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ABSTRACT: An excellent scientific understanding of salt reconsolidation mechanisms has been established
from experimental results and observational microscopy. Thermal, mechanical, and fluid transport properties
of reconsolidating granular salt are fundamental to design, analysis and performance assessment of potential
salt repositories for heat-generating nuclear waste. Application of acquired knowledge to construction tech-
niques could potentially achieve high-performance seal properties upon construction or during the repository
operational period, which lessens reliance on modeling to argue for evolving engineering characteristics and
attainment of sealing functions at some future time. The robust database could be augmented by select recon-
solidation experiments with admixtures and analogue studies with appropriate documentation of micropro-

CCSSES.

1 INTRODUCTION

Reconsolidation of granular salt has long been
recognized as a fundamental element of seal systems
and backfilling of salt repositories. In addition to
mechanical and thermal properties, the most essen-
tial phenomena pertain to permeability as a function
of porosity. The fact that disaggregated salt can be
reconstituted to characteristics nearly equivalent to
native salt has been widely demonstrated. However,
for repository applications, the overriding concerns
are how soon under variable conditions does recon-
solidating salt attain desirable performance charac-
teristics. This paper summarizes the abundant in-
formation on this topic, from first principles to full-
scale applications and analogues.

Material in this document generally progresses
from small to large scale. The physical and mechan-
ical processes of reconsolidation at the micro-scale
have been studied to an impressive level of under-
standing and documentation. Initial portions of this
review describe mechanisms of reconsolidation from
high void fractions to low porosity. The consolida-
tion region of most interest pertains to the reduction
of permeability as connected porosity is eliminated.

Salt reconsolidation mechanics have been inves-
tigated by means of several experimental procedures

over time, with increasing sophistication and test pa-
rameter control. Improvements in laboratory tech-
niques as well as test-to-test comparisons have ena-
bled a more complete analysis of test data and
understanding of the consolidation processes than
possible from earlier work. Interpretation of the ef-
fects of temperature, stress, moisture and test tech-
niques are vital to repository-relevant application of
laboratory results. The all-important regimes of low
strain rates and low stress magnitudes have now
been explored in numerous lab experiments. It is
clear from these studies that presence of small
amounts of moisture greatly facilitates the consoli-
dation process.

The applications emphasized here pertain to seal
systems and backfill within salt repositories for nu-
clear waste, which embody large-scale construction
and long-term performance. Analogues provide use-
ful long-term, full-scale anecdotal information,
which confirm reconstitution of granular salt or slur-
ry to mechanically viable solids that can attain char-
acteristics of low porosity and low permeability. In
repository applications, understanding and quantify-
ing attainment of performance specifications are es-
sential to demonstrate regulatory compliance. Addi-
tives such as moisture and clay improve placement
properties of engineered structures and can ensure
both early and long-term performance.



Crushed or granular salt reconsolidation will play
an important role if a salt formation is selected for
permanent isolation of nuclear waste. In the salt dis-
posal concept, crushed salt is naturally the most
suitable backfill material. Crushed salt is readily
compacted and reconsolidated. Through appropriat-
ed construction techniques, granular salt can be
placed in a condition favorable to evolving thermal,
mechanical and hydrological properties approaching
those of the undisturbed surrounding rock salt. Re-
use of mined salt in the underground facility pro-
vides operational efficiency, reduces hoisting and
optimizes material transport. Depending on the clo-
sure concept of the respective repository the main
functions of reconsolidating salt as backfill and seals
are
] to act as a long-term barrier against inflowing
brine or water
] to eliminate release pathways via drifts and shafts
'] to conduct heat generated from the waste to the
host rock

] to stabilize the repository excavations

"] to provide low permeability and/or diffusivity
and/or long-term retardation

The remainder of this report provides technical
information pertaining to these functions.

2 MICROMECHANICS

Compaction and consolidation of granular salt re-
sult from several processes. In a disaggregated state,
granular material comprises about 35% porosity.
Upon application of pressure, densification from the
initial state proceeds by translational sliding, grain
fracturing, pulverization, and mechanical compac-
tion. Brittle processes usually accompany construc-
tion practices, such as dynamic compaction. For
purposes of salt repository applications and related
industrial functions, micromechanical mechanisms
during late stages of consolidation are the most rele-
vant. Identification and documentation of these pro-
cesses are inferred from optical and scanning elec-
tron microstructural observations. As porosity is
eliminated, grain-to-grain interference gives rise to
plastic distortion and grain-boundary processes. In-
dividual salt grains can deform by glide on crystal-
lographic planes, which promotes ductile defor-
mation into void space. As will be shown throughout
this paper, local contact stresses induce pressure so-
lution, solution transfer, and precipitation. Photomi-
crographs in Figure 1 are examples of field-scale
and laboratory samples that illustrate progression of
consolidation processes from high porosity to low
porosity. Figure 1a) is taken from the BAMBUS II
field test (discussed later) and depicts brittle cleav-
age fracture and translational sliding at 25% porosi-
ty. Figure 1b) is a sample from a room that was
back-filled with salt slurry. The cubic habit exempli-

fies brittle cleavage fracture; fine particles result
from pulverization along grain boundaries; well
meshed grain boundaries are achieved through pres-
sure solution. Figure 1c) is taken from laboratory
sample that was consolidated at 250°C and exempli-
fies well sutured grain boundaries in the larger view
(left) and extensive plastic deformation of individual

grains at higher magnification (right)
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Figures la, b, and c. Examples of consolidation mechanisms
from high to low porosity

2.1 Moisture Effects

Salt deformational mechanisms have been widely
studied and shown to depend on external boundary
conditions and extant internal conditions. Identifia-
ble influences include stress state, instantaneous po-
rosity, deformation rate, water content, and tempera-
ture. In the underground setting, granular salt
response is compliant at high porosity and offers
limited resistance to closure. Underground stress
conditions are induced by creep closure of the sur-
rounding salt formation, which imparts an effective
volumetric strain rate on the granular salt. Most



granular salt reconsolidation will occur at ambient
temperature, although thermal effects will become
important in some disposal situations, such as annu-
lar backfilling around a heat-generating disposal
canister. As porosity diminishes more grain surfaces
are brought into contact. Further consolidation
mechanisms at low porosity have been identified
and documented in previous microstructural studies
(e.g., Spiers and Brzesowsky 1993), which revealed
the effects of moisture on the contact surface. Crys-
tal plastic mechanisms promote shape change of
grains allowing distortion into void space. In the
specific interest of achieving a seal function in a nu-
clear waste repository, the most important transfor-
mations occur when porosity reduces to 10% and
less. Low porosity states have been approached in
the laboratory on many occasions applying a wide
variety of test techniques and conditions. Fewer
measurements of permeability have been made be-
cause of the inherent difficulty.

Because pressure-solution creep is considered to
be an important mechanism of crushed salt compac-
tion, it warrants additional description here. Alt-
hough documentation of the operative densification
mechanisms via observational microscopy is not
routinely performed on test specimens, comprehen-
sive reviews regarding the fundamental processes,
thermodynamics, and models of pressure solution
have been published (e.g., Hellmann et al., 2002;
Spiers and Brzesowsky, 1993). In fact, experimental
approaches focusing on pressure solution during the
deformation of unconsolidated crushed salt aggre-
gates have been described by several authors (e.g.,
Raj, 1982; Urai et al., 1986a, b; Spiers et al., 1990;
Spiers and Brzesowsky, 1993; Hellmann et al.,
1998). In salt aggregates where the solid grains are
plastically deformable, two types of pressure solu-
tion densification mechanisms are possible:

1 grain boundary diffusional pressure solution
2 plasticity-coupled pressure solution

The driving force for pressure solution in a granu-
lar aggregate is related to stress variations along the
grain surface (Paterson, 1973). Figure 2a) (left) pre-
sents a sketch of pressure solution as it occurs in re-
sponse to a non-zero effective stress, i.e., the normal
stress component across a grain contact is greater
than the stress on the free pore surface of the same
grain (from Spiers and Brzesowsky, 1993). The
chemical potential variation along the surface of a
grain drives a diffusive flux of solutes from the con-
tact area to the free pore surface. The high stress at
grain contacts causes dissolution of the minerals at
the grain boundary, transport of the dissolved mate-
rial in a fluid phase out of the grain boundary and
precipitation of this material in the pore space on the
less stressed faces of the grains. Figure 2a (right) il-
lustrates boundary sliding and additional internal

dislocation creep. A scanning electron photomicro-
graph of these operating mechanisms is shown in
Figure 2b), taken from a low porosity consolidation
specimen. Grain distortion and remnant shear in-
duced fracture suggest extensive dislocation creep.
Individual grains exhibit internal plastic defor-
mation, as evidenced by shape change and extremely
small subgrains in the center of the image. In this
particular sample using bedded run-of-mine salt, it
appears the crystal plasticity has facilitated move-
ment of internal fluid inclusions to grain boundaries
whereupon pressure solution re-deposition processes
are actively consuming smaller grains. Processes are
likely to be influenced by temperature, confining
pressure, and impurities, but are most strongly de-
pendent on the presence of sufficient water at grain
boundaries to enable solution-precipitation phenom-
ena.

b)E

Figures 2a and b. Plasticity-coupled pressure solution process-
es in granular salt.

Investigations found that without added moisture
the importance of the diffusional creep mechanism
diminishes. If moisture is available in the contact ar-
ea, even very small amounts are sufficient to acti-
vate pressure solution processes. Thus, grain bound-
ary diffusional pressure mechanism dramatically
enhances the densification rate in crushed salt (Spi-
ers et al., 1990; Callahan et al., 1996; 1998; Schenk
et al., 2006).

In summary, these reconsolidation processes have
been documented in laboratory experiments on natu-
ral and artificial salt aggregates, large-scale tests,
and natural analogues. Empirical evidence indicates
that fluid-aided processes will be operative in typical
bedded salt as porosity reduces below 10%, even if



no construction moisture is added. Observations
concerned with bedded salt show adequate moisture
is available from negative crystals, grain boundary
fluid and hydrous minerals to sustain fluid-assisted
processes. Nominally, domal salt contains much less
moisture than bedded salt, so enhanced compaction
and reconsolidation may be facilitated by addition of
small amounts of water during construction.

2.2 Hydromechanical Interactions

The engineering performance goal for reconsoli-
dating salt in a repository is achievement of low
permeability. As granular salt reconsolidates at low
porosity, there comes a point at which the formerly
porous material occludes capillary pathways and no
longer allows porous flow. Grain boundary structur-
al changes and attendant fluid distributions have
been photographed at various stages from natural
occurrences to laboratory experimental results.
Grain boundary structure is believed to change in
presence of fluids, such that grain boundary migra-
tion is assisted by thin fluid films residing on the
grain boundaries (Urai et al., 1986b; Drury and Urai,
1990). In addition to mechanical aspects, the distri-
bution and mobility of water existing inside the pore
space may play an important role with respect to
safety-assessments of salt repositories. For example,
the quantity of accessible moisture controls the vol-
ume of water available for corrosion.

Two aspects are of primary importance in the
complex hydro-chemical-mechanical interactions:

1 advective release of moisture and/or
2 retention, which may impede the consolidation
process by developing pore pressure

The presence of brine strongly affects microstruc-
tural evolution and the mechanical and transport
properties of the material, although the structure of
the halite grain boundaries which contain water is
still a matter of debate. One model (personal com-
munication Spires to Popp) illustrated in Figure 3
proposes a thin fluid film transmits the contact
stress, therefore diffusion transports dissolved mate-
rial. On the other hand, the thin film fluids may be
squeezed out resulting in islands of solid-solid con-
tact, through which the contact stresses are transmit-
ted. Water-filled channels surround islands of solid-
solid contact, and are conduits through which mate-
rial diffuses. Here the starting configuration is styl-
ized as cubic grains with fluid represented as tubular
pores that are transformed to isolated spheres at the
corners.

Brine

filled or 2 Material transported by
coated P diffusion from grain
tubular \ corners to walls of tubes
pores at grain edges

Figure 3. Schematic of fluid redistribution in granular salt ag-
gregates during consolidation.

The fluids existing in the primary pore space
(mostly air and water vapor) are compressed and
partially squeezed out during the transition to a low-
pore-space regime. Migration out of the consolidat-
ing material continues as long as a connected porosi-
ty and adequate permeability exists. All observations
confirm effective reconsolidation until only a few %
porosity remains. At that point, the relative satura-
tion within the intergranular pore space increases.
As the granular salt continues to consolidate, further
fluid transport out of the consolidating mass would
undoubtedly involve two-phase flow of both brine
and trapped air. Experimental results indicate that
intrinsic permeability approaches zero as the porosi-
ty of the consolidating salt reduces. As this condi-
tion is approached, the brine or air effective permea-
bility is even lower than the intrinsic permeability
and the mobility of fluids in highly compressed salt
is very low. Of course, this range of conditions is
very challenging to interrogate experimentally and
remains an area of active research.

3 EXPERIMENTS

Two principal investigation procedures are used
to execute consolidation tests, as illustrated in Figure
3 (after Zhang et al., 1993). Type I shown in Figure
3a) involves stress induced compaction using a con-
stant deformation rate. Type II shown in Figure 3b)
involves time-dependent compaction under constant
stress conditions. Type I simulates converging un-
derground openings with a constant displacement or
loading rate. Due to the induced deformation, pro-
gressive hardening occurs until the stress approaches
a practical limit, which corresponds to some residual
porosity. The reliability of such tests may be limited
due to time restrictions, i.e., within a reasonable pe-
riod of time only limited compaction can be
achieved. Experiments at Bundesanstalt fiir
Geowissenschaften und Rohstoffe (BGR) realized
compaction rates and experimental conditions close
to those in situ (¢ < 10” s™) by interpolating and ex-
trapolating the curves of axial stress versus void ra-
tio (oi/e) plots obtained at a number of different
rates. Stegwise increased compaction rates (from &
=~7-10" s to ¢ =~7-107 s") were used. Type II
experiments are constant-load creep tests that simu-
late time-dependent compaction processes, i.e., vol-
ume creep after pre-loading. Due to time-dependent
relaxation processes (probably amplified by humidi-
ty-assisted weakening processes) a quasi-steady
state compaction process is realized with decreasing
rate according to the progressive porosity reduction.
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Figures 3a and b. Generalized consolidation test results.

In this section, we focus reconsolidation princi-
ples toward salt repository applications and the spe-
cific advantages of moisture and clay additives.
There have been many granular salt consolidation
tests performed since radioactive waste disposal in
salt has been subject of active research and applica-
tion. The interested reader can find further examples
and extended references in a larger report the au-
thors prepared on this topic (Hansen, et al., 2014).
Application of straightforward construction tech-
niques should readily affect high-performance seals
within the nominal operational period of a nuclear
waste repository. Other relatively simple considera-
tions such as mixing to reach a final grain distribu-
tion may be advantageous, as well. In general, ele-
vating the temperature of salt aggregate accelerates
reconsolidation. However, first-order improvement
of consolidation can be attributed to modification
with small additions of moisture and the addition of
clay has the potential to achieve performance speci-
fications upon construction. Representative test data
are shown in Figure 4. Figure 4 a) illustrates modest
effect of elevated temperature between 30 and
200°C contrasted to the dramatic effects of moisture.
Figure 4 b) extends laboratory results to admixtures
of crushed salt and bentonite.

Recent research sponsored within the European
Union research project NF-PRO (Stiihrenberg, 2004;
2007) focused on laboratory testing mixtures of
crushed salt and bentonite for conventional shaft
sealing purposes. The addition of Ca-bentonite and
natural clay can reduce permeability of the backfill
considerably at room temperature. Examples of the

effective reconsolidation enabled by adding Ca-
bentonite to crushed salt (with or without added
brine) are shown in Figure 4 b). Tests were conduct-
ed at the BGR (Stiihrenberg, 2007) using an oedom-
eter arran%ement and applying a consolidation rate
of 6.9-10° 5. Figure 4 b) plots backfill stress ver-
sus void ratio for several mixture ratios. A curve for
dry crushed salt is plotted for comparison. Results
clearly document the favorable effects of additives.
At a void ratio of e = 0.1, for example, the dry
crushed salt backfill resistance is more than 25 MPa.
With an addition of 10 to 20% Ca-bentonite the
backfill resistance can be reduced to values between
6 and 8 MPa. A further decrease to less than 4 MPa
is attained with a small amount of brine in the sam-
ple. An 85% salt/15% bentonite mixture shows the
smallest backfill resistance in comparison to those
without added brine until a void ratio of e = 0.05 is
achieved. Further reconsolidation tests (e.g., per-
formed by IfG, 2012) confirmed this effect showing
similar backfill resistance values for the respective
mixture.

® o[097),cr. 5ot 'y T=20°C
& =[0d6],cr. st 'dry", T=100°C:
& e[047],cr. st 'y, T=200PC:

[ 102), cr. sat + hurrid 3ir [@5%)], T= 3°C
. 4 e[DF7),or. st + 0B abrine, T= 34°¢
R "-.. ® =[105),cr. s34t + 1.0wtYabrine, T= T3°C
« e[DS],or. st + 1. 2 abrine, T= 34°C
T I T T I

o
=

Crushed salt, Asse, 22HE
dry" (20, 100, 200°C) and
3 06, 1.0=and 1.2 weight.% brine.
ple=0) = Z1784/2.1506 giom?
\ Compaztianrae: EEEE-10 =

ra
th

r
=

EB=ckfill resistance Sigl, MP=

o
et
=

W
el [ — — |

. -
ool 005 040 045 020 025 030 035 040
Void ratio = BGR

- —

a)

4 — — pure crushed salt [clculated)

& 2 (0ED), D6% cruched ealt+ E% bentonite
13 S, < ={07G), 90% crushed salt + 10% bentonite
C  =2(0€1), 85% crushed salt + 15% bentonite
= 2(072), 80% crushed salt + 20% bentonite

30 -
= (062), 0% cruahcd salt 1 30% bentonite

< (068 85% v sell+ 15% benl, « 1.2 wit bine

N O B TR
: compaction rate
E.9E-10 1is

5

FIE EREE SRR

Backfill resistance Sigl, KMPa

i e e
] 1 0.2 07 0.4 oe

Void rative



Figure 4. Impact of moisture and bentonite on consolidation
of granular salt.

4 TRANSPORT PROPERTIES

The systematic study of transport properties of
crushed salt has included extensive work by differ-
ent research groups, which applied a variety of ex-
perimental approaches and setups. Key studies of
WIPP salt are Brodsky (1994), Brodsky et al.,
(1996), Hansen and Ahrens (1996), and Case et al.,
(1987). Relevant German studies are reviewed in the
framework of the REPOPERM project (Krohn et al.,
2009), which also considers the datasets already rep-
resented in Miiller-Lyda et al., (1999). Figure 5 is a
synoptic diagram of these myriad results.

Porosity [%]
Figure 5 Permeability-porosity data sets for crushed salt and
mixtures.

In evaluating the various sources of permeability
data for pure granular salt and clay/salt mixtures-as
depicted in Figure 5-the following conditions are
considered:

] Porosity: the porosity of crushed salt ranges from
40% as unconsolidated debris, to a lower con-
struction porosity depending technique, to a neg-
ligible porosity comparable to undisturbed rock
salt, say 1-2%. Accordingly, the magnitude of
permeability varies over several orders. The main
focus of our study is the porosity range <10%,
because performance measures of interest are at-
tained at low porosity. Once again we note that
permeability results from interconnected pore
space and its shape, which is described as effec-
tive porosity.

] Crushed salt lithology:

] Grain size distribution: the influence of grain
size distribution may be relevant at higher po-
rosities because the finer particles fill the voids
between the larger grains. However, construc-
tion techniques that apply dynamic compaction
or other densification measures will greatly
modify particle size and distribution.

] Mineral composition: the amount and distribu-
tion of impurities may impede consolidation.
For example, coarse grained anhydrite aggre-
gates along grain boundaries may hamper clo-
sure of grain boundaries and cracks and inhibit
healing.

] Fluid content:

"] Water has been shown to enhance local defor-
mation processes at grain contacts, which inter-
rupt fluid pathways.

"] Water films along grain boundaries may induce
two-phase flow processes and capillary thresh-
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old effects, thus lowering the effective permea-
bility.

In addition, because physical-chemical interac-
tions may also be of importance; the nature of the
fluid used for permeability measurements has to be
taken into account. The results documented in RE-
POPERM (Krohn et al., 2009) represent measure-
ments which were determined using the following
fluid media:

"] oil - due to the use of a nonpolar liquid hydro-
chemical interactions between the measuring flu-
id and the crushed salt are excluded but humidity-
induced deformation processes at grain bounda-
ries are hampered.

] gas - in the laboratory inert dry nitrogen is gener-
ally used, which means that drying of a naturally
wet salt sample cannot be excluded.

[l brine — saturated salt solutions, which are chemi-
cally equilibrated against the salt matrix. Howev-
er, due to physical-chemical interactions (solu-
tion/precipitation) at  typical stress and
temperature gradients within a loaded sample the
measurement of brine flow during loading at in-
creased temperatures is extremely challenging.
Although temperature effects have limited appli-
cation in salt repository seals, there are a few reli-
able results available, mostly from the BGR and
the Working Group Darmstadt (Elliger, 2004).
Figure 5 summarizes various permeability data

sets which were identified as reliable and compara-

ble for crushed salt, measured with gas and brine
and depicted in two variation fields. Also plotted are
individual measurements of three test series on
clay/salt mixtures measured with gas and brine, re-
spectively. The relevant porosity ranges from around

20% to 1%, i.e., the backfill material represents

compaction levels as might be applied in salt reposi-

tories. Despite the data scatter for salt/clay mixture
and somewhat broad bands indicated for crushed
salt, it becomes obvious that

] independent of the material (crushed salt or clay-
salt mixtures) the permeability-porosity relation-
ship under wetted conditions lies always below
the field determined with non-polar fluids or
nominal “dry” conditions, i.e., for the same po-
rosity the corresponding permeability is several
orders lower for wet conditions (brine) than for

1,0E-21




dry conditions (oil or gas). As indicated by the

parameter n the slope of the corresponding per-

meability/porosity relationship is much steeper
for wet conditions than for the dry state.

] the permeability of clay/salt mixtures lies several
orders below the bands for dry and wet crushed
salt. In addition, Figure 5 shows the slope for the
clay/salt curves is much steeper than for crushed
salt.

Despite the observed scattering and lithological
differences the permeability data are remarkably
consistent and provide a basis for defining the upper
and lower bounds of crushed salt permeability dur-
ing time- and stress-dependent reconsolidation. Be-
cause natural salt always contains small amount of
fluids, the most relevant data sets are those meas-
ured with brine. Testing with moistened or wet salt
is more relevant to in situ conditions because long-
term consolidation of crushed salt in an underground
repository is facilitated by small amount of accessi-
ble moisture. Thus it follows that permeability data
measured during dry consolidation or using dry ni-
trogen or oil for measuring permeability are not rep-
resentative of the in situ state because physical-
chemical deformation processes at grain boundaries
are suppressed.

5 ANALOGUES

The purpose of accumulating scientific evidence
for salt consolidation is to support a license applica-
tion for disposal. The licensing process involves
presentation of scientific, engineering and experi-
mental evidence to a regulatory body. Conveyance
of rigorous technical information is often made
clearer by using full-scale, long-term analogues.
Time and geometric scales are recurring criticisms
of applying laboratory reconsolidation test results to
a nuclear waste repository in salt. Uncertainty of ex-
trapolating experimental data obtained from labora-
tory test research arises because small-scale phe-
nomena may only be representative of limited size
and relatively short test duration. Field-scale obser-
vations and analogues can help connect laboratory
results to full repository scale applications. At the
same time, micro-mechanical observations can be
used to demonstrate that the same deformational
processes are acting in laboratory and field-scale salt
deformation.

Analogue comparisons of many types may be
important within the framework of a safety case. As
an example, a specific topic of the German project
ISIBEL (ISIBEL, 2010) identified and assessed nat-
ural analogue applications to a salt repository safety
case. We expect analogue arguments will be neces-
sary to establish safety functions inherent in the li-
censing process. Although analogues are imperfect
renditions of salt repository seal elements, long-term

processes and properties of underground workings
can be related to the functionality of salt repository
seal systems.

Ancient salt mines can provide anthropogenic an-
alogues, dating back thousands of years. Archeolog-
ical evidence includes preserved artifacts and evi-
dence of impermeability. Further confirmation of
long-term salt encapsulation via aperture closure and
healing can be obtained from ancient salt mines.
Conventional salt mining also provides analogues
dating back more than 100 years. Salt backfill has
often been used to slow closure by providing con-
finement and rock mass support. Therefore, old salt-
mine backfill can provide anecdotal characteristics
of long-term consolidation magnitudes, resulting
permeability, and a chance to examine operative
consolidation mechanisms.

Analogues also provide opportunity to evaluate
characteristics of the damaged rock zone. Local
damage or dilatancy around excavations is another
geophysical property that has been mitigated by
crushed salt backfill. After backfilling, loading con-
ditions will become more favorable toward healing
and restoration of rock-mass tightness. Analogue
examples show that the disturbed salt permeability
decreases in short time scales.

Finally, natural geologic depositions themselves
provide evidence that high-porosity evaporite hop-
per crystals solidify readily into salt rock with negli-
gible porosity. Processes of evaporite rock formation
at low temperatures and pressures are reflected in
grain size and texture changes due to crystal growth,
recrystallization, back reactions and replacements in
the salt matrix, accompanied by fluid squeeze off, as
long as the effective porosity is not occluded by
compaction and secondary evaporite cementation.
The pervasive early loss of porosity from more than
50% near the surface to essentially zero by 100m
depth is well documented in various studies (e.g.,
Warren, 2006). For instance, Casas and Lowenstein
(1989) showed that Quaternary halite layers only 10
m below the land surface have typical porosities of
<10% and that layers at depths below 45m are ce-
mented without visible porosity. By 100m of burial,
almost all halite units were tight and impervious.

The BAMBUS and BAMBUS 1II projects
(Bechthold et al., 2004) provide the best available
full-scale, long-term, thermomechanical information
on granular salt reconsolidation at in situ conditions.
The principal scientific objective of the project was
to extend the basis for optimizing salt repository de-
sign and construction and for predicting long-term
performance of barriers, including reconsolidation of
crushed salt backfill. In situ investigations were
conducted in the Asse salt mine subsequent to com-
pletion of the large-scale Thermal Simulation of
Drift Emplacement (TSDE). The TSDE (also dis-
cussed in Bechtold et al., 2004) involved an em-
placement drift that was electrically heated to be-



tween 170 and 200°C for more than 8 years. The
photograph shown in Figure 6 is the BAMBUS II
setting as the test room was re-entered. The large
heater is surrounded by reconsolidated granular salt,
which had various porosities depending upon loca-
tion. Most porosity measurements ranged from 20 to
25%. Initial porosity was approximately 35% in
1990. After ten years of in situ reconsolidation, po-
rosity was reduced by 10 to 15% and closure rate
had levelled off at 0.5% per year. An additional 20
years or more under these conditions would be re-
quired to reduce the porosity sufficiently to produce
a low permeability medium.

Figure 6 Photograph of the BAMBUS II re-excavation.

Structural stability is often achieved in the salt
and potash industry by backfilling excavations.
Backfilling is performed for operational efficiencies
and seldom are the physical or mechanical proper-
ties of the backfill measured. Two forensic examina-
tions are presented here, recognizing that further an-
thropogenic analogue studies are strongly desired.
On one technical visit to the Sigmundshall mine, a
sample of reconsolidated slurry was obtained from
the mine workings. This sample had a very low po-
rosit7y (1.4%) and an approximate permeability of
10" m* (Bechthold et al., 2004). Sutured inter-
granular structures are ubiquitous, produced by the
introduction of large amounts of water when the
slurry was placed. This analogue demonstrates that
slurry will reconsolidate to near intact conditions in
the working life time of a mine. Samples of a
younger slurry backfill operation were obtained
from the Canadian K2 mine. The reconsolidated K2
salt was originally deposited by slurry from the sur-
face in 1988 (Kaskiw et al., 1989). The slurry was
approximately 30% solids consisting of salt tailings.
Rooms were filled completely with slurry and ex-
cess brine decanted by gravity. Room closure rate
was measured at 1-2 inches per year in rooms 25
feet wide and 12 feet tall. Intact cubes measuring
approximately 4 inches on a side were obtained for
optical microscopy to evaluate the reconsolidation

process. In this particular case between 20 and 40%
of the void space has been removed.

Reconsolidation of granular salt has practical
structural and production implications in salt mines,
such as the K2 mine. In repository applications,
permeability would be the primary attribute of con-
cern. In this field example we note that grain bound-
aries mesh extremely well and would be impermea-
ble at that boundary. As natural creep closes the
room, the remaining water is expelled as the pres-
sure solution re-deposition removes the void space.
The process of reconsolidating salt here is analogous
to the process by which the Permian Basin bedded
salt became an impermeable formation, originating
as embayed salt slurry choked with hopper crystals.
For repository closure systems, panel closures would
be constructed by utilizing engineering techniques to
achieve low emplacement porosity. However, it is
also important to recognize that fluid slurry will
consolidate to intact conditions.

6 PERCEPTIONS

The technical basis or state of knowledge regard-
ing granular salt reconsolidation is mature. Crushed
or run-of-mine salt makes an excellent backfill ma-
terial for salt repositories because its healing proper-
ties will ultimately reestablish impermeability to
brine flow and radionuclide transport. By virtue of
creating underground space, mine-run salt is readily
available and relatively easy to emplace in drifts,
although high emplacement density in a horizontal
configuration remains an engineering challenge. A
large number of laboratory and in situ tests have
been conducted to determine the properties of
crushed salt under a wide variety of conditions. The
science supporting the technical basis for properties
of reconsolidating granular salt is objective and
thorough. Despite the foundation of supporting evi-
dence, the repository licensing process requires sci-
entific evidence to be conveyed to stakeholder and
regulators in a fashion that simultaneously demon-
strates the supporting information and convinces a
nontechnical audience. Whereas some technical ex-
perts believe phenomena associated with crushed
salt reconsolidation are well understood, it is clear
that this view is not held by other experts and in-
formed lay personnel. The perception that salt re-
consolidation processes and associated phenomena
are imperfectly known is vital to license application
for a salt repository. A regulatory authority will ul-
timately weigh the evidence and decide the merit of
performance arguments. In consideration of our own
high expectations for scientific rigor, some areas of
uncertainty were identified:

] Test scale: Testing time and space scales need to
be reconciled with the desired predictions for re-
pository applications. Laboratory tests compris-



ing the bulk of empirical evidence are principally

small-scale and short duration; whereas the appli-

cation involves meter scale drifts and times rang-
ing from year operations to perhaps hundreds of
years.

[ Additives: Most backfill research and design now
uses run-of-mine crushed salt without additives
such as bentonite. Evidence suggests that perfor-
mance characteristics could be improved with
admixtures. Admixtures provide greater place-
ment density and performance. This engineering
achievement reduces uncertainty and perceived
reliance on modeling.

] Characteristics at low-porosity: Determining
permeability at low porosity presents difficult ex-
perimental conditions. The technical basis for the
crucial transition to low permeability could bene-
fit from further study.

Given these perceptions, we put forward the fol-
lowing questions, observations, and recommended
activities:

] » What final porosity of crushed salt is necessary
to achieve an efficient seal and at which time can
it be reached?

1 This topic has been controversial in the past be-
cause most oedometer tests demonstrate a residu-
al porosity on the order of 5%. The test results
seem to contradict the assumption of a final neg-
ligible porosity within a limited time scale. A
preponderance of technical information provided
within this document clearly demonstrates that
granular salt can achieve final porosity on the or-
der of 1% within 10 to 50 years due to time de-
pendent consolidation processes. These processes
may have been neglected somewhat in past re-
search, which focused more on the stress-
dependent compaction. However, differences be-
tween tests performed in oedometer and triaxial
equipment are apparent and the experimental var-
iability should be elaborated upon as future ex-
perimental work is considered.

] » Capability of additives such as moisture and
clay can be optimized for construction and at-
tainment of sealing properties.

1 It is well known that small amounts of moisture
can enhance the salt compaction and reconsolida-
tion, but the optimal content remains in question.
Apparently, added moisture less than 1% is very
effective. But what is the optimal moisture addi-
tion if the granular salt is mixed with clay? The
potential of possible additives for improving
backfill and sealing properties has not been ex-
hausted.

] « The nature of testing fluids (brine or gas) and
the resultant permeability/porosity relationships
warrant further examination.

Although up to now only few data are available,
the results document that the decrease of permeabil-
ity is more effective if brine is the test fluid. In addi-

tion, if bentonite is added the compacted backfill be-

comes tighter. That means it is not possible to derive

a unique permeability/porosity relationship for gran-

ular salt with and without additives. The apparent

differences result from physical-chemical processes
on the grain scale.

1 » Numerical modeling lacks low porosity verifi-
cation:

Several numerical tools and models are available
for calculations involving reconsolidation. However,
the codes need to be qualified for characteristics ap-
pearing at lower porosities, i.e., <5% based on ex-
perimental results. Model evaluations of backfill re-
consolidation were important to the VSG safety
analyses. Questions remain regarding effects of hu-
midity in the long term, transport parameters, and
the role of two-phase flow.

] « Further analogue experiences
ground sources is imperative.
Revisiting the BAMBUS 1I site after more than

10 additional years of natural reconsolidation would
be worthwhile. Investigation could include core
sampling, permeability testing, microscopy, and fur-
ther reconsolidation in the laboratory. In addition,
the salt repository community should continue to
pursue relevant information from forth-coming pro-
jects involved with abandoning conventional mines.

Large data bases support reconsolidation of gran-
ular salt to low porosity and very low permeability,
which equate to undisturbed native salt. This review
has summarized existing information with a view
toward salt repository applications. The role of
granular salt reconsolidation in a repository for heat-
generating waste will vary among programs because
attainment of safety functions depends on the natural
setting, waste inventory and concept of operations.
Contingent upon repository design and safety con-
cept, reconsolidating crushed salt can function well
as a sealing material in shafts or drifts depending on
construction techniques and time-dependent tight-
ness evolution. Existing evidence provides high con-
fidence for excellent reconsolidation performance
because processes are well understood and achieva-
ble with practical engineering measures.

from under-

7 REFERENCES

Bechthold, W., E. Smailos, S. Heusermann, T. Bollingerfehr, B
Bazargan Sabet, T. Rothfuchs, P. Kamlot, J Grupa, S.
Olivella, and F.D. Hansen (2004), Backfilling and Sealing
of Underground Repositories for Radioactive Waste in Salt
(BAMBUS 1I Project): Final Report. European Commis-
sion. Directorate General for Research. Office for Official
Publications of the European Communities. Call No: EUR
20621 EN.

Brodsky, N.S. (1994), Hydrostatic and Shear Consolidation
Tests with Permeability Measurements on Waste Isolation
Pilot Plant Crushed Salt. SAND93-7058, prepared by
RE/SPEC Inc., Rapid City, SD, for Sandia National La-
boratories, Albuquerque, NM.



Brodsky, N.S., F.D. Hansen, and T.W. Pfeifle (1996), Proper-
ties of Dynamically Compacted WIPP Salt, Proceedings of
the 4th International Conference on the Mechanical Behav-
ior of Salt, Montreal, Quebec, Canada, June 17-18, 1996.
SAND96-0838C. Albuquerque, NM: Sandia National La-
boratories.

Callahan, G.D., M.C. Loken, L.D. Hurtado, and F.D. Hansen
(1996). Evaluation of Constitutive Models for Crushed Salt.
The Mechanical Behavior of Salt IV: Proceedings of the
fourth Conference, (MECASALT IV) Montreal, edited by
M. Aubertin and H.R. Hardy Jr., Trans Tech Publ.,
Clausthal, Germany.

Callahan, G.D., K.D. Mellegard, and F.D. Hansen (1998),
“Constitutive Behavior of Reconsolidating Crushed Salt,”
Int. J. Rock Mech. Min. Sci., 35, No. 4-5, Elsevier.

Case, J.B., P.C. Kelsall, and J.L. Withiam (1987), Laboratory
Investigation of Crushed Salt Consolidation. 28th US Sym-
posium on Rock Mechanics, Tucson, AZ.

Drury, M.R., and J.L. Urai (1990), “Deformation-related Re-
crystallization Processes.” Tectonophysics, 172(3-4), pp.
235-253.

Elliger, C. (2004), Untersuchungen zum Permeationsverhalten
von Salzlaugen in Steinsalz bei der Endlagerung
wiarmeentwickelnder nuklearer Abfille, Dissertation, Tech-
nische Universitdt Darmstadt, D17.

Hansen, F.D., and E.H. Ahrens (1996). Large-Scale Dynamic
Compaction of Natural Salt. Proceeding of the 4th Confer-
ence on the Mechanical Behavior of Salt, Trans Tech Pub-
lications, Clausthal-Zellerfeld, Germany. SAND96-0792C.
Albuquerque, NM: Sandia National Laboratories.

Hansen, F.D., T. Popp, K. Wieczorek,and D. Stiihrenberg
(2014). Salt Reconsolidation Principles and Applications.
Neuclear Energy Agency Report. SAND2014-4502P.
Sandia National Laboratories, Albuquerque, New Mexico
USA.

Hellmann, R., J.R. Gratier, and T. Chen (1998), Mineral-water
Interactions and Stress: Pressure Solution of Halite Aggre-
gates. In Water-Rock Interaction WRI-9 (eds. G.B. Arehart
and J.R. Hulston). A.A. Balkema, Rotterdam, pp. 777-780.

Hellmann, R., P.J. Renders, J.-P. Gratier, and R. Guiguet
(2002), Experimental Pressure Solution Compaction of
Chalk in Aqueous Solutions Part 1. Deformation Behavior
and Chemistry Water-Rock Interactions, Ore Deposits, and
Environmental Geochemistry: A Tribute to David A. Cre-
rar. Eds.: R. Hellmann and S.A. Wood. Geochem. Soc.,
Spec. Publ. No. 7, 2002.

IfG (2012), Laboruntersuchungen am Gemisch Schnittsalz -
Friedlainder Ton. Institut fiir Gebirgsmechanik GmbH,
Leipzig, 07.12.2012, 56 pp.

Ingram, G.M., J.L. Urai, and M.A. Naylor (1997), Sealing and
top seal assessment. Hydrocarbon Seals: Importance for
Exploration and Production. NPF Spec. Publ. 7, 165-174,
Elsevier, Singapore.

ISIBEL (2010) www.eurosafe-
fo-
rum.org/userfiles/3 01 EUROSAFE2010 TowardsGerman
SafetyCase _wol.pdf (2010)

Kaskiw, L., R. Morgan, and D. Ruse (1989), Backfilling at
IMC (Canada) K2 Potash Mines, Proc. 4th International
Symposium on Innovation in Mining and Backfill Technol-
ogy, Montreal QC.

Krohn, K.-P., D. Stiihrenberg, M. Herklotz, U. Heemann, C.
Lerch, and M. Xie (2009), Restporositit und —permeabilitét
von kompaktierendem Salzgrus-Versatz, REPOPERM —
Phase 1, Gesellschaft fiir Anlagen- und Reaktorsicherheit
(GRS) mbH, GRS-254.

Miiller-Lyda, 1., H. Birthler, and E. Fein (1999), Ableitung von
Permeabilitéits-Porosititsrelationen fiir Salzgrus, GRS-148,
Ges. fir Anlagen- und Reaktorsicherheit, Braunschweig,
Germany.

Paterson, M.S. (1973), “Nonhydrostatic Thermodynamics and
Its Geologic Applications,” Rev. Geophys., 11, pp. 355—
389.

Raj, R. (1982), “Creep in polycrystalline aggregates by matter
transport through a liquid phase,” Geophys. Res., 87 no.
B6, pp. 4731-4739.

Schenk, O., J.L. Urai, and S. Piazolo (2006), “Structure of
grain boundaries in wet, synthetic polycrystalline. statically
recrystallising Halite - evidence from cryo-SEM
observations,” Geofluids 6(1), pp. 93-104.

Spiers, C.J., and R.H. Brzesowsky (1993), Densification Be-
haviour of Wet Granular Salt: Theory versus Experiment.
Seventh Symposium on Salt Vol. I. Elsevier Science Pub-
lishers B.V., Amsterdam.

Spiers, C.J., PM.T.M. Schutjens, R.H. Brzesowsky, C.H.
Peach, J.L. Liezenberg, and H.J. Zwart (1990), Experi-
mental Determination of Constitutive Parameters Govern-
ing Creep of Rocksalt by Pressure Solution. In: R.J. Knipe
and E.H. Rutter (Editors), Deformation Mechanisms, Rhe-
ology and Tectonics. Geol. Sci. Spec. Publ., 54.

Stithrenberg, D. (2004), Compaction and Permeability Behav-
ior of Crushed Salt on Mixtures of Crushed Salt and Ben-
tonite. Conference Proceedings of DisTec2004, Interna-
tional Conference on Radioactive Waste Disposal, Berlin,
April 2004.

Stithrenberg, D. (2007), Long-term laboratory investigation on
backfill. — The Mechanical Behavior of Salt — Understand-
ing of the THMC Processes in Salt, Proceedings of “Salt-
mech6” Hannover, Germany, Mai 2007, pp. 223-229.

Urai, J.L., W.D. Means, and G.S. Lister (1986a), Dynamic re-
crystallization of minerals. In: Mineral and rock defor-
mation; laboratory studies; the Paterson volume. AGU Ge-
ophysical Monograph (edited by B.E. Hobbs and H.C.
Heard) 36, pp. 161-199.

Urai, J.L., C.J. Spiers., HJ. Zwart, and G.S. Lister (1986b),
“Water weakening effects in rock salt during long term
creep,” Nature 324, pp. 554-557.

Warren, J.K. (2006), Evaporites: sediments, resources and hy-
drocarbons. Springer.

Zhang, C.L., M.W. Schmidt, G. Staupendahl, and U. Heemann
(1993), Entwicklung eines Stoffansatzes zur Beschreibung
des Kompaktionsverhaltens von Salzgrus. Bericht Nr. 93 -
73 aus dem Institut fiir Statik der Technischen Universitét
Braunschweig.



Additional material



