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1 BACKGROUND AND SCOPE OF REPORT
Under Section 3116 of the Ronald W. Reagan National Defense Authorization Act of
Fiscal Year 2005 (NDAA), the U.S. Nuclear Regulatory Commission (NRC) is responsible for
consulting with the U.S. Department of Energy (DOE) on the DOE waste determinations for
certain waste tanks and vaults at the Savannah River Site (SRS) and Idaho National Laboratory
(INL), and for monitoring disposal actions taken by DOE pursuant to NDAA Section 3116,
Subsection (a)(3), Subparagraphs (A) and (B) to assess compliance with the performance
objectives of 10 CFR Part 61, Subpart C. The NDAA provides criteria to determine whether
certain waste resulting from the reprocessing of spent nuclear fuel is not high-level waste and
specifies that the performance objectives in 10 CFR Part 61, Subpart C must be met.
Under the provisions of this Act, DOE may physically and chemically stabilize waste tanks and
vaults with cementitious grout to (i) limit vertical fast flow pathways to residual waste, (ii) entomb
waste removal equipment, (iii) discourage intrusion, and (iv) provide an alkaline-reducing
environment in certain situations to control speciation and radionuclide solubility (e.g., Stefanko
and Langton, 2011a). DOE may rely on (i.e., take credit for) natural and engineered system
properties that provide attenuation and retardation of radionuclide migration as part of its
waste disposal system performance assessments. NRC staff use information from independent
analyses to support their consultation responsibilities for non-high-level, waste-incidental-toreprocessing determinations and their monitoring responsibilities for subsequent actions taken
under the NDAA. To this end, the Center for Nuclear Waste Regulatory Analyses (CNWRA®)
has been tasked to provide mechanistic information on the physical and chemical degradation
of cementitious waste forms that are used for the isolation and containment of radioactive
wastes and to evaluate the potential for radionuclide bypass of the engineered barriers via
preferential or fast flow pathways.
Previous reviews of DOE waste determinations indicated that potential fast flow pathways going
through and bypassing barriers may dominate waste release from large, grout-filled tanks and
vaults. Thus, macrocrack density and connectivity may play major roles in the release of
radionuclides from in-situ tank closures and monolithic waste forms. Review of experimental
and observational data on mass transport properties of cementitious materials did not reveal
empirical data from which to estimate the likely properties of macrocracks that may develop in
large grout monoliths. Most crack characterization measurements to date have been made on
small-scale laboratory specimens using construction materials with significantly different
formulations than those DOE proposed for radioactive waste disposal at NDAA facilities.
Additionally, no DOE or third-party data are available to assess the significance of annular gaps
that may develop between cementitious grout and internal tank fixtures (e.g., interior tank walls,
pipes, and cooling coils). Lack of relevant data represents a key uncertainty when evaluating
DOE waste determinations that rely on cementitious grout integrity to meet the performance
objectives for low-level waste found in 10 CFR Part 61, Subpart C.
To establish a base-level understanding of the potential for fast flow cracks and annular gaps
to form soon after grout is emplaced in a waste tank, CNWRA staff developed mesoscale
grout monolith specimens in fiscal year 2009 at Southwest Research Institute® (SwRI®)
facilities in San Antonio, Texas, as physical analogs to grouted tanks at NDAA facilities
(Walter, et al., 2009). Twelve mesoscale specimens were constructed in 55-gal drums and also
in a 3-m [10-ft] radius by 30° sector to help inform development of conceptual designs for larger
scale grout monolith experiments. The mesoscale grout monolith specimens, which were
constructed using grout formulations similar to those being considered for use at Savannah
River Site (SRS) and INL, were instrumented permitting (i) observation and quantification of the
1-1

