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Downhole Conditions, Volume 1. Terra Teks Inc.

REVIEWER: Williams &' Associates, Inc., __d4-

DATE REVIEW COMPLETED: February 18, 1987

ABSTRACT OF REVIEW: APPROVED BY:

The document reviewed describes a laboratory test of the
performance of a borehole seal in domal salt. A 15-inch diameter
core of salt was confined, then drilled and grouted to simulate
the process of borehole sealing. The pressure history of the
sample during grout curing was monitored. A "flow test" was
performed on the core to measure permeability. The "flow test"
was conducted as a "constant head" test in that a constant
pressure differential was maintained across the sample. The
discharge of brine from the sample was measured. Due to
experimental problems described below, the permeability data were
not considered defensible and the test results were recorded in
terms of their qualitative value only. Tracer was forced through
the sample, after the flow test, by maintaining a differential
pressure across the sample. A series of tests also were
performed on cross sections taken from the core. These cross
sections were subjected to microscopic analysis, physical
property analyses, and laboratory permeability tests.

The experimenters intended initially to calculate permeability
values from the flow test on the intact, grouted sample.
However4 they were not able to establish the necessary conditions
for either a steady-state or a transient analysis; consequently
the only permeability data in the report are from a pulse decay
permeameter test using 2.5 cm diameter cross-sectional samples
from the main sample. Only four values of permeability were
obtained.
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This review demonstrates that the inferences made in the document
about these four values of permeability are indefensible
statistically.

The desc:ription of the microscopic analyses of the test specimens
is unusual and quite interesting. The report contains a list of
possible microscopic indicators of dissolution; the report
includes descriptions of the conditions found in these samples.

BRIEF SUMMARY OF DOCUMENT:

The document describes a borehole sealing test which was
conducted on diapiric (domal) salt from the Avery Island salt
dome. The test was performed by establishing external pressures
of 15.86 MPa on a 15-inch diameter core of salt; the core was
drilled and grouted simulating a borehole within the core. The
constant stress (15.86 MPa) and temperature (30'C) are believed
to be similar to in situ conditions for a nuclear waste
repository in salt. The sample was evaluated for sealing
performance and the effect of the grout on the salt. After a 28-
day grout curing period, "full-scale" flow tests were performed
on the grout and salt system. The flow tests included use of
fluorescent dyes. Post-test microscopic tests, physical
properties tests, and laboratory permeability tests were
conducted on thin cross sections of the grout and host rock after
completion of the flow experiment.

The hydrogeologic importance of this document review rests
primarily upon the observations and conclusions made by the
experimenters after a fluid flow test was performed on the
borehole simulation system. In order to provide a context for
these observations, a brief review of the sample preparation,
drilling conditions of the sample, placement of grout, and grout
curing performance which took place before the flow and physical
properties tests is necessary.

Three 15x46 inch samples were prepared for drilling and grout
emplacement. Each sample was placed on a bottom end cap; a
urethane jacket was sealed with vulcanizing sealant around the
circumference of the sample to prevent moisture inflow or outflow
from the circumference of the sample. A steel jacket was placed
around the urethane jacket and tightened securely. A top end cap
was set in place and the assembly was bolted axially together by
threaded tie rods. An ambient external pressure of 15.86 MFa was
applied and maintained for the remainder of the test.

A "borehole" was drilled into the sheathed, pressurized salt
sample. The drilling fluid was saturated brine. Miniature
pressure transducers were installed within the grout plug
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material at the start of a 26-day curing cycle of the full-scale
plug seal test. The transducers remained in place for the
duration of the curing process and flow test experiment. The
transducers were "oriented to sense stress in radial and
tangential directions within the grout, as well as at the
grout/salt interface" (p. 11). An expansive grout was chosen to
act against the plastic inward deformation of salt. The chemical
formula for the expansive grout is contained in Table 5-1 of the
document under review.

The grout was mixed using saline water to prevent dissolution of
the interior of the borehole; however. the experimenters
encountered higher than design viscosities due to the extra salt;
they found it difficult to add enough salt so that the grout
would be saturated with respect to the host rock. Atmospheric
pressure was maintained on the grout in the simulated borehole;
an external confining pressure of 15.86 MPa was exerted on the
outside of the host rock. Pressures between the salt and the
grout varied as the grout expanded.

The salt was cured for 28 days with constant confining pressures.
The experimenters made several observations about the grout
curing process, based upon the pressure data. These observations
included the following conclusion: "...there was a "definite"
decrease in stress measured by the in-situ transducers? after
approximately one week of curing. This decrease in stress is
largely attributed to salt crystal realignment in response to
applied stress" (p. 20).

Flow Test: At the conclusion of the 28-day curing period a flow
test using saturated brine was conducted on the grout-plugged
diapiric salt sample. The flow test yielded only qualitative
results because the experimenters were not able to meet the
necessary conditions to make permeability calcu lations with
either a steady--state or a transient test.

Prior to the initiation of the flow test. an additional 200 grams
of commercial rock salt (Morton) were installed at the top of the
"borehole" to ensure that the brine for the test would be fully
saturated at all times. This precaution was taken because
research results from a concurrent study at Fennsylvania State
University indicated that sodium chloride exhibits an increase in
solubility with increasing pressure. Therefore, it was expected
that as the flow test borehole pressurization increased, the
brine would become undersaturated with respect to the host rock
and dissolution could occur. Despite the addition of the
commercial rock salt, a significant volume of host rock salt was
removed by dissolution.

In the early stages of the flow test the experimenters had
difficulty extracting brine from the bottom of the sample. "To
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ascertain if a potential flow was occurring at a rate too low for
establishing a flow path through the sample, the borehol.e
pressure was isolated from the pressurization system" (p. 35).
This was done three times at incrementally increased differential
pressures, and each time the internal borehole pressure was
dissipated with no resultant flow. The experimenters do not
explain this result as a function of flow that occurs at a rate
too low for establishing a flow path. Instead, they consider
this pressure dissipation to be due to crystal
realignment/adjustment, and dissolution due to desatUration of
the brine. This conclusion was based on post-test visual and
microscopic observations.

The differential pressure was established at a constant value of
1.38 MF'a for the following 91 hours. Within the first 13.5 hours
of the test, 43 ml of brine were collected. At the end of 91
hours 275 ml had been collected. However, steady-state flow was
never achieved. Consequently the experimenters did not apply
standard permeability calculations. A transient flow test was
not attempted "because of the risk of disturbing the grout/salt
system by pressurizing the bottom of the plug core" (p. 35).

Flow Path Tracer Dye: A flow path tracer test was performed on
the borehole sample after the flow test. The purpose of this
test was to distribute tracer along the flow path taken by the
brine so that the brine flow path could be examined by inspecting
microscopic: thin sections of the borehole sample. In order to
di str ibute the tracer, the pressure in the borehole was reduced
to atmospheric and "12.5 ml of brine were removed and mixed with
1-5 ml. of tracer dye" (p. 35). Apparently the experimenters
chose to use brine that had passed through the sample for the
tracer experiment. The report does not discuss the possible
advantages or disadvantages of using the leachant from the flow
experiment as the penetrant for the tracer experiment.

The amount of brine discharged from the sample during the tracer
test was so small that evaporation at the collection point, "as
observed by salt deposits on the tube, became a factor in
calculating the volume of flow" (p. 42). The report states that
"upon termination of the flow test, the brine/dye penetrant in
the borehole was removed" (p. 42). It is not clear how the
penetrant was removed, nor whether this was done while the salt
borehole sample was still in its urethane and stainless -teel
sheath. The experimenters report the following observation:
"Visual examination revealed a partial separation of dye from the
brine indicating that the purported water-based dye was in fact
not totally soluble in the test brine. The effect of the non-
soluble dye on the last portion of the flow test is unknown but
is considered to have had little significance as the flow had
become neglinible prior to the addition of the dye" (p. 42).



The next several paragraphs describe the post-test analyses. The
sample was sectioned for analyses by visual observation.
microscopic inspection, permeability tests, and physical property
tests. The sections were cut perpendicular to the axis of the
borehole.

Visual Observations: When the grouted test sample was removed
from the test vessel, it was found to have undergone a reduction
in size (which is not attributed to any process such as
compaction or dissolution), beginning approximately 12 inches
from the bottom and extending upward to the top end cap.
Dissolution of the salt host rock had occurred under the top end
cap itself. In addition, the experimenters found an unidentified
material deposit along the grout/salt interface which generally
encircled the grout plug. The thickness of the unidentified
material deposit ranged from between 0.0084 and 0.0119 cm. A
chemical analysis of the unidentified material is not included in
the report.

The sectioned slab of the sample showed the presence of tracer
dye along approximately 5 inches of the rock/grout interface and
through the sample. The experimenters note that "fluid flow
apparently occurred along crystal interfaces and in one instance
through a small hairline fracture in the grout. This fracture in
the grout did not appear to be continuous" (p. 43). The
experimenters do not consider the fact that the dye separated
from the brine solution while observing that fluid flow occurred
apparently along crystal interfaces.

Microscopic Analysis: Microscopic: analysis of portions of the
salt and grout was used to detect petrofabric changes which would
not be apparent to the unaided eye. The bond between the grout
and salt failed when the samples were being prepared for
microscopic analysis. The experimenters do not postulate whether
this failure was due to a lack of cohesion (and therefore lack of
structural integrity) between salt and grout, or whether this
failure was due to dissolution of salt caused by the flow
experiment. The samples which were prepared for the microscopic
analysis were obtained by coring parallel to the borehole/grout
interface.

The purpose of the microscopi.c inspection procedure was to
evaluate drilling, stress, or flow-induced damages to the
specimen. The entire specimen was scanned for evidence of any of
the following types of damage (p.53):

1. Planar features: indicated by, but not limited to
a. Intergranular fractures
b. Displacement fractures
c. Scintillating surfaces as indicated by the presence of

birefringent colors.
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2. Flow-gliding: lateral translation (displacement), along the
interface, of individual particles in relation to each other.

i. Voids: the removal or dissolution of grains or other loose
material. along the borehole interface or through the sample.

4. Plucking: the removal of material during specimen
preparation consisting mostly of loose material.

5. Dissolution Features: found along crystal interfaces; or
thr-ough crystals.

Among the alternative possible types of deformation or
destruction by dissolutions only the following types of damage
were found to be present in some of the slab cross sections (p.
54).

1. Dissolution of crystal structure was evidenced by voids in
the crystal. This damage was present only in samples taken
from one borehole test simulation.

2. Dissolution along crystal interfaces was evidenced by
channelization and removal of microcrystalline impurities.

3. Crushing appeared at crystal interfaces.

The grout plug samples showed no visible voids or evidence of
fluid flow paths.

The ex-perimenters state that "observed damage to the salt host
rock is believed to be associated with crystal
realignment/adjustment to induced stresses and dissolution or
deposition of salt during subsequent f].ow tests" (p. 54), The
expe-rimenters conclude that the salt was undergoing crystal
realignment in response to stresses. This conclusion was based
on the pressure fluctuations in the transducer data which
apparently showed the relief of pressure in various stages of the
curing and flow tests. The e>:perimenters note that "mechanical
error is considered unlikely as this depressi.urization occurred in
two pressure transducers simultaneously and ceased after the
primary grout setup and expansion period had Occurred in the
curing grout" (p. 58),

The experimenters conclude that the dissolution of the salt
probably occurred during changes in the borehole differential
pressure during the flow tests. They suggest this explanation
because the saturation limit of brine changes as a function of
increasing pressure. "at least within these test parameters" (p.
58). They state that (p. 58):
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With the flow tests conducted at increasing borehole
pressures the brine would have become Undersaturated.
To establish saturation equilibrium within the
borehole, dissolution of the host rock and the added
granular salt would have been required. With the host
rock having undergone crystal realignment due to
eternal and internally applied stresses the damaged
crystal interfaces would provide the greatest surface
area for dissolution potential. This surface area is
provided by the minute crushed crystals. These crystal
interfaces, once developed, would provide a path for
flow of the pressurized fluid. With increased
penetration a decrease in pressure could occur.
lowering the saturation point and thereby requiring
less dissolution to reach equilibrium.

The experimenters use the above physical relationship to explain
the observed greater dissolution at the top of the sample and
less dissolution farther into the sample. "This hypothesis would
result in greater dissolution near the top of the sample and less
dissolution farther into the salt sample, which, in turn, would
result in clearly evident flow paths near the initial injection
points and less evident paths with increasing depth" (p. 58). It
is important to note that the experimenters do not consider any
alter-natives for the localized dissolution at the top of the
sample.

Laboratory Permeability Measurements: Measurements of intrinsic
permeability were made on small-diameter (2.5 cm) subsamples from
the original salt sample. Permeability measurements were made in
both parallel and perpendicular orientation with respect to the
borehole. Permeability was measured using a transient test
apparatus described as a pulse decay permeameter. In this test a
pressure pulse is generated upstream of the sample which decays
with time due to fluid flow through the rock and fluid storage in
the rock. From this pressure decay vs. time curve the
permeability of the plug can be calculated. The authors cite
articles by Neuzil et al. (1981) and Yamada and Jones (1980)
which discuss the limitations of the permeability tests. The
authors' calculations, based on the analysis by Neuzil et al.,
indicate that for this system there is a "possible 5%
uncertainty" (p. 61) in the results.

The experimenters conclude on the basis of permeability
measurements from two samples taken with orientation parallel to
the borehole (3.56;10-3 and 3.17xlC-03 darcys), and two samples
or. entved perpendicular to the borehole (3..74x10-3 and 1.94x1 0`3
darcys). that the salt sample has a higher permeability parallel
to the borehole walls than horizontal to the borehole.
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The experimenters conclude that "the greater permeability of salt
near the borehole is attributed to salt crystal interface damage
related to the plastic response of the salt during the period of
reestablishment of the in-situ stress and/or the subsequently
installed expansive borehole grout" (p. 61).

Physical Property Measurements: Cross-section samples from the
borehole test were analyzed and compared to samples from the same
core section which had not been used for the borehole test. They
were analyzed for the occurrence of creep and for their water
content and saturation. The results of this analysis indicate
that the physical properties were not consistent throughout the
sample. It was found that -the sample had a higher percent water
content and saturation near- the outer perimeter of the sample as
well as a lower percent effective porosity in a horizontal
direction. This report does not state how the moisture content
nor effective porosity measurements were made on the sample. The
experimenters conclude that "these data suggest that the high
stress applied to the inside of the salt core by the expansive
grout altered the sample's physical properties parallel to the
borehole and across the entire sample in a horizontal direction.
Due to the short duration of the test long-term salt crystal
adjustment to this test is uncertain. as well as the potential
for effect to borehole sealing" (p. 65).

Interpretations. Conclusions and Recommendations: The
experimenters conclude that the borehole diameter reduction which
was discovered when the sample was dismantled is attributable to
the applied stress prior to installing the grout. With respect
to the grout expansion, the experimenters conclude that the
extraordinary stress buildup of 2n4.8 MPa at the borehole wall
interface "has the potential of exceeding the combined tensile
strength and in-situ stress of a non--plastic host rock resulting
in a borehole wall fracture. This fracture could then transport
fluids, i e., potential radionuclides" (p. 69). The
experimenters do not draw a concluAsion for salt as a plastic host
rock. .

The experimenters found that the small discharge during the flow
test from the borehole samp].e decreased with time and that
steady-state flow was not achieved after 96 hours of the test.
The possibility exists that the flow would have ceased at some
near point in time. The experimenters extrapolate that flow
would have ceased within less than 30 days.

The experimenters conclude that the salt provides the flow path
for the minor volumes of fluid which were collected during the
flow test because the grout has a negligible permeability (less
than l0)-7 darcy). They also concluded that the minor f luid
transport through the salt "is considered directly related to
salt crystal and interface damage caused by the high internal
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stress applied by the borehole expansive grout and the externally
applied stress to the sample prior to the introduction of the
grout. It is noted that a salt lithology has the potential for
self healing over a longer time period than the duration of this
test" (p. 70).

SIGNIFICANCE TO NRC WASTE MANAGEMENT FROGRAM:

The document reviewed is of significance to the Waste Management
Program because salt is one of the three repository rock media
under consideration for di.sposal of high level wastes. The
potential for dissolution is a fundamental issue when
characterizing salt as a repository host material. The result of
this research whic:h is probably most important to the NRC Waste
Management Program is the potential for dissolution and vertical
flow near boreholes and shafts due "to salt crystal interface
damage related to the plastic response of the salt during the
period of reestablishment of the i.n situ stress and/or the
subsequently installed expansive borehole grout" (p. 61). The
authors attempt to qualify the ramifications of this result by
stating that in the long timescale (of repository performance)
the salt would "heal" by plastic deformation in response to these
pressures. However, until research demonstrates that the plastic
deformation process would overtake the dissolution process in all
cases, this potential problem should be addressed by the NRC as a
hydrogieologic aspect of performance assessment, or in the context
of the disturbed zone

If dissolution in the vicinity of shafts or boreholes were to be
lumped in with other disturbed-zone phenomena, precise prediction
of man-induced dissolution potential would probably not be
required Such general experimental studies as this will provide
a useful quide to the hydrogeologists assigned to review the
various aspects of possible disturbed zone phenomena. A future
effort may be made to (a) list the physical processes which are
'black boxed' by the disturbed zone, and (b) assess the
ramifications of these physical processes within the context of
the disturbed zone concept.

PROBLEMS, DEFICIENCIES OR LIMITATION5 OF REPORT:

In several instances in this report it was difficult to evaluate
the defensibility of hydrogeologic conclusions about the salt's
performance because the report was written primarily from an
enqineer-inq point of view. For example! all the problems
associated with the flow test were attributed to geomechanical
causes, whereas hydrochemistry may have played a role as well. In
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addition. it is unfortunate that so few evaluations of
permeability were made on these samples. The conclusions about
the difference between parallel and perpendicular permeability
with respect to the axis of the borehole are not defensible
because so few data were collected and because the difference
between the aver-age values is very small. There is no
statistical difference between the average permeability values in
the horizontal and vertical directions as evaluated by a standard
student's t-test for a Type I error of 0.10 (which is a very
lenient level of error). The authors are apparently unaware of
the indefensibility of their data, because they do not hedge at
all when interpreting their quantitative results.

It would have been quite useful if the authors had described how
they determined that "visual, examination revealed a partial
separation of the dye from the brine indicating that the
purported water--based dye was in fact not totally soluble in the
test brine" (p. 42). This determination could be of
hydrogeologic significance if the brine and dye were sufficiently
immiscible that the fluid flow was essentially two-phase flow.
The two phases may have traveled preferentially through different
pore sizes, within the crystalline and intracrystalline network.
Alternatively, the apparent "immiscibility" may be caused by
different chemical affinities among the brine, dye, and salt
rock.

The microscopic analysis has positive ramifications for
qualitative consideration of hydrogeologic aspects of host rock
performance. The microscopic photographs of crystal interfaces,
both damaged and undamaged, and microscopic dissolution pathways
provide affirmative support to the frequently asked question of
whether or not there is flow through salt. A major omission from
the report is that the degree of magnification is not stated in
the captions of the photographs nor anywhere else in the text
that is evident.

It was concluded that the moisture content was higher near the
outer portions of the sample due to geomechanical alteration of
the crystal alignment. Alternative explanations should be
considered. A possible explanation is that crystal realignment
near the borehole :i.nterface caused a steeper downward gradient
next to the salt so that the brine drained inward from the salt
toward the borehole. The moisture content data are not
presented, so it is not possible to evaluate their use of the
term moisture content nor the extent of the difference in
moisture content. It is usually assumed that in the cases where
flow occurs through a salt unit, the salt is saturated with
brine, and that the condition is relatively uniform. Ferhaps
this study was too short in duration for a uniform moisture
content to be established.



11

SUGGESTED FOLLOW-UP ACTIVITIES:

No immediate follow-up activity is suggested.
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