the horizontal boreholes it did not 
exceed 25-27 cm (Fig. 8). A high pc~.mcability value was observed at app~.oximately 100 cm 
from the drift wall in thc horizontal bo~ehole in  LSES i*ound 3 as a consequence of the 
borehole in tersecling a natural fsac tilive (idcn tified in  the core). 
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Close to the drift wall. in  ihe vcl-tical horcholes, tht: pci.meability was measured to he up to 
more than 100 times thc 1na~1-ix pes~ncahility valuc. In [he inclined boreholes. i t  varies 
between 10 and 40 times. I n  thc 11oi.izontal hol-cholcs, i t  1-eachcs 20  limes very selectively. 
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Fig. X Pulse tests rcs~ilts i n  thc sadid hoi.eholes fsom the D&B d~ii't 
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Z extent as a function of the hlilstinr~ nasarnetcl.~, Bo~xholes in failed and reblasted rounds 
showed a mose extensive EDZ compa~qcd to hol-cholcs in successful rounds. For instance, 
EDZ extent in the inclirlcd di~.cction in  i.chl;lstcd NS lqound 6 was 80 cm when it  was 30 cm in 
the successful NS ~-ound 7.  In lhc ~~cbl;ls~ccl LSES I - O U I I ~  2, i t  was 65 cln and in the successful 
LSES sound 3, i t  was 40 cm. 

Differences between the two blasting rncthods weix not clearly apparent. The data from 
measurements made in LSES round 3 wc1.c gc~~ertllly higher than in NS round 7. This is the 
inverse of the anticipated result and may not he pul-ely a function of the blasting technique. 
Indeed, round 3,  crosses a relatively irnporta~lt granite vein and granite seems to he more 
brittle than the Aspii diorik. As a ~.csull, the ii~clined borehole RD3I which intersects grey- 
red granite at the slar-t presented hi.gh pel-meability values; the borehole RD2I drilled in a 
reblasted LSES round is locatcd in Aspli diolite and sevealed lower permeability values than 
the borehole RD31. In a similal- manner, thc pel-meability values in  hosehole RD3I are higher 
than the values in RD71 as lhr as ginnitc is conccsned. When Asp6 dioiite is intersected (at 
about 40 cm). the permeahilily values arc quite similar i 'o~ hat11 horeholes (Fig. 9). The 
boreholes RD3V and RD7V arc n o t  very diil'ei.cn1 up  to 30 cm. From these, the borehole 



RD7V is located in  dio~itc and thc pe~mcahility values are lowel. than in RD3V. which is still 
located in granite. Thcse conclusions were confislncd by the cases where induced cracks are 
observable mainly in gi-anile. 

Fig. 9 Core logging supc~.poscd to mcasu~.ctl pcr~ncability values in RD31 and RD71 
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CONCLUSIONS 

The SEPPI prohc is wcll adaptcd to evaluate excavatioil damage by permeability 
measurements. Thc results show that a I-c lation between fissuratio~~ and permeability is well 
indicated. The excavation distusbcd zone cxlent in tc~-~ns of near l'icld damage can accurately 
be established. 

In the ZEDEX psc!ject, sc:ve~.al radial hol-choles hosed in  drifts excavated by three different 
methods wcrc testcd. The results showcd that excavation induced fractures could not easily 
be sepasated f~-om the natural fractu~.es. Although the TBM tunnel was relatively fractured, 
excavation distui4bcd zonc: extent was considcscd lo be less or about 20 cln. The D&B drift 
was less fractul.ed and rnaxi111~11n cxcavalion dist~lsbed zone extent was encountered on the 
floor (80 cm), rnini~num exlent on the walls (25 cm). The differences between the two 
blasting methods were not clcas. This may not he purely due to the excavation method. 
Variations in lithology may influence the ~'esults. The acoustic emission results also showed 
that the location of  the acoustic emission evcnts cxtcnded further  into finc-grained granite 
veins than in  to dim-i tl: 161. 

To fully chal.actesizc lhc EDZ, the niimhc~. ol' ~cstcd borcholcs may be inadequate. As part of 
the ZEDEX extension, addilion~ll hol-cholcs dl.illed surround thc drifts and in diflerent 
oiientations will bt: tcsted to i~ndcl't ake a 1'111 1 suite of nlcasuscmcllts. 
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