effects of macrocracks, annuli between grout and internal fixtures or container walls, and lift
separations that may develop due to thermal contraction cracking, shrinkage, and partial curing
of the grout during the interval between lift emplacements and (ii) the conduct of gas
permeability tests.
These experiments led to the design, placement, testing, and analysis of an intermediate-scale
grout monolith housed in a steel tank during fiscal years 2010 and 2011 (Walter, et al., 2010;
Dinwiddie, et al., 2011). The monolith is 6.1 m [20 ft] in diameter and nominally 0.8 m [30 in]
high, and is composed of a reducing grout that is very similar to the SRS-like Alternative 1
Reducing Grout specimens that Walter, et al. (2009) developed and described. The formula for
the intermediate-scale monolith reducing grout was as reported in Langton and Cook (2008)
and Langton, et al. (2007), but different sources of Portland cement, sand, and fly ash are used.
Quantities of water and high range water reducer (Sika® ViscoCrete® 2100) were adjusted to
achieve a self-leveling grout with zero bleed and, thus, were not identical to the Langton, et al.
(2007) formula. The intermediate-scale monolith grout batches were mixed according to the
nominal formulation in Table 1-1 at a batch plant operated by Lattimore Materials Company.
Grout was transported in cement mixing trucks from the plant to the steel tank located on the
SwRI campus within 35 minutes. Nominal batch volumes varied from 3.9 to 4.6 m3 [5 to 6 yd3]
per truck. Actual batch volumes (Table 1-1) were approximately 90 percent of the nominal
volumes. Grout was transferred from the delivery trucks to the intermediate-scale grout
monolith tank using a boom pump truck with discharge line typically positioned near the center
of the tank. Distribution of the grout within the tank was by gravity and not by vibration.
During the current fiscal year, testing and analysis of mesoscale drum specimens and the
intermediate-scale grout monolith specimen continued, including initial pneumatic testing and
borescopic observations of fiscal year 2010 drum grout specimens and pneumatic injection
retesting of fiscal year 2009 drum grout specimens to characterize pneumatic property evolution
with time (Section 2). Intermediate-scale grout monolith testing consisted of (i) pneumatic
injection retesting of four coreholes and three embedded pipes to identify pneumatic property
evolution with time, (ii) borescopic observations of all nine coreholes (Section 3), and
(iii) three-color fluorescent-dye tracer slug testing to identify interconnected fast pathways and
seeps and acquire pressure head data fit for calculating the hydraulic properties of the grout
surrounding injection coreholes (Section 4). Near-surface (tan) and deeper subsurface (gray)
grout samples from the intermediate-scale grout monolith were also analyzed using X-ray
diffraction to determine whether and how mineralogical compositions status are reflected in the
observed depth-dependent matrix color variations (Section 5). This report fulfills the
requirement for CNWRA to document the results of these continuing analyses. We conclude
with recommendations for future work in fiscal years 2013 and 2014 (Section 6).
The intent of CNWRA grout monolith investigations is to gain insight into risk-significant aspects
of grout behavior and properties that affect performance. Due to differences in the formulations
of the grouts used in these investigations and in placement and environmental conditions, these
findings may not fully represent the behavior and properties of grouts used in the closure of
NDAA tanks. Staff are not aware, however, of equivalent studies performed with the material
components of NDAA tank grouts. Because the U.S. Department of Energy has not supplied
performance information of an equivalent nature, NRC staff likely will use the independently
acquired information contained within this and predecessor reports to support their consultation
responsibilities for non-high-level, waste-incidental-to-reprocessing determinations and their
monitoring responsibilities for subsequent actions taken under the NDAA.
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35
216
5
31.5#
0
0.33

5

Batch 7
4 Mar 2010
298
1,420
318
816
467†

*1 yd3 = 0.77 m3
†1 lbm = 0.45 kg
‡1 oz = 29.6 ml
®
®
§Sika ViscoCrete 2100 increased to 30 oz [870 ml] after slump spread test at batch plant; increase was not recorded in the Lattimore Materials’ batch record
║Actual yield approximately 90 percent of nominal volume
¶Average diameter per ASTM C 1611 (ASTM International. “Standard Test Method for Slump Flow of Self-Consolidating Concrete.” C 1611/C 1611M–09b.
West Conshohocken, Pennsylvania: ASTM International. 2009); 1 in = 2.54 cm
#Added 250 lbm [30 gal] water at site, mixed 10 minutes

Table 1-1. Summary of Intermediate-Scale Grout Batch Quantities and Flow Measurements
Actual Quantities Per Cubic Yard*
Nominal
Lift 1
Lift 2
Lift 3
Quantity
Batch 1
Batch 2
Batch 3
Batch 4
Batch 5
Batch 6
Per Cubic
Material
2 Mar 2010 2 Mar 2010 3 Mar 2010 3 Mar 2010 4 Mar 2010 4 Mar 2010
Yard*
Portland Cement Type I/II (lbm)†
303
300
302
304
280
304
301
River Sand (lbm)
1,414
1,420
1,420
1,423
1,500
1,420
1,420
Slag Cement (lbm)
303
310
306
302
303
304
306
Fly Ash (lbm)
790
788
787
788
787
786
791
Water (lbm)
≤524
428
414
409
408
417
421
RECOVER Hydration
≤10
5
5
5
5
5
5
Stabilizer (oz)‡
Sika® ViscoCrete® 2100 (oz)
≤50
30§
30
30
30
35
34
Kelco-crete DG (gm)
217
216
216
216
216
216
216
Nominal Batch Volume (yd3)
6
6
6
6
5
5
Puddle Slump (in)¶
30
26
29.5
28
26.5
24.5
29
Bleed (wt%)
0
0
0
<1
0
0
0
w/c#
≤0.38
0.31
0.30
0.29
0.30
0.30
0.30

2 PNEUMATIC PROPERTