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ARSTRACT

This paper describes prelininary interpretation of
in-situ pressure and flow measurements of the
Salado Formation at the Waste Isolation Pilot Plant
(VIPP). The WIPP facility is located 660 m
underground in the Salado, a bedded salt deposit,
Shut-in pressure tests were conducted prior to, and
subsequant to, the mining of a circular drift in
order to evaluate excavation affects on pore
pressure, permesebility, and host rock
heterogeneity. Borehole deformation vas measured
during these tasts and used to correct for changes
in the test region voluse due to salt creep
effects, :

Preliminary pre-excavation results indicate that
the flow propsrties of this layered host rock are
heterogeneous. Resulting pore pressures range from
1 to 14 MPa and permeabilities range from helow
measurable to about 1 nanodarcy. Normalized
borehole diameter change rates were betwesn -4 and
63 sicrostrains/day.

Shut-in pressures and borehole diameters in all
tast boreholes were affected by the excavation of
Roon Q coincident with the advances of the boring
machine. Prelininary results from post-excavation
test results show decreascd pore pressures compared
to pre-excavation values.

INTRODUCTION

The Waste 1lsolation Pilot Plant, lccated near
Carlsbad, New Mexico, is the U. S. Department of
Energy planned répository for transuranic waste
Senerated by defense programs. The Salado
Formation bedded salt deposit wvas chosen for the
repository bacause of salt’s natural ability co
flow, or creep, over time under the effects of
Stress or heat: rooms would be mined in the salt,
vaste would be atored in the roons and, over time,

References and {llustrations at end of paper.

the salt would deform to seal the rooms thus
encapsulating and {solating the wasts. As part of
Sandia Nationasl Laboratories’ efforts to provide
detailed geotechnical understanding of the WIPP
site and agsess the suitability of salt for long-
term waste isclation, tests are being conducted 660
® underground in the Salado Formation. Pore
pressura, brine flow end borehole deformstion
(closure) rate test rasults are designed to support
mschanistic model development and evaluation,

The polycrystalline Salado salt contains small
quantities of brine, on the order of 0.1 to 1s
total volume, {n {ntragranular fluid inclusions and
as intergranular (pore) fluid. It {s i{mportant to
quantify the amount of brine in the formation and
to determine the mobility and rate of movament of
the brine because the accumulation of significant
quantities of brine in the repository might lead to
a nuaber of potential problems that could affact
the salt's ability to isolate wastes. Thege
potential problems include retardation of salt
creep effects, gas generated by anoxic corrosion of
mstal waste rcaonisters, and radionuclidas transport
by brine.

The tests discussed {n this Teport were designed to
provids information on host rock mechanical
propertiss and fluid flow properties and are part
of a large-scale integrated brine inflow
experiment. Specifically, tests were run to
determine pore pressurs and permeability and
collect informaticn about the relative
heterogeneity of the salt. Pore pressure data s
important in determining the interconnectedness of
fluid-filled pores to determine the fluid flow
mschanisn(s) and evaluate the amount of brine that
could potontially flov into excavations. Likevige,
permeability information can be used to deternine
the appropriate mechanistic model for brine flow
vithin the Salado and from the salt to excavations.
Permsability values from other in-situ tests in the
Salado, estimated using & poroelastic model, range
from 1 to 10 nanodarcies.
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Fiftesn boreholes wers drilled and instrumented at
the entrance to Room Q, & 110 = long by 3 m
dismeter circular drift. Three arrays of §

boreholes are located vertically above, vertically .

belov, and horizontally outvard from Room Q (see
Figures 1 and 2). Pressure, brine inflow, and
closure rate dats are monitored in the uncased test
zones at the end of each borshole. These brine-
filled test regions are isolated from the rest of
the borehole using inflatable packsr systems. Two-
axis borshole deformation gages sre installed in
oach of the test regions to distinguish between the
effects of bershole closure and those of brine
flow. Tempsratures are monitored on the borshole
walls and on the tool mandrels outside the test
region. .
Instrumentation was installed, and monitoring was
initiated prior to the excavation of Room Q to
determine the undisturbed in-situ conditions, the
effects of the excavation process, and the
resulting conditions that occurred subsequent to
sxcavation. Dsta from thess tests are used to
estinate the formation pore pressure, permeability,
and dsgree of Neterogeneity.

The experiment design and weasursment system will
ba described followed by a prasentation of the test
procedure and analytical method. Then, pre-
excavation, excavation, and post-excavation results
will be discussed and conclusions listed.

IEST METHOD

The test region locaticns of the 15 pressure/flow/
closure measursment systems are whown in Figure 1.
Each test rogion {s located at an axisl distance of
22.9 u measured from the entrance to Room Q. The
radial locations of tha test regions relative to
the centerline axis of Room Q are shown in Figure
2; five test positions are located vertically
above, five are located vertically below, and five
are located horizontally outwa:d from the room.
The three outer-most borsholes, QPPOl, QPP1ll, and
QPP21, are 10.2 cm {n dismeter and uncassd. The
remaining 12 boreholea have a 3.8 ca diaseter test
region that is stepped dcwn £r~n & cased 10.2 cm
borehole,

Figure 2 also i{dentifies the stratigraphic layer
and corresponding lithology intersected by each
borehols test region. In the vicinity of Room Q,
the Salado Formation is predominately halite.
Howaver, layers of anhydrite, polyhalite, clays,
and argillaceous halite are found sandwiched
between halite units. The 15 borsholes wers rot
cored, co hole surveys were used to estimste the
stratigraphic layer intersected by sach borehole.

All fifteen boruholes were air-drilled from the
instrument area shown on Figure ) in early 1989.
The holes wers drilled, cased, and grouted with
cemont betveen February 22, 1989 and March 23, 1989
and the tools were installed between April 5, 1989
and tha beginning of May 1989. Data monitoring
bsgan on April 25, 1989 and Room Q was excavated
butween July 12, 1989 and August 8, 1989,

MEASUREMENT SYSTEMS

A schematic diagram of the test measurssent systenm
is presentad in Figure 3. The system consists of
four major parts: a) the single- or dual-packer and
closure gage assembly, b) the flow control and data
acquisition systex, c) the pressurized nitrogen and
inflatable packer water supply cylinders, and d)
the data acquisition computer and printer.

The dual-packer and closure gage assesmbly, shown in
Figure 3a, is installed at the uncased end of a
test borehole. Both a test region and a guard
region are isolated using the dual-packer systenm.
In some borsholes, a single-packer system is used
ani there is no guard zons. Table 1 summarizes the
pressure/flow/closure test system configurations
for each borehole.

The two-axis borehole deformation gage 1is located
within the test region and measuros changes in
borehole diameter with an accuracy of 0.0002 cm.
The test and guard regions and the packers are
connected to the flow-control and data acquisition
system using type 316 seanless stainleass steel
tubing.

The flow control and data acquisition eystem
cabinet {s {llustrated in Figure 3b. This part of
the measurement system controls the pressurecs
within, and flov rates to, the test and guard
ragions, the brina accumulators, and the packers.
The pressure transducers and brine accumulators are
housed inside the cabinet., Test and guard region
pressures are measured to within 0.001 MPa and
brine accumulation is maasured to within 0.1 cc.
These transducers are calibrated to a National
Ingtitute for Standards and Technology refarence.
Individual packer pressures are monitored for
operaticnal purposes only and are not calibrated to
these stendards. The maxinum working pressure is
15 MPa.

Test and guard region pressures are adjusted using
a brine supply system pressurized by the nitrogen
cylinders as ghown in Figure 3c. Pressures in the
fresh-vater filled inflatable packers are adjusted
by varying the pressure on the nitrogen supply for
the packer-water cylindars.

A Leading Edge Model D computer is used to record

' all pressure, brine accumulation, and closure data

on a hard disk. This part of the measurement
system is housed in the Computer/Printer Cabinet as
shown achematically in Figure 3d. A total of 90
pParansters are measured at the 15 boreholes and any
can be selectively displayed on the monitor to aid
in test set-up or dats interpratation. These data
ars printed cut and/or copied to a floppy disk for
permanent storags.

IEST PROCEDURES

Two types of tests are performed: shut-in pressure
tests and constant-pressure flov tests. The shut-
in pressure test data are used to estinate
formation pore pressure and permeability and the
data from the constant-pressure flow tests are used
to infer permeabilicy.
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Shut-4in Pressuxe Tasts

A shut-in test is initiated by setting the pressure
in the test and/or guard region to a specified
valus. A valve on the line from the pressure
source to the region is then closed and the
pressure response with time 13 monitored.

Pore pressure values can be estimatod from the
shut-in pressure test data provided that the test
duration is of sufficient length to allov the final
borshole pressuro to approach the far-field pore
pressure. Permeabilicy values can also be
determined from these data provided that the
transient rasponse takes placa over a time period
that significantly exceeds the time requiiad for a
pressure disturbance to propagate beyond any damage
zone surrounding ths borahole. This latcer
roquirement can only be satisfied if the shut-in
test has besn preceded by a production period whose
duration depends on parameters such as the
formation diffusivity, test region storage
capacity, and borshole diametsr. Test durations
are necessarily long for this low permeability salt
formation and’ lengthy production periods are
requirasd.

constant-Pressure Flov Tesats

During a constant-pressure flow test, the pressure
in the test rvegion or guard region is maintained at
a specified value and the fluid flow volume into or
out of the region is measured as a function of
time. Permeability values can then be inferred
from thess data. This is the preferred method for
measuring permeability becnuse the tests can ba run
for a long enough period to ensure that the
associated presgure disturbance has penetrated
beyond any possible damage zone. In addition,
since these tests are run under constant pressure
conditions, tocl compliance effects are not a
factor.

Unfortunately, there are limited constant-pressure
flow data so far from our tests. Vith the
exception of data taken from borshole QPP23 during
the excavation, none will be reported in this
poper. Due to the long time periods required to
porform constant-pressure flow tests, all the time
available betwean the initiation of these borshole
‘tests and the excavation of Room Q was used for
performing the test region shut-in tests. A few
flov tests were attempted in guard regions, but the
flov measurssent system did not opsrate properly.
The flov measureament system has .ince been replaced
for use in future tests.

Bershole Deformation

The borehole dianeter dsformation is naasured over

time 80 that measured flov rates or flov rates

implied by the sghut-in pressure test data can be
corrected for changes in the test region volume.
The deformation mecasurements are made in the test
region of esach borehole using a systea cowposed of
two orthogonal diameter gages. It is recognized
that the test region’'s length may increase as a
result of the packer clement sliding with respect
to the mounting mandrel. To date, this effect has
not been measured, but future tests systems planned
for Room Q vill incorporate an axial borshole gags.

ANALYSIS

Formation Pors Presgure

Formation pore pressures were calculated from shut-
in pressure test data. Three types of pressure
responsaes were observed: 1) a clascic pressure
build-up and stabilization, '2) & constant pressure
equal to that initially set in the test region, and
3) a rapid equilibration to s test-region-specific

anomalously lov pressure independent of the initial
pressure set in the test region.

For shut-i{n tests in wvhich the pressure versus time
history folloved the classic build-up profile, ths
formation pore pressurs wvas estimated using a
Horner-like plot (1.3), For example, Figure & shovs
the rav shut-in pressure data from QPP0O3 and Figure
S shows the corresponding Horner-like plot. In
Figure 5, the time (tims,) was taken equal to the
time the borzhcle was opon prior to the initiation
of the shut-in test. Tane formation pore pressure
corresponds to the utnpohtod valus of prcuun
at (time, + time)/time = 1.0.

An example of a shut-in tast data response where
the pressure remained constant following the
initial changes resulting from system compliance is
shown in Figure 6 for QPP1l5. No reasonable
estimate of pore pressure can be detsrmined from
these data since the formation permsability is so
low that meaningful pressure changes did not occur
even in the 30 day test performed at a pressure of
6.5 MPs.

Figure 7 shows shut-in data from QPPO2. In this
case the test region pressure aquilibrated at about
1.0 MPa, indspendent of the initial pressure set in
the test region.

In some cases the permeability was so low that
excavation of Rooa Q occurrxed before sufficient
data were obtained. In othsr cases, such as for
QPP23, boreholes were incapable of maintaining high
pressure thereby producing results similar to thoss
shown on Figure 8. For these case¢s, the lover pore
pressure values reported in Table Z correspond to
the maximum measured pressures and the upper values
vere determined from extrapolations of the Horner-
like plots.

Becauss borehole deformation can significantly
influence pressure responses, it must be considered
vhen {nterpreting shut-in or flow data. Dicreasing
borshole diameter can produce test rssult/ that are
indistinguishable from thoss obtained Zrom brine
flov into the boreholes. The effect of an
increasing borehole diamater is exactly opposite.
For example, 1f a borehole is closing and the
formation {s permeadls, the final equilibriuam
pressure icr a measure of the mechsnical
characteristics of the formation and not a measure
of the pore pressure. If the borehole ic opening,
the formation pore pressure can be estimated from
the final equilibrius pressure, formation
poermeability, and borshole opening rate because
pressure incroases can occur if fluid 1s flowing
into the borehole.
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Parmeability vith
In order to compare the pressurs and flow response C = 1 (%)
data measured at the fiftescn boreholes, the data ] K+4/3C

were interpreted to yield formation permeability.
Permeability valuss were obtained assuming that the
Salado Formation in the vicinity of each borehole
could be modeled as a fully saturated, homogensous,
isotropic, porous medium. No attempts were mads to
interpret the data in terms of fracture flow, flow
in & partially saturated porous medium, flow into a
layered formation, or flov in a formation i{n which
the permeabllity varies with radial distance from
the borehole test region.

These estimations of permeablility were darived froa
calculations based on measursd parameters, vith
assunptions concerning the flov mechanisms that may
not be wvalid for this formation. Nevertheless,
they do provide a first-order approximstion of
permeability and a basis for additional research
for determining flow mechanisms in the Salado. In
particular, failure of the simple model to
reproduce the wmeasured results providss evidence
that the data’ need to be exanined in greater
detail.

The time-dependent shut-in pressure response data
typified by that shown on Figure 4 were analyzed
using a modified version of a two-dimensional
finite-element numerical code written by Wilson and
Nickell (¥, This code is capable of simulating
the borshole/packer/formation system geometries,
borehole volume changes, and borehole storage
sffects including pressure dependent fluid
compressibility which may occur 1f air bubbles are
trapped in the test region. In addition, the
permeability (k), porosity (¢), and viscosity (u)
may be input as functions of position, pressure,
temperature and/or time. As a result, anisotropic
permeabilities, borehole damage, non-darcy flow,
and thermal effects can be considered, if desired.
The code provides solutions to Equation 1

ap Kg w(t) Kp oy
po—=a P+ - (1)
s ¢ T

vhere P i3 the formation pressure, K; is the fluid
bulk modulus, p {8 the density, w(t) is a flow
source or sink, and V is the approrriate test or
guard region volums, A is defined in Equation 2

v P v P

a - a o
A= 1--‘-‘-’- —P—-O-E ?Kf (2)

vhere V, l#2 the volume of air trapped in the
borshole as measured at a pressurs P_, and the
subscript = denotes ambient conditions.

In the lov permeability salt formations common to
the WIPP, the matrix is sssumed to be compressible

vwith diffusivity, a, defined as shown in Equation
3.0

K ¢ 1! |
a-—“— C.-l»-i; (3)

vhere G is the elastic shear modulus of the
skeleton and K 4s the hulk meodulus of the
unsaturated or drained region.

For the low porosity salt formation, the first term
in the brackets in Bquation : is much larger than
the second and, as a result, the flow {is
essentially independent of porosity and depends
only on rock compressibility and permeability. In
the results presented here, the diffusivity is as
shown in Equation 5 &s suggested by Nowak et al.'®

a=(1.1010% ¢ k 2/sec (s)

vhere k is given fin units of »3.

Permsability values are inferred from the measured
data in an {terative manner using solutions to
Equation 1. For example, a value is sslected for
the permeability and the prassure and tims response
is then calculated using the estimated pore
pressure value and known borehole history. The
measured and calculated responses are then
compared, If they are similar, the permeability
value is taken as representative of the formation.
1f they ars not comparable, then a new perweability
value is selactsd and the process repeated.
Comparisons of some calculated and measured
responses are shown on Figures 9-11. Note that
throughout this report the terms pore pressure and
formation pressure are used interchangeably.

The {nitiasl QPPO3 pressurs build-up is shown on
Figure 9 to be consistent with the solid line that
represents the calculated result for a formation
having a poroelastic reaponse with a 2.4 e 1020
darcy permeability and 12.8 MPa pore pressurs, The
pressure build-up that is observed after 35 days,
when the test region pressure is lowsred to 5.6 MPa
and then shut-in, 4is much faster than predicted and
corresponds to an approximate 10°* darcy
permeability. During the approximate 12 hour
pregsure build-up period, the pressure perturbance
is estimated to have penetratsd to a dspth of sbout
4 co from the borehole wall. This rapid pressure
build-up is also consistently observed in tests
wvhere these packer systems have bsan set in lengths
of casing; once the packers are set in the casing,
it takes many hours for the test region pressure to
equilibrate to a constant value. The observed
rapid pressure build-up in the pulse test s
therefore thought to occur becauss the test region:
voluse i3 so small, and the sssoclated test time is
so short, that the response is dominated by the
characteristics of the disturbed zone surrounding
the borehole and/or system compliance effects.
This rapid response is slso observed in other
borshole test rsgion locations.

Results of three additional calculations are shown
on Figure 10, They illustrate the sensitivity of
the calculated pressure history to the selected
permeability value, the length of time tha borehole
remained open prior to the initiation of the shut-
in test, and the placement of a hypothetical 20 cc




SPE 21840

S. M. HOWARTH, E. W. PETERSON, P. L. LAGUS, s

K. LIE, 8. J. FINLEY, AND E. J. NOWAK

air bubble in the vertically oriented QPP03 test
zegion. .

There are cases, as previously discussed, vhere the
sodel only qualitatively reproduces the measured
results. This is illustrated on Figure 11 where
the calculated preasure response is compared to the
measured QPPO4 data. Even though this result is
qualitative, it does suggest that the parmeability
is not significantly higher than 5.0 e 102! darcy.

In a fev tests, additionsl values of permeability
vire inferred from the approximately constant
prassure data typified by that obtained during the
late-time 20-50 day period shown on Figure 9.
Thesr, snalyses were performed sc that comparisons
could be made bstween the pre- and post-excavation
Tesponses. Post-excavation flov tests and

subsequent pressure build-up tests have since been .

performed but this data has not yet been analyzed.
Permaabilities were estimated from these data using
Equation &, a quasi-steady-state solution to
Equation 1 for a cylindrical geometry

I
!

v Py k Fp - )
® & TR mwrg ®

vhere L is the test region length, r is the radial
distance measured from the center of the borshole,

R 1s the maxinum radial penetration of the pressure.

disturbance {ntroduced by the test, and the
subscripts h and o denote conditions at the
borehole and radius R, respectively. For solutions
of the diffusion equsation (Equation 1), the
In(R/r,) term is a function of the dimensionless
time (rp) defined as at/ry? as shown in Ferris et
al. 9, For larger values of ry, this term can be
written as shown in Equation 7.

In (R/th) - 1/2 (in p* 0.80907) (€2

For the results givan here, a value of 3.0 was used
for this parameter. An order of maznitude increase
in permeability only increases thi: dimensionless
time quantity to 4.0,

The data from the 20 to 50 day period shown on
Figure 9 corresponds to a 10710 darcy permeability.
This compares favorably to the 2 e 10°1° darcy
value determined using Equation 1 when evaluating
the 0 to 30 day response.

BESULIS

The preliminary results as descridbed in this
section are divided into three areas of interest:
1) hydrologic characteristics of the undisturbed
formation, 2) flov and pressurs related phenomena
that occurred during the mining process, and 3)
sxcavation-induced changes in the local hydrologie
characteristics.

Undisturbed Formstion Characteristics

The hydrologic charactaristics of the undisturbed
formation dre inferred from the results of the
initial shut-in tests and the quasi-steady state

responses observed prior to excavation of Room Q.
Summaries of the maasured pore pressures and
permasbilities inferred from the data in the
fifteen borshole test regions are presented in
Tables 2 and 3. ‘

The observed pressure responses generally fall into
three categories which are related to the
lithologic units. The interbed anhyirite regions
that includs Marker Bed 138 (QPPOl), anhydrite "b"
(QPP03), and Marker Bed 139 (QPP13) have 9 to 14
MPa pors pressures. Halite layers including Map
Unit 7 (QPPO4), that locatsd belov clay "d"
(QPP12), and Map Unit 3 (QPP22, QPP23), QPP24, and
QPP25) had lower pore pressures ranging from 5 to
10 MPa. The permeabilities in the halites in Map
Unit 6 (QPP0OS5S), that below anhydrite “"c® (QPP1l),
Map Unit O (QPP15), one location in Map Unit 3
(QPP21), and a polyhalitic halite layer (QPP14)
were so low that pore pressurs values could not be
determined. In the halite of Map Unit 13 (QPPO2),
the test region pressure always equilibrated to an
anomalously low 1.1 MPa valua.

The shut-in pressures measured immediately prior to
the excavation of Room Q are also shown in Table 2.
These values are comparable to the listed pore
pressures with the exception of boreholn QPP23,
vhich wvas discusrod previously.

Permeability values are given in Table 3 for the 15
borehole test regions, These values wvere
determined from initial pressure build.up data
similar to that shown on Figure 9 for QPP03. The
fourth columan shows permeability values calculated
from prsssure data only, while the results shown in
the fifth column were obtained using both pressure
and diameter change data. The analysis dstermines
a product (kh) of the permeability (k) and flow
layer thickness (h). Permeability values in Table
3 wvere calculated by assuming a thickness equal to
the test region length. For the interbed regions,
this assumption may not be valid and the
permeability values obtainad should be adjusted
once the interbed thicknesses are deteruined.

1f pressure data alone are considered, the
permeabilities detarmined from borsholas having
measurable pore pressures are less than about one
nanodarcy. A permeabiiity value could not be
determined from QPPOZ data.

Even {f the borshole deformation effects are
considered, the perveability values remained less
than about two nanodarcies. Since there was no

' significant pressure rise during the QPPO5 shut-in

test, the borshole deformation results suggest that
the borshole volume increcse and brine inflow rates
were squivalent. The permeability value shown on
Table 3 for QPPOS was estimated by /ssuming an 8.0
MPa pore pressurs, similar to tha: msasured for
QPP22, QPP23, QPP24, and QPP25,

Inclusion of borehole deformation effects
significantly changes the permeabilities estimated
from QPPOS, QPPl2, QPP13, and QPP22 borehole data.
For exampla, a 3.8 cm borshole closing at a rate of
40 ustrains/day would have an initial pressure rise
squivalant to that seen on Figure 9 for JPP03
provided that the formation i{s imparmeabls. The
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fact that many boreshole diamsters, and therefore
volumes, are apparently dincreasing is not
understood. As a result, work is continuing to
determine the reliability and accuzecy of the
borehole deformation data., Subsequent to the tests
roported hers, the test Tegion pressures wers
lowered to less than 1 MPa. At these lover
Ppressures, closure was observed in all the 10.2 cm
diameter boreholss but in only a few of the 3.8 ca
diamster borsholes,

The pro-excavation normalized (average for the two
orthogonal gages) borsholes diamater changs ratss
are listed in the sixth coluan of Table 3.
. Borehole diameters are seen to change &t normalized
rates ranging betwsen -4 and 63 microstrains/day
vith & positive change rate indicating that the
hols 1is opening. The gages in the 10.2 ca diameter
borsholes, QPPO1l, QPPll, and QPP21, have 48 ca long
by 10 cm wide platens that contact the borshole
wall, The deformation gages in the 3.8 cm
borsholes have 0.6 ca diameter pin contacts. The
larger dianeter gages did measure hole closure
successfully on‘sarlier tests. The tests examined
in this report ‘mark the first attempt to use the
snall diameter gages.

Excavation Responae

During ths excavation process, the borehole
pressures were maintained at sufficiently low
values so that fracturing would not occur {f the
local strecses decreased. As a result, the
quantity of information available to describe the
dynanic response agsociated with the excavation of
the room is limited.

The effect of the sxcavation on borehole diameter
change rates, tast raogion pressures, and test
region brine inflow rates, are shown in Figures 12
through 15. Note that wvhile s full set of data
exists for auch borehole, these figures wers chosen
to best represent the effects of excavation on
these parameters. Excavation history data are
superimposed on these figures to shov the temporal
relationship betwsen the mining process and
responses within a particular test region. (Note
on Figures 12 through 15 this is {llustrated by the
8011d line labsled "Excavation Progress® for which
each vertical step increment represents the mining
of that proportionate length of the 110 m 1long
room.) As shown on thess figures, timing of the
excavation-induced formatiorn response {s nearly the
saase for all test locations including the nesr-
excavation test regions such as QPP15 and the
outer-most test regions such as QPP21.

Perturbation of the surrounding formation as a
result of excavation is {llustrated most
dramatically by the borchole deforration data.
Exanination of Figure 12 reveals that the step-like
changes in diameter are coincident with the
advances of the boring machine. Note that the most
dramatic step occurs as the cutter head passed the
gage locations. These step-like responses were
sometimes followed by gredual borehole diameter
changes that may have continued for three or four
days. Ths diameter changes at all locations are
qualitatively similar, and in general, the
magnitudes of the responses decrsased with
increasing distanco from the excavation.

Three significant observations can be madse based on
the borshole diameter change measurements. First,
diameter changes in the hoop direction, oriented
relative to Room Q, are in general larger than
those in the radial direction. Second, the
diameters in both the hoop and radial directions
generally decreased as a result of the excavation
of Room Q. 'Finally, the measursd borehole teo
borehole diametsr changes do not vary uniformly
vith distance from Room Q. For a hole aligned with
the Room Q axis, the measured diameteras are in the
vertical and horizontal directions., The measured
diameters do not align exactly in the hoop and
radial directions because the boreholes slant with
Trespect to the Room Q axis as shown on Figure 1.

Typical shut-in pressure data are shown on Figures
13 and 14, Borshole QPP21 experienced a 0.6 MPa
pressure increase and borehole QPPO2 a 0.7 MPa
pressure excursion during the period between 83 and
100 days. As vith the borehols deformation
moasuresents, the data reflect the discrete mining
steps.

Figure 15 shows messured changes in the QPP23 test
region brine reservoir volume during excavation of
Room Q. During this period, the brins reservoir
was ussd to maintain the test region pressure at
approximately 3.5 MPa, Again, the discrete
advances of the boring machine are reflected in the
flov data., A maximum change in the accumulator
brine volume of 4.4 cc occurs nearly coincident
with the boring machine passing the gage location.
During this time, the corresponding decrease in
borehole diameter squates to a 3.8 cc reduction in
test region volume.

A typical tomperature rssponse is shown in Figure
16. The temperature increasod at borehole QPP0O)
approximately two days after the boring machine
pessed the gege location. A delay in temperature
arrival of this magnitude is consistent vwith an
approximate 0,03 cm?/sec thermal diffusivity for
salt., There were no measured temperature changes
at the boreholes located 4.2 room diameters out.ide
tiie excavation, Clearly, the rapid responses
described in the preceding paragraphs are riot the
result of thermal loads induced by the mining
process.

Poat-Excavation Formation Characteristics

Post-excavation hydrologic characteristics are
inferred primarily from the steady state shut-in

test response data typical of that zhown on Figures

17 and 18. The pre- and post-axcavation results
are compared in Tables 4, 5, and 6,

Measured pre- and post-eucavation shut-in pressures
are compared in Table 4. Two of the thrae
anhydrite interbed regions showed excavation-
induced changes in shut-in pressure with thoss in
anhydrite °*b" (QPPO3) and Marker Bed 139 (QPP13)
decreasing by 4.7 and 2.7 MPa, respectively. The
Marker Bed 138 (QPPO1l) shut-in pressure remained
relatively unchanged.

The halite layers tested using boreholes QPPO4,
QPP12, QPP22, QPP23, QPP24, and QPP25 that had pre-
excavation shut-in pressures between 3.6 and 9.1
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MPa showad varied reaponses. As shown on Table 4,
the pressuras either remsined approximatsly
constant or decreased. The most noticsable
decreases occurred in borsholes (PP24 and QPP2S5,
which are positioned close to tha room,

Pre-oxcavation shut.in pressuras could not be
measured in the halite layers tested using
“borsholes QPP0O5, QPP1l, QPPl4, QPP15, and QPP21.
All of these layers had measursble post-sxcavation
shut-in pressures. The shut-in pressure {n Map
Unit 13 (QFP02) that had the anomalously low pre-
excavation 1.1 MPA value incrsased to 1.2 MPa
folloving excavation of the room.

Post-excavation shut-in pressuras vers measured in
all 15 ctest locations. Of these, 12 showvad effects
of the excavation. This iz trus not only of ths
test regions located near the excavation, but also
in the test regions located 4.2 room diamaters
outside the room. .

In a fovw casss, Equation 6 could be used to
deternine permeability values from the 20-50 day
shut-in pressure data typical of that shown on
Figure 10. These results are compared with
similarly deterained post-excavation values in
Table 5. Since tha poat-excavation pore pressures
are inferred from the shut-in pressure data, the
Table 5 values must bs considered as qualitstive,
Although there 1is some indication that the
permeabilities may have changed, the estinated pre-
and post-excavation values are generally similar to
the permeability changes that could result from
- changes in the borehole deformation rate. There is
no clear {ndication that permeability wvalues
significantly increased as a result of the
excavation of Room Q.

The pre- and post-excavation normalized borehole
diazeter change rates are comparsd in Table 6.
Prior to the excavation, the borehole diameters
changed at rates ranging betveen -4 and 63
microstrains/day vhere the positive sign indicstes
a borehole is opening. Following excavation of the
room, the diameters changed at rates ranging
between -42 and 48 microstrains/day. Examination
of the data shows that the Room Q excavation
influences the responsa even out to the farthest
test regions.

CONCLUSIONS

Prior to sxcavating Room Q, the dsta indicate that
the undisturbed formation had the following
characteristics:

1. The three intorbed regions tested had 9-14 MPa
pore pressures. Three halite layers with
measurable pore pressures had 7-10 MPa valuss
and one anomalous layer had a 1.1 MPa value,
Five halite regions had permsabilities that
were so lov that the pore pressures could not
ba determined.

2. 1n all but one of the regions having measurable
pore pressures tested, the permesbilities, as
inferred from shut-in tests, were less than two
nanodarcies. A parmeability value could not be
deternined from the data obtained in the halite

layer that had the amnamoclously low pors
pressure., One region had a permsability of
approximately ten nancdarcies.

3. The normalized test region borehole diameter
chenge rates ranged between -4 and 63
wicrostrains/day. At this time we cannot
explain why the boreshole diameters, and
therefors volumes, were apparently increasing
rather than decressing.

During the excavation psriod:

4, All pressure, flow, and borshole diameter
change dsta show step-like changss coincident
with the advances of the boring machine.

S. The shut-in pressure, {low and borehole
diameter changes &t all locations aras
qualitatively similar with the magnitudes of
. the response generally decresasing with
incresasing distance from the rib.

6. Test region borshoie diameter changes in the
hoop diraction, oriented relative to Room Q,
are generally larger than those in the radial
direction. However, both diameters generally
decresased during the excavation process.

7. The onzet of the excavation-induced temperature
risc at the test regions is consistent with an
approximate 0.03 cm?/sec thermal diffusivity
for salt. The responses described in
conclusions 4 and 5 clearly does not result
from thermal loading induced by the axcavation
process,

The shut-in pressure tests were continued following
excavation of Room Q. However, because sufficient
data have not yet been analyzed, a definitive
description of the long term changes in the
hydrologic response cannot be provided at this
time. Consequently, the following covaervations are
qualitative and preliminary:

8. At 12 of the 14 locations, post-excavation
shut-in pressurs differed from pre-excavaticn
values. This effect was observed asvan at the
outer-most test regions located 4.2 room
diametars outside the rib.

9. Poat-excavation shut-in pressures could be
measured in all the halite layers that had low
pre-excavation permeabilities which prevented
definitive pre-excavation formation pressures
from being measured.

10. In the cases vhere post-excavation and pre-
excavation permeabilicies in a specific
borehole could be qualitatively estimated, the
results were comparable.

11. The pre- and post-excavation borshole diameter
change ratss were different for nine of the
fourteen test regions with definitive data. 1In
general, the rates of opening decreased.

In summary, prior to the excavation of Room Q, the
inferred formation pore pressures ranged ketveen 1
and 14 MPa and the associated permeabilities wers

-..M,-1
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less than one nanodarcy. The flow properties of
the Salado Formation are very heterogeneous. Each
interbed region had its own unique set of
characteristics as did each of the tested halite
regions.

The excavation of Room Q affected the formation
response at the outer-most borsholes 1located 4.2
roomn-diameters from the excavation. The effacts
appeared immediately and are coincident with
advances of ths boring mschine. The magnituds of
ths change generally decreased with increasing
distance from the rib, however, the responses
cannot be considerad uniform. In thoss regions
vhers pre-excavatisn shut-in pressures could be
measured, post-excavation values wers generally
lower. Following excavation of Room Q, shut-in
pressures could also be measured in the halite
layers that had pre-excevation permeabilities that
vere sc lov that they precluded such measurements.
In general, there was no clear indication that the
overall magnitude of formation permeability was
significantly increased after the excavation of
Room Q.
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Table 1. Room Q pressure/flow/closure system test configurations.

W ) @) @ @
BOREHOLE | TOOL | TESTREGION | TESTREGION | GUARD REGION | GUARD REGION
BOREHOLE | DIA/DEPTH | TYPE LENGTH VOLUME LENGTH VOLUME

« (em)/ (m) (cm) (cc) (cm) (cc)

/
QPPO1 10/137 DUAL 188 5.1x10° 76 20x10°
QPPO2 38/76 | SINGLE 85 290 - -
QPPO3 38 /4.6 DUAL ) 300 14 135
QPPO4 38/34 | SINGLF 85 290 - -
QPPOS 38/24 DUAL 90 300 14 135
QPP11 10 /137 DUAL 135 6.0x10° 76 2.0x10
QPP12 38/76 |SINGLE 85 290 - -
QPP13 38 /4.6 DUAL 90 300 14 135
QPP14 38/34 |SINGLE 85 290 - -
QPP15 38/24 DUAL 90 300 14 135
QPP21 10 / 13.7 DUAL 135 6.1x10° 76 2.0x10°
QPP22 38/76 | SINGLE]| 85 290 - -
QPr23 38/46 DUAL 90 300 14 135
QPP24 38/34 |SINGLE 85 290 - -
QPP25 38/24 DUAL 90 300 14 135
NOTES:

1. The test region extends from the bottom of the hole to the wellbore contact of the dezpest packer.
2. The test and guard region volumes include the volume of the connecting lines.

3. The guard region lengths are the distances between the wellbore contacts of the two

packers.

The distances between the test and guard regions are 33 cm (3.8 cm dia. hole) and 25 cm (10 cm dia. hole).
. This depth is measured radially frem the centerline of Room Q.

4
5. The test and guard regions were combined (i.c., the test region packer failed) to give a 137 em

long, 435 cc test region.




~ Table 2. Summaries of the estimated undisturbed far-field pore pressures
determined from the initial shut-in test and the actual shut-in
pressure measured just prior to excavation of Room Q.

, 1)
, LOCA'ﬂON(
FARFIELD | PRE-EXCAVATION
BOREHOLE VERT HORIZ PORE x;ﬁfssunz SHUT-INMI;RESSURE
@ | @ (MFa) (MPa)

QPPO1 13.7 () 9.3-13.9 9.3
QPP02 7.6 0 11 11
QPPO3 4.6 0 128 11.5
QPPO4 34 0 7.0-10.3 70
QPPO5 24 0 —(2) - @
QPP11 -13.7 0 - @ - @
QPP12 7.6 0 58-8.6 58
QPP13 4.6 0 10.7 - 12.8 10.5
QPP14 34 0 - (2) .. (2
QPP15 24 0 - @ - (@
QPP21 0 13.7 (2 _@
QPP22 0 7.6 9.1.7 8.5
QPP23 0 4.6 73-94 36
QPP24 0 34 91.7 6.3
QPP25 0 24 77-91 2.7
NOTES:

1. The location is measured with respect to the Room Q centerline.

2. Indicates formation held pressure at arbitrary set value.




Table 3. Summary

of the undxsmrbed far-field permeabilities determmed

from the initial shut-in and borehole deformation data.

from the diameter change data.
4. Indicates that results are indetezminate.

, ) [INITIAL SHUT-IN TEST PERMEABILITY
‘ da
LOCATION (darey) NORMALIZED
BOREHOLE DIAMETER
‘ PRESSURE AND | CHANGE RATE
VERT | HORIZ | PRESSURE DATA DIAMETER (1 Strains/day)
(m) (m) ONLY CHANGE DATA
Qrro1 137 0 15x10° 23x107° 17
 QPP02 7.6 0 @ o 35
QPP03 46 0 24x10° 4
QPP04 34 0 50x10°! 0% 7
QPPO3 24 0 (2) 2x10 19
QPP11 137 0 @) 0
QPP12 7.6 0 2x10°1 2x10°10 24
QPPi13 4.6 0 S 3x10°10 2x10°? 63
Qrr14 34 0 @ 0
QPP15 24 0 (2) 2
QPP21 0 13.7 @ 0
QPP22 0 76 1x10 g 5x10 ’;’ 23
QPrr23 0 46 1x10 15x10°0 7
QPP24 0 34 1x107 15x10° 17
QPP25 0 24 1x10°10 0
NOTES:

1. The location is measured with respect to the Room Q centerline.

2. Permeability is too low to measure.

3. The pore-pressure was arbitrarily selected at 8.0 MPa in order to determine a permeability




- Table 4. Comparison of the pre- and post-excavation measured shut-in pressures.

} 1)
LocaTion PRE-EXCA VATION|POST-EXCAVATION| Resonse
BOREHOLE SHUT-IN SHUT-IN GED BY COMMENTS
VERT|HORIZ| PRESSURE PRESSURE CAVATION
(m) | {(m) (MPa) (MPa)
QPPO1 13.7 0 9.3 101 no =
QPPO2 7.6 0 11 12 yo |
QPPO3 4.6 0 115 6.8 yes -
QPPO4 34 0 70 65 ys vacion value was slowly increasing.
QPPO5 24 0 ) 0s yes
QPP11 -13.7 0 ) 5.0 yes Post-excavation value continuing to increase.
QPP12 7.6 0 58 85 no vation value was slowly increasing.
QPP13 4.6 0 105 7.8 yo
QPPI4 | -34 0 @ 5.9 yes
QPP15 24 0 ) 2.4 yes ost-excavation velue CONGNUINg to increase.
QPP21 0 137 r2) 47 yes
QPr22 0 7.6 i1 85 yes -excavation value was increasing.
QPP23 0 4.6 . 36 ? vation value decreasing.
QP24 0 34 63 25 yes ost-excavation value increasing.
QPP25 0 2.4 7.7 3.0 yes
NOTES:

1. The location is measured with respect to the Room Q centerline.

2. Indicates formation held pressure at arbitrary set value.




Table 5. Comparison of the pre- and post-excavation permeability
'~ values determined from the shut-in data vsing Eq. (6).

ol
LOCATION PRE-EXCAVATION POST-EXCAVATION
| " PERMEABILITY PERMEABILITY
BOREHOLE | VERT | HORIZ | (darcy) (darcy)
(m) (m) '
9@ 5@
QPPO1 13.7 0 4x10 2x10
QPPO02. 7.6 0 () t)
QPP03 46 0 1x10°10 ’ 1x10°10
QPPO4 34 0 5x10°1 @) @
QPPO5 2.4 0 2x10°10 (L)
QPP11 137 0 ® @ o
QPP12 7.6 0 3x10°10 5x 10-102
QPP13 46 0 2x10-9@ 1x10 9%
QPP14 3.4 0 ) 6x10.10%®
QPP15 2.4 0 ® | o
QPP21 0 137 ® )
QPP22 0 7.6 (K )
QPP23 0 4.6 3) (k)]
QPP24 0 34 ) 3
QPP25 0 24 I (3)
NOTES:

1. The location is measured with respect to the Room Q centerline.
2. Corrected for borehole diameter change.
3. Indicates results are indeterminate.




Table 6. Comparison of the pre- and post-excavation normalized
borehole diameter change rates.

1 2 2
LOCAﬂON( ) NORMALIZED( ) Nonmuzm( ) RESPONSE
PRE-EXCAVATION | POST-EXCAVATION | CHANGED BY
BOREHOLE o DIAMETER DIAMETER EXCAVATION
VERT HORIZ | CHANGE RATE CHANGE RATE ‘
(m; (m) (1 Strain/day) (» Strain/day)
QPPO1 13.7 0 17 2 yes
QPPO2 7.6 (] 35 no data -
QPPO3 46 0 -4‘;’ 0 yes
QPPO4 34 0 7( ) 1} ) yes
QPPO5 24 0 19 42 yes
QPP11 -13.7 0 ] -1 " no
QPP12 7.6 0 24 24 no
QPP13 4.6 0 63 48 no
QPP14 3.4 0 0 17 yes
QPP15 24 0 2 16 yes .
QPP21 0 137 0 -1 no
QPP2 0 7.6 3 27 no
QPP23 0 4.6 7 2™ yes
QPP24 0 34 17 9® yes
QPP25 0 24 0 g yes
NOTES:

1. The location is measured with respect to the Room Q centerline.
2. Values shown represent the average change rate for the two closure gauges, normalized

to the borehole diameter.

3. Indicates one diameter is increasing and one diameter is decreasing.
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Figure 2. Radial positions of the pressure/flow/closure
measurement systems.
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Figure 7. QPPO2 test region shut-in pressure.
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Figure 15. Test region brine volume measured in borshole QPP23

during excavation of Room Q.
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Figure 16. Temperature history at borehole QPPO3 test area.
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Shut-in Pressure (MPa)
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Figure 17. QPPO3 pre- and post-excavation test region shut-
in pressure data.
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Figure 18. QPP21 pre- and post-oxcavatidn shut-in pressure data.
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