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Abstract

Laboratory-scale experiments applicable to the usc of salt-saturated concrete as a
seal material for a transuranic waste rcpository have been completed. Nitrogen gas
permeability measuréments were made using a flexible-wall permeameter, a confining
pressure of 1 MPa, and gas pressurc gradients ranging from 0.3 MPa to 0.75 MPa.
Results show that salt-saturated concrete has very low intrinsic permeability with
values ranging from 9.4 x 10 m" to 9.7 x 1077 m". Strength and deformation
characteristics were investigated under conditions of triaxial compression with
confining pressures ranging from 0 to 15 MPa using either axial strain-rate or axial
stress-rate control and show that the failure strength of concrete increases with
confining pressure which can be adequately described through pressure-sensitive
failure criteria. Axial. radial: and volumetric strains werc also measured during each
test and these data werc uscd to determine clastic properties. Experimental results
are applicable in the design and analysis of scal-related functions and apply to other
concrete structures subjected to compressive loadings such as dams and prestressed

structural members. , X
Introduction

The U.S. Department of Energy (DOE) plans to dispose of transuranic wastes at
the Waste Isolation Pilot Plant (WIPP). The WIPP. located in southcastern New
Mexico, is designed to be a full-scale, mined geologic repository. The WIPP
underground facility is located in the bedded sait of the Salado Formation at a depth
of about 6335 m below ground surface. Access to the facility is provided through four
vertical shafts. Because the shafts comprise direct communication between lithologic
units and conncct the repository to the surface. they will be sealed to limit the release
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of hazardous waste from the rcpository and to limit groundwater flow into the
facility. - .
.-

The primary cnginecering guidelines for the shaft scal system state that seal
matcrials should exhibit physical, chemical. and mechanical compatibility with the
host salt rock, and have low gas or liquid permeability. Standard concretes possess
some of these characteristics. However. the nced to construct seals in a salt
formation and stringent regulatory requirements provide the impetus to develop
specially formulated salt-saturated concretes for the WIPP. Salt-saturated concrete
bonds tightly with the balite country rock, thereby preventing channeling of fluid
around the seals. Salt-saturated concrete mixes are achxeved by the addition of dry
salt aggregate or brine.

Candidate concretes developed specifically for WIPP applications include
expansive salt-saturated concrete (ESC) [Wakcley and Walley, 1986], and the
volumetrically stable Salado Mass concrete (SMC) [Wakeley et al., 1994]. Volume
stability of the concretes ensurc that the aperturc at the shaft concrete/salt interface
is minimal. The SMC is currently proposzd as a scal material for WIPP shaft seal

components.

The salt-saturated concretes developed for WIPP must be evaluated pursuant to the
guidelines. which require considcration of the structural and hydrological properties
of the matenial. Structural and hydrological performance cvaluations require
knowledge of material strength, and elastic moduli and intrinsic permeability,
respectively. Strength of portland cement concrete under combined loading has been
evaluated previously. Tests have been performed using prismatic specimens with
loads applied to the three opposed faces using specially designed bearing platens
[e.g., Kupfer et al. 1969. Robinson, 1967]. Other invesugators including
Richart et al.. [1928] and Fumagalli [1965] used cyiindrical specimens loaded
incrementally in the axial direction to failure, while a constant radial stress is applied
using hydraulic fluid. Hollow cylinders subjected either to torsion and axial
compression or internal hydraulic pressure and axial compression have been used
[e.g.. Bresler and Pister, 1958: McHenry and Karni. 1958]. In general, the results of
these experiments indicate concrete strength is pressure-sensitive.  Although the
literature contains numerous rcferences for confined strength of standard concretes,
similar information does not exist for salt-saturated concretes.

The strength and deformation properties of the salt-saturated concretes and their
prcssure schositivity are important to dctermine scal adequacy at the WIPP.
Compressive stress states will be induced in the seals as the salt creeps inward toward
excavated openings. Compressive loads will increase until the original lithostatic
stress (approximately 15 MPa) is rcestablished in the salt: however, loading of the
concrete seals is not expected to be uniform. particularly if the concrete plug is
norizontal. Relatively large shear stresses may be induced under certain conditions.

Fhuid flow through seal matcrxals dcpcnds directly on the intrinsic permeability of
the material. Reported permeability" valucs of cementitious scalants range from 107
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to 10™° m* [Lutenegger and DeGroot, 1993]. Field mcasurements have produced an
estimated pefineability of 107" to 107 m® for Small Scalc Seal Performance Tests
(SSSPT) conducted at the WIPP from 1985 to 1995 [Knowles and Howard, 1996].
The SSSPT used ESC as a sealing material. No permeability tests have previously
been conducted on SMC.

This paper presents results of permeability and compression cxperiments conducted
on specimens of salt-saturated concrete prepared from (1) SMC specimens,
(2) concrete cores recovered from a commercial salt mine shaft seal, and (3) ESC
cores recovered from the SSSPT. In the first experiment, permeability measurements
were made on solid. cylindrical specimens subjected to pressure gradients ranging
from 0.3 MPa to 0.75 MPa. The tests were performed using nitrogen gas and a
flexible-wall permeameter with a confining pressure of 1 MPa. In the second
experiment. cylindrical specimens were loaded to failure both in uniaxial compression
and triaxial compression with confining pressures to 15 MPa. Uniaxial tests were
conducted in axial-strain control at a rate of 1 x 107 s™. while the confined tests were
performed at an axial stress rate of 0.3 MPa s”. The failure data are fitted by two
well-known failure criteria. namely Drucker-Prager and Mohr-Coulomb. Elastic
moduli including Young's modulus. £, and Poisson’s ratio. v. were determined from

each test.

Test Specimens

Cylindrical test specimens were prepared from threc salt-saturated concretes
described below:

SMC — Salado mass concrete has been tailored for use as a seal component in the
WIPP shafts. The SMC mix comprises APl Class H portland cement, Class F fly
ash, shrinkage-compensating cement. fine silica sand and coarse chert aggregate. and
salt. The water/cement rano for the mix was 0.36. These samples were cast during
trial mixtures of mass concrete and stored for 3 vears in a brine bath. )

MSC Shaft Concrete — Cores of salt-saturated concrete were recovered from a seal
being placed in a commercial salt mine shaft. Two mixtures labeled MSC(1) and
MSC(2) were used in construction. MSC(1) concretec comprised a typical 27.6 MPa
(4,000 psi) design using coarse and sand aggregate and Type I/II cement. The water
was salt-saturated in a mix truck before solid components were added. MSC(2)
concrete comprised a sand/cement mix that was placed by tremie line under 70 m of
water., Granular salt was added to this batch to form brine during mixing.

SSSPT Concrete — Cores of salt-saturated concrete were recovered from the
SSSPT in situ expeniments that began at the WIPP in 1985. Following retesting in
1995, the SSSPTs were decomissioned and salt-saturated concrete cores became
available for this study.

During specimen preparation.‘éMC and SSSPT samples were cored using a rock
mechanics core barrel and brine as a coolant and recirculation agent. The subcores
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were cut to approximate length and their ends ground flat and parallel in a surface
grinder so that capping was not requircd. The MSC concrete cores were used as
received except their ends were also ground. All test specimens had a nominal
length-to-diameter ratio of 2 with nominal diamcters of 100 mm for the SMC and
SSSPT specimens and 50 mm for the MSC specimens.

Optical petrographic thin sections were preparcd from end fragments of SMC and
MSC concretes removed during the specimen preparation procedure. Each plug was
impregnated with red dye to highlight connected porosity before sectioning. The fine
particles of hydrated paste between grains were not differentiated optically; however,
flow paths along aggregate surfaces were noted. In general, the red dye imparts a
pink hue to the section, indicating that connected permeability was along minute
passages within the paste phases. Entrained air vesicles were generally not filled
with dye.

Test Equipment and Procedures

Specimen Assemblv. Triaxial compression and permeability specimens were placed
inside a protective flexible jacket sccured to metal platcns mounted at either end.
The jacket protected the specimen from the hydraulic fluid (silicone oil) used to
apply radial stress (confining pressure). Each platen was vented along the central
axis to provide access to porous felt metal disks placed in the specimen/platen
interfaces. These disks. used only during permeability measurements, ensured one-
dimensional flow parallel to the central axis of the specimen.

Permeability Experiment. Jacketed specimens were placed inside the pressure vessel
of the testing frame shown in Figure I and pressurized to 1 MPa. Hvdraulic lines
were connccted between the bottom platen and a nitrogen-gas reservoir and between
the top platen and a manometer vented to the atmosphere. A regulator valve on the
nitrogen-gas reservoir was opened to start flow of gas through the specimen and
adjusted to induce a nominal gas pressure at the specimen inlet in the range of
0.3 to 0.75 MPa. During a test. measurements of time, confining pressure, axial load,
inlet pressure, and change in manometer level were recorded. At least three
permeability measurements were performed on each test specimen with the pressure
gradient induced across the specimen lowered for each succeeding measurement as
recommended by the American Society for Testing and Materials [1989]. Flow rate
was determined by performing a lincar-lcast-squares fit 1o the data comprising the
linear portion of the flow-versus-time curve. The flow rates measured for each
specimen were plotted as a function of pressure gradient to verify the assumption of
laminar flow through the specimen as indicated by a lincar relation between flow rate
and pressure gradient. °

Triaxial Compression Experiment. Two test systems were used to perform the
triaxial compression tests on concretc. Confined tests were performed using jacketed
specimens and the testing frame depicted in Figurc 1. Unconfined tests used
unjacketed specimens and a standard MTS 810.15 load frame. Each system and the
test procedures are described below in more detail.
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—— In  the confined triaxial
compression tests, the specimen was
first loaded hydrostatically to a
pressure of cither 5, 10, or 15 MPa.
Then the specimen was axially
loaded to failure in axial stress
control at a rate of 0.3 MPa s by
advancing the loading piston with
the hydraulic cylinder (Figure 1).
Confining pressure was maintained
i . at its specified level throughout the
m-.\:;;‘“___z?_; test. In the unconfined tests, the
‘1 21
l

specimen was axially loaded to
failure at a rate of 1 x 10* 5™ using
the strain contro] feedback option of
i . the MTS test system. During
\\“———’—‘ : loading, measurements of axial

” '.‘ T f load. confining pressure (for
P i confined tests), and axial and lateral

P f displacements were made using

e } clecronic transducers and a Digital

Figure 1. Load Frame Used for Permeability Equipment  Corp. ~LsL 11723
Tests. microprocessor equipped with a

14-bit analog-to-digital converter.
Following each test, data reduction softwarc was used to convert measured
engineerﬁ]g quantities such as load and displacement to stress and strain using
appropriate algorithms and calibration constants. True or logarithmic axial and radial
strains were calculated from the initial specimen dimensions and measured axial and
radial displacements. True (Cauchy) axial stress was calculated from the axial load
and the current cross-sectional area of the specimen as determined from the original
specimen diameter and the calcuiated radial strain.

Test Results

Permeabilitv. Permeability to nitrogen gas was determined using a modified form
of Darcy’s law which accounts for changes in gas density with pressure; i.e.:
2ul Q P,

F =
4(p2 - P? M

where k is the intrinsic permeability (m?), Q, is the flow rate at the exit (m3 s, P,
and P; are the exit and inlet gas pressures respectively (MPa), p is the viscosity of
gas at test temperature (MPa s), L is the specimen length (m), and 4 is the cross-
sectional area of the specimen (m°). A value of 1.78 x 107" MPa s was used for
nitrogen viscosity. The flow rate at the exit, 0,, is the value dectermined from 'the
least-squares-fit to the data compgising the lincar portion of the flow-versus-time
curve described earlier. The inlet and exit pressures, P, and P, are absolute
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pressures. 1n this study, the exit pressurc is atmospheric or 0.1 MPa and the inlet
pressure is the sum of the measured gage pressure and the atmospheric pressure.

Table 1 summarizes all the pcrmeability measurements. while Figure 2 plots
pcrmeability as a function of pressure gradient. The results show that the
permeability of both the SMC and SSSPT concretes are less than 1 x 107 m® and
that the SMC permeabilities arc all less than 1 x 10?° m®. The permeabilities of the
MSC concrete range between about 1 x 107 m* and | x 107 m?,

Table 1. Results of Permeability Tests on Salt-Saturated Concrete

Specimen Pressure Permeability
Concrete 1.D. Gradient (MPaz) (m®)

0.30 7.5 x 10%

0.30 4.1 x 10®

40SM4-19/2-11 0.30 4.1 x 102

SMC 0.60 2.1 x 10%

0.75 5.7 x 10

408M4-11/2-111 0.75 9.4 x 10

0.30 1.0 x 107

0.30 3.0 x 10%

0.60 5.8 x 10%®

0.60 3.5 x 107¢

MAC213-2/1 0.75 5.0 x 107

0.75 4.3 x 107%

SSSPT 0.30 8.0 x 10
.60 3.8 x 10 !
0.30 4.3 x 10 !

0.30 2.3 x 10

0.30 1.0 x 107*

MACS14-11 0.60 2.2 x 10"

0.75 3.1 x 107¢

059 8.7 x 107

MSC/D-1 0.50 6.0 x 1077

0.30 4.3 x 107

0.69 4.2 x 1077

MSC MSC/0-2/2 0.50 2.4 x 107

0.30 1.8 x 1077

0.69 3.5 x 10

MSC/K-2/2 0.50 2.6 x 107

N 0.30 1.7 x 10"
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1615 : Triaxial Strength. The results of all
- ; unconfined and confined triaxial
1E16 . compression  strength tests
. ; ¢ performed on the three types of
. ‘ salt-saturatcd concrete are
summarized in Table 2. In addition
to the specimen identification
number, values are given for
confining pressure, axial stress
difference at failure, and elastic
moduli calculated over the linear
- range” of the stress-strain curves.
: Figure 3 plots axial stress difference
1521 1 e o (i.e., 5, — o) as a function of axial
A MSCConcrete | and radial strains for each of the
1822 : : four tests performed on SMC
02 ' 08 concrete. In this figure and
throughout this paper, compressive
sesses and strains are considered
to be positive quantities.  The
results for SMC show the dramatic increasc in strength with confinement. For
example, the unconfined strength of SMC concrete 15 about 45 MPa, while the
strenéth at a confining pressure of 15 MPa is more than 110 MPa.

1E-17

1E-18

L]

1E-18 —a—

Permeabillity (m?)

16820

BN PSS PR Y P

0.4 06
Gas Pressure Gradient (MPa)

Figure 2. Permeability Versus Gas Pressure
Gradient for Salt-Saturated Concrete.

Table 2. Results of Triaxial Compression Tests on Salt-Saturated

Concrete
Stress Elastic Moduli
Specimen Confining Difference - -

P LD. I’({\ejs}s):;e at Failure \1‘;::?55 SE Poisson’s

: (MP3z) ' (sz)‘ Ratio, v
40SM4-19/2-1/1 0 442 36.3 0.19
325M4-25/1-1/1 3 75.8 30.5 0.20
40SM4-11/2-171 10 80.3 36.7 0.35
40SM4-2/1-1/1 15 1il1.4 32.2 0.20
MaAC313-211 0 746 301 0.22
MAC313-22 3 963 37.5 0.335
MAC313-1/1 10 109.7 38.8 0.38
MAC313-1/2 15 116.7 332 0.36
MAC314-2/1 0 708 427 0.22
MAC314-1/1 5 100.8 39.1 0.36
MAC314-2/2 10 109.2 29.8 0.32
MSC/D-1 0 60.2 18.3 0.15
MSC/0O-2/2 0 45.3 226 0.23
MSC/K-212 0 ﬂ: 56.4 328 0.17




120 [ - Confining pressure also
=l increases the ductility of the
A ST s wPal concrete  as  shown by the
. V] S i increases in the strains at failure
S % ; 4 (both axial and radial). In
5 ST S ~—owen contrast, the elastic moduli appear
- RGN gl TNy T to be affected little by confining
S / b ! P \ ! -
< R Py pressure. The results of the
o 60 : 7 i testing performed on the SSSPT
Q@ ! 5 : ¢ : -
2 : Loy . a concrete are similar. No confined
= . A ! tests were performed on the MSC
o : / A } i concrete, but it is expected that its
% 30 F o= 0 MPar—————— behavior would be similar to the
' 1k ’ : SMC and SSSPT.
i {SMC Concretey
3 ' The effect of confining pressure

. R S
0008 000 o oooe ooos ooz ome OO strength can ‘qe quantitatively
evaluated by plotting strength and

Radial Strain Axial Strain o :
Figure 3. Stress Difference Versus Axial and Radial CORIINg pressure in the form of
two stress invanants, 1.e., the first

Strains for SMC Concretc Subjected to ! ‘
invariant of the Cauchy stress

Confining Pressures to 15 MPa. _ :
tensor. /,, and the second invariant
of the deviator stress tensor, J,. These two invariants are defined as:
T
/ ] V2 1, 2T 2
I, =0, +06,+05, and\Jz —{E(G] G, - (02 63) - (G3 c]) J @)

[

In the triaxial compression test configuration. G, > ¢, = G, so that Equation 2 can be
rewriften as:

G, — G. ) Az,
+2c. and \'/’J: =( : )

- 3)
E. V3
2

Figure 4 plots the two stress invariants, /, and J,", for the failure stress states of
SMC and SSSPT concretes and shows that the relationship between the two
invariants is nearly linear for both materials. A well-known failure criterion that
captures this linear relationstup is the Drucker-Prager criterion which can be
expressed as:

/. =0,

VAT YA @)
where o and k arc fitting parameters. A linear lcast squares fit to the data acquired

for cach type of concrete yields the following relationships:

Drucker-Prager Criterion for SMC Drucker-Praper Criterion for SSSPT

U, = 03407, + 16.90 W, =0.2987, + 2129

(MPa)
Fe-

(MPa)
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These two models are supcrposed on the expcrimental data given in Figure 4 to show
how well thT models predict the confined strength of both SMC and SSSPT

concretes.

Expenmentat Dats vs.
Drucker-Prager Prediction

4,2, MPa

5 50 100 150 200
1,, {MPa)

Figure 4. Failure Stress States for Salt-Saturated Concretes.

Another well-known linear failure criterion is the Mohr-Coulomb criterion which
for triaxial compression can be cxpressed as:

— 2 i 243 S coso
~ Sin gl :
‘J: 3 — ¢ ] 4 _ o‘ . (5)
v3 {3 - sing) 3
where ¢ znd S, are the apgle of internal friction and cohesion, respectively. The

parameters of the Drucker-Prager and Mohr-Coulomb failure criterion are related in
the following manner:

o) o
¢ = sin” BELTEIN I 5, = Lg_—r_:sgj.ilx_ ©)
2+ ays 23 cosd

Using the fitted values of o and & determined for the SMC and SSSPT concretes, the
Mobr-Coulomb paramcters were determined from Equation 6 and are ¢ = 43.0° and
S, = 9.97 MPa for SMC concrete and ¢ = 38.0° and S, = 18.6 MPa for SSSPT

concrete.

Concluding Remarks

Permeability and triaxial strenggh of salt-saturated concretes have been measured
in the laborztory. Similar to ordinary portland cement concrete. sali-saturatsd
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concrete posscesses very low permeability. Strength is pressure sensitive, as expected,
and two cormimon failurc criteria are fitted to the data. Determination of these
properties allows a more thorough analysis of concrete seal structures placed in a
natural setting, such as the vertical shafts providing access to the WIPP.
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