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ABSTRACT 

E! 

O S T i  
Deformational processes within a zone of rock sunounding excavations in salt 

result in alteration of the geopbysical and hydrologic propenies 2s compared to tfie 
undismibed condition. The disturbed rock zone ofiers little resistance to fluid flow. It 
is hypothesized that rigid inclusions such as concrete seals will arrest and SUbSe- 
quentiy reverse the disturbance process and induce healing in the disturbed rock. This 
eqmirnent gafoered in situ data that substantiates this hypothesis. A series of tests 
w2s conducted in a volume of rock surrounding concrete sp~als that were emplaced in 
a I-m borchol:: approximaseJy eight years ago. f lu id  flow measurements, mesure- 
mens of geophysiczl paiameters of the smounding rock, and petro,c7aphic analyses 
on core samples were pzrfomed to chaiacterize the rock. This paper presents the test- 
ing methodology and summarizes the dab  gathered from the field test proxam. - 

1 .O iNTRODUCTlON 
One of rhe advantages of placing radioactive waste in natural salt deposits is 

 ai the sdt under,ooes rime-depmdeni deformation, or creep, which will evenrually 
close the re.oository rooms and encapsulate the wxte. The Waste IsoIation Pilot Plant 
(mpp), a planned disposal site for transuranic wastes, is an underground repository 
&-,d fiom the Sdado Formation, which is predominantly halite (Le-: salt). -4s the 
conrind c r q  defomauon of the salt immediately adjacent to underground opm- 
inzs I occurs, condirions for fne formation of microfractures kcome favorable. This 
process lea& to &e creation and accumulation of damqe in the rock, which gives 
rise to the disturbed rock zone @RZ). The work described in the paper is intznded to 
chzacteiize &e microscopic DRZ within a salt stratum. 

Proposed splal systems for the U P P  r e c 0 - e  DRZ effects and have bsen 
desiDed to acceptably limit the consequences of the enhanced flow potential through 
the bRz DOE, 1995). Long-term seakg  functions are fulfilled by colums of 
reconsolidated salt and compacted bentonite clay emplaced in tfie W P  shafts. The 



. .. 

salt members of the sealing system must underso reconsolidation for several decades 
to achjeve a permeability low enough to acceptably limit fluid flow tfiroueh the shafts. 
.During - this interim, other sealing components, such as concrete, will serve as the 
principal barriers to fluid flow through the shafts.The existence of a permeable Dm 
around seal components may compromise the ability of the sed system to inhibit 
fluid flow. Geomechanical models of damage resulting from the DRZ and reversal of 
the damage process predict that the permeability of the D E  will be reduced as the 
salt creeps around a rigid seal member such 2s concrete @rodsky and h$unson, 
I 994). Although extensive laboratory testing has been conducted in support of model 
development, no field data exist to evaluate the in situ state of the DRZ around a con- 
crete seal. The test program discussed in this document collected field data on (1) b e  
DRZ resulting from excavation of a seal emplacement borehole and (2) the state of 
the DRZ in the immediate vicinity of concrete seals emplaced in the borehole approx- 
imately eight years prior to this test program. The experimental process and equip- 
ment used for the test program are described in Section 2 of this paper. Results from 
the lesting program are presented in Section 3. A brief discussion of the test results 
and the implications of these results to the WIPP shaft sealing program are presented 
in Section 4. 

Y 

2.0 EXPERIMENTAL PROCESS DESCRIPTION AND TEST 
CON FI G U RAT1 0 N 

The tests conducted for this study include fluid flow measurements, gwphysi- 
cd meuurements, and petro,orphic analyses. The, rigid inclusjons around which the 
in situ data were taken are two of the concrete seds of the Small Scale Seals Perfor- 
mance Test (Stomont, 1984), which were ernplaced in February 1986 in Room D of 
the X T P  underground expenmentd area (see Figure 1). The excavation boreholes 
are approximately 1 m in diameter and 5 m deep. Identical concrete seals, each 1 m in 
l e n d  - and 1 m in diaiieter, were constructed in each borehole at a depth nearly 3 m 
from the rib of Room D. The seals are located in a stratum comprised of relatively 
clean halite with small amounts of polyhalite, day, and anhydrite. A plan view of the 
borehole layout for all measurements is shown in the enlargement in Figure 1. Test 
boreholes were drilled around the excavation boreholes to pm-nit both near-field and 
far-field measurements. Test boreholes located within 0.3 m of the emplacement 
borehole were considered near-field- Finwe 2a is an elevation view of the west rib of 
Room D showing the locations of all the relevant boreholes. Figure 2b is an i s o m e ~ c  
view of one excavation borehole showing the sampling locations in the proximal test 
boieh oles. 

In general, fluid flow can be directly correlated to formation permeability. 
Undisturbed halite h a  extremely low permeability to brine and is essentialtlly impei- 
rn~able IO gas. Existence of gas permeability in salt provides evidence for the exist- 
ence of desaturated microfracbxes. Because of uncertainty about the saturation state 
of the formation, both brine and gas flow tests were conducted. Microfractures in sdr 
result in increased porosity, which produces a decrease in tbe compressional wave 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac-, 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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Figme 1. Partial Underground Map of VJlPf Expsimental Fa&ty. ?"ne Enlaze- - 
rnent Shows the Confi,prabon of Holes Used for DRZ Testing. - 

velocity and resistivity of the formation. Mezurement of these ge0Fhysica.l parame- 
ters can identify the extent of a DRZ. Direct visual obscrvarion of the na&c and 
extent of microfractures can be obtained tbr~ugh pmographic studies. - b y  of these 
three testing methods can be used to estimate the  tent of a DRZ; however, some 
uncertainty exists for each method. Taken togeficr, results of all testing rnz&ods can 
be used to develop an zssessrnent of the DRZ in &e test region. 

Fluid Flow Tesn'ng 
Tests were conducted at tlarious dep&s in the boreholes to characterize volumes of 
rock where si,anificant differences of flow potential were expected to exist. Gas-flow 
testing w2s conducted using isobutene in instrument grade a 5  as the injection gas and 
the digital gzs flow tool, a pressure control and delivery cabinet that presswies md 
monitors up to four individuaUy inflated packers 2s well zs the interval pressmes. A 
schematic of the test equipment is shown in Figme 3. 
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Figure 3. General Test Configuration Schematic for Ga-Aow Testing. I 

Gzs-flow iesrin~ was psrformed at four to five depths in nine test boreholes. 
TnEse boreholes were parallel to and ~mtcgicdlly placed with respect to the I-m 
&meter spval emplacement boreholes. Tbe far-field test borehole was located at ~e 
s d  horizontal midline, haliway between the two sed emplacement boreholes. This 
locarion dlowed 3 m of formation between the test borehole and &e seal ernplace- 
ment borehple. 

Thee test zones were located at shallower depths (relative to the rib of Room 
D) than the concrete seal, and one was set at the sed depth. Five borehoIes were deep- 
ened io allow testing of the zone located behind rhe concrete seal. Gas-flow testing 
consisted of a single sequence of a constant-pressure injection test followed by a 
pressure-decay period Data files containing time, test-interval pressure, cumulative 
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c cas flow into the test interval, and change in test-zone pressure were collected for 
each test. These data were subsequently analyzed with tbe Graph Theory Field h{odeJ 
(GTFM) well-test analysis software (pickens et al., 1987). 

Brine-flow boreholes were drilled to test the interval located ._ at tbe middle of 
the I-m long seal. A two-packer test tool was used for this test component. The lower 
inflatable packer element was located SO that it  extended about 0.2 m beyond tfie 
uphole edge of the concrete sed. The outer testing inter@ was located at a depth of 
about 0.5 m uphole of the concrete s e d  depth. 

Pulse-injection testing was selected in order to test a smaller volume of forma- 
tion surrounding the test borehole. A pulse-injection test is conducted by increasing 
the pressure in the designated testing interval to a specified pressure and monitoring 
the subsequent pressure-decay in the interval. Approximately 24 hours after each 
borebole was drilled, a pach-er was installed and testing was initiated. Data were CO]- 

lected and stored for analysis using the GTFM. 

Measuremenr ofGeovhwica1 Parameters 
Measurements of the host rock compressional wave velocity were taken at near- 

field and far-field locations (Figure 2). The technique for measuring compressional 
wave velocity (Vp) is standard (Mattaboni and Schreiber, 1967). An electrical pulse is 
applied to a piezoelectrjc transducer, causing an elastic wave to propagate into &e 
material in contact with the transducer- By recording the electrical pulse on an oscil- 
loscope, rhe ori,~ation time of the wave is established and recorded When the wpave 
reaches the receiver, an identical piezoelectric transducer converts the wave back to 
an electrical signal that can be recorded on the oscilloscope. From recordings of h e  
wave arrival riTne and ori,gination b e ,  travel time can be determined. Wave velocity 
is calculated using the travel time and the path len,ath. 

I Compressional wave velocjty is sensitive to microcracks oriented perpendicular 
to the wave direction, and microcracks are detectable as a decrease in Vp. The physi- I 

cal extent of ~e disturbed zone can b’r detennined by propagating waves through suc- 
cessive portions of the salt u n a  an undisturbed zone is reached Determining &e 
veloci~y requires an accurate determination of the travel time and the &stance 
bctwepn transducers. The propagation disrance cannot be measured directly; instead, 
the rransducer insertion depths arc measurd and used to calculate the propagation 
distance. Test specifications required an accuracy of 1 % for t h i s  parameter. Measme- 
mens were taken between six hole pairs drilled into the rib of Room D at depth inter- 
vds of about 0.3 m. Role pairs were located in close proximity to ~e sed 
emplacement borehole, at distances of 0.5 to 1.0 m from the borehole, and at 1 to 2 m 
fiom the borehole. 

The electrical resistivity of a rock is related to the rock’s porosity, pore sawa- 
tion and cementation, and the chemical composition of fie pore fiuid. The increased 
porosity resulting irom microfracmring also produces a change in the net saturation 
state of the disturbed zone. Resistivity was determined by introducing electricdl CUT- 
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rent into the ground through electrodes, then measuring electrical current and electrj- 
c d  potential between other electrodes. Resistivity measurements were taken along 
the two seal-emplacement boreholes (drilled in 1986), one 0.1 0-m-diameter access 
hole (drilled in 1986), and one 0. IO-m-diameter test borehole (drilIed in 1995). 

Petrom-aphic Analvsis 
Optical microscopy techniques were used to characterize the microcrack dam- 

age associated with the DRZ. Core for microstructural investigations (0. IO-m diame- 
ter) was recovered from two boreholes drydrilled to depths of 3 to 4 m in proximity 
to one excavation borehole. Four Sa~npleS from each core were analyzed, two from a 
location adjacent to b e  approximate midpoint of the seal and two from depth inter- 
vals corresponding to the open borehole. Subslices were selected from the samples 
with exactly corresponding depths in both coreholes. Locations of the core subsec- 
tions were drawn on the cores. The cores were then documented photo,pphjcal]y 
before the eight subslices were sawed and prepared directionally oriented cubes. 
Thin and thick petrographic sections were prepared from the oriented cubes. The 
directional orientation of all specimens was retained. 

Prior to initial cutting, the cubes were vacuum-impregnated with a blue-dyed, 
low-viscosity epoxy to highlight microcracks. A Iight oil lubricant was uscd during 
cutting and polishing to minimize further damage to the rock. 

Most petrographic thin sections were examined using an Indus Petroscope. 
Detailed pmographic observations of thin sections used an Olympus Vanox Univer- 
sal microscope. Thick sections were examined in ordinary transmitted and reflected 
li&t - using a Nikon SMzlO zoom stereomicroscope equipped with a substage illumi- 
nator. Close-up photo&aphy and direct visual examination of the thin and thick see- 
tions were used to study, record, and analyze fracrures. Data were collected using 
smdard stereological techniques (Underwood, 1976). 

3.0 EXPERIMENTAL RESULTS 

Fluid Flow Testin? 
Fj=grcs 4, 5, and 6 summarize the gas and brine permcabilities for each test 

borehole. Tjne seal location depth was between 3.0 and 3.8 m into the rib of Room D. 
 as permeability results can be interpreted as a mezsurement of the incrinsjc 

formation pm-rm.bility only under hUy gas-saturated (i.e., fully desaturated with 
respec1 IO brine) conditions. The relative gas permeability of halite approaches zero as 
~e bine saturation state approaches univ. The intrinsic permeability of intact halite 
ranges between m2 and m2. When the gas pemeabiliry approaches that of 
intact hdite, it implies either that the formation in that region is brine saturated or that 
ttle formation is undamaged. Correct interpretation of the permeabiIiit)r results will 
depend on b e  availability of additional information on damage and saturation. 
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Fjare * 4. Gas-permeability Estimates for the Far-field and Midline Testing Bore- 
holes as a Function of Depth from the West Rib of Room D. 

Figure 5. Gas-permeability Estimates for the Far-fjeld and Top Testing 3oreholes 
as a Function of Dcpth from the West Rib of Room D. 
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Figure 6. Brine-permeability Estimates for Each Testing Borehole as a Function oi 
Depth from the West Rib of Room D. 

Gas flow testing results show that formation permeability to gas (I)  decreases 
as a funcuon of depth from the rib of Room D, (2)  decreases as a function of radial 
distance from the open boreholes, (3) is si,&icantly higher at the top of the borehole 
than at the midline, and (4) in one case, increases behind the concrete seal. The first 
and second efYects represent reductions in damage 2s a function of distance from the 
excavated sllrfaces of Room D and the emplacement boreholes, respectively. Tfie 
third effect is best understood in terms of the stress field present in the formation. The 
emplacement boreholes are not located in the center of the rib of Room D. Stress field 
calculations conducted using the geomechanical code SPECTROM-32 (Callahan et 
d., 1990) predict fiat differential stress at the seal borehole top was significantly 
- seater than differential stress at the seal midline. Because damage in halite is caused 
by differential stress, the fourth effect is interpreted zs a result of CiTcumferential vari- 
aion in tt)e difierential stress around the borehole. Interpretation of the fourth effect 
requires additional information and will be revisited in Section 4. 

Brine-flow testing results are also affected by the saturation state of the forma- 
tion. The pmneability data can be interpreted in a comparative manner. From Figure 
4 it is clear that the permeability decreases as a function of distance from the exca- 
vated opening. However, effects of tbe concrete seal cannot readily be determined 
irom these data The smaller data set for the brine-fiow testing limits the conclusions 
that can be drawn from his test component. 
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Geophwical Tesrinp 

Compressional wave velocities were measured for all six hole pairs. Results for 
far-field (1 to 2 m from the seal emplacement borehole) and near-field hole pairs =e 
shown in Figures 7 and 8, respectidy. Four effects-are present in these results. The 
compressional velocity ( I )  is a minimum near the rib of Room D, (2)  is lower near the 
open borehole, (3) increases to nearly far-field values at the concrete seal depth, and 
(4) significantly decreases in the region behind the concrete seal. 

The first effect can be attributed to the extensive damage resulting from the 
presence of Room D. The second effect demonstrates that the stress difference caused 
by the open borehole increases damage resulting from the DRZ. This damage is elim- 
inated by the rigid seal, as demonstrated by the absence of damage at the sed horizon, 
and the existence of dm%e behind the seal. These trends are uniformly consistent 
with &e fluid flow test results. 

The resistivig measurements (presented in Figure 9) show a trend similar to 
that seen in the fluid flow and compressional wave velocity test components, with lfie 
additional influence of separation cracks in the ernplacement borehole. Cracks p d -  
le1 to the rib of Room D and along the borehole axis were documented during surveys 
a e n  prior to test initiation. The peaks in resistivity at 1 to 2 m along the axis of h e  
excavation boreholes can be attributed to these cracks. At a distance of approximateIy 
2 m from the rib of Room D, all resistivity measurements show an upward trend. The 
slope of the resistivity curve shows an additional increase at the depth of the concrete 
seal. No resistiviq measurements were taken behind ~e seal. 
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Figure 7. Velocity of Compressional Waves between Far-field Boreholes. Distance 
belween Test Boreholes was 1 m. 
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Figure 9. Resistivity Data for Sed Emplacemcnt Boreholes and Test 3orcboles. 
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Perrosraphic .4 nalvsis 

The dominant feature of the DRZ in the petrographic sections was found to be 
dilation along grain boundaries resulting in a network of mjcrocracks (Fipre lo). 
The microcracks were preferentially oriented pdrallel to the excavation surface of 
Room D. Damage resulting from the seal borehole should produce cracking paallel 
to h e  borehole axis, which is perpendicular to the onentation of D microcrack 
because of Room D effects. Samples taken near the open borehole showed additional 
dilation, but there was no change in the onenlation of microcracks. All specimens 
located within a damaged zone exhibited mkrocrachg. However, the crack aper- 
tures became much smaller as a function of distance from the excavation surfaces of 
Room D and the open borehole. Far-field specimens at depths greater than 3 m into 
the rib of Room D and those in close proximity to the concrete seal e ~ b i t e d  liae 
evidence of damage. The observed darrqe corresponds directly to increasing forma- 
tion permeability in the fluid-flow testing and to decreasing compressional wave 
velocity and resistivity. The absence of damage at the concrete seal horizon suggests 
that h e  seal reversed healing of the damage in the surrounding rock. 

4.0 DISCUSSION OF RESULTS 
-4 comparative analysis of all data shows that the efiects of the Room D DRZ 

begin to taper off within 2 m into the rib of Room D but remain to a deptfi of at least 3 
m. Damage induced by the open seal borehole can, however, be distinguished from 
that of Room D. In particular, the fluid flow data show an increzsed pmineability near 
open borehoIes. The single measurement behind one of the concrete seals demon- 
strates that the formation is darnaged at this location. Tne lower permeability b e b d  
the other concrete seal coincides with a zone of low V,. As discussed in Section 3.0, 
low gas permeability does not necessaxily imply that the rock is undamaged. The low 
Vp at this location demonstrates that the rock is damaged, but may be parrialIy brine- 
saturated. Permeability results at far-field test holes all show that intact pemeabififies 
should be expected at depths greater than approximately 3 m. Far-field Sow measure- 

- ments, the measurement of high permeability behind one s D d ,  and low Vp behind the 
other confirm that the open borehole induces a DRZ that is distinct from the Room D 
DRZ. 

The borehole-induced damage should be observable- as microcracks oriented 
perp~ndicular to the borehole axis. Although measurements of V, confim that these 
microcracks exist, they were not observed in the peeographic studies. The cracking 
resulting from the Room D DRZ may have masked these cracks, or &e number of 
pernographic samples may have been insufiicient. 

Previous studies have shown that damage occurs immediately upon excavation 
of an opening (Stormont et al., 1991; Van Sambeek et al., 1993). All experimental 
data taken in the immediate vicinity of the concrete seal demonstrate that the forma- 
tion is undamaged in this region. Therefore, it can be concluded that the rigid sed 
induced reversal of damage. Although some uncertainlies exist hi &e various test 
components, the consistency of the data support this conclusion. The objectives of &e 
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IESI program u w e  IO colleci data relevant IO the DRZ surrounding tbe open borehoJe 
2nd IO ascss rb t  DRZ in proximiry to a rigid inclusjon. These objectjves were met, 
and the conclusions support model predictions regarding reversal of damage resulung 
from the formation of a disturbed zone in sait. 

5.0 REFERENCES 
BiodsLy, N.S., and D.E. Munson. 1994. ‘Themomechanjcal Damage Recovery 

Parametzrs for Rocksalt from tfie ~\?fp,” Rock Mechanics: Models a-d Menrue- 
menrs, ChllengesJiom I n d ~ m :  Proceedings of the 1st North American Rock 
Mechanics Symposium, Tne University of Texas a1 Austin, Austin, ?x. June 1-3, 
1994. Eds. P.P. Ndson and S.E. Laubach, Brookfield, VT: A.,4. Balkemq 731- 
740. 

cahh~~~,  G.D., -4.F. Fossum, and D.K. Svafstad. 1990. Documentation of SPEC- 
TROM-32: A Finire Elemenr 113rennomechanical Sn-ess -4nalysis Program. DOE/ 
CII 0378-2. RSI-0269. Rapid City, SD: WSPEC, Inc. 

DOE. 1995. Wesre Isolarion Pilot P h t  Sealing S p e m s  Design Repor?. DOEm,qpp- 
95-3 1 17.20 Ociobzr 1995. Carlsbad NM: US Department of Enerzv. Wzsre Isoi2- 
tjon Pilo1  plan^. 

412rajoni. P.. and E. Sc’nieiki. 1967. “-Method of P u l ~  Transmission MezsnremenE 
for Deizmining Sound Velociries.“ Journnl of Geophysical Research. Vol. 72. no. 

Pickens, 33- ,  G.E. Gris& J.D. -4vis, D.qT. 3elangcr, and M. Thuii. 1987. ‘‘-..dysis 
and hm-pierarion of Borehole Hydraufic Tesrs in Deep Boreholes: Principles, 
,Model Dselopment, and -4pplications,’~ Wafer Resources Research. Vol. 23, no, 

Sroimont, J.C. 1954. PzU,Ogkg -and Sealing Program for  the Wmie Isohion Pilot 
p h  (WIPP]. SANl84-1057. Albuquerque, hM: Sandia Xarional Laboratories. 

Sroimonr, J.C., U. Howard and JJ.K Daemen- 1991. In Situ Measurements of 
Rock Salt Penneabilisy Change Due to Nearby Excavarion. S,4nTD90-31~, 
-ubnquerque, NM: Sandia National Laboratories. 

I d  

30,5160-5163. 

7, 1341-1375. 

Underwood, EXE. 1976. Qmzimive  Stereobgy Reading, MA: AdcGson-Weslq. 
Sian Sambeel; LL, DD. LUO, M.S. Lb, W- O S ~ ~ O W S ~ ~ ,  a d  D. Oyenuza 1993. Sen1 

Design Altemanves Smdy SAhD92-7340. Mtuqnerquz, h.?: Sandia National 
Laboratories. 

- -  - - _  NOTES I 

1. T h i s m r k  was supported by the United States DEpartment of Energy 
under Contract DE-AC04-94AL85000. 
Sandia is a multiprogram laboratory operated 
a Lockheed Martin Company, for the United States Department of Energy. 

by Sandia Corporation, 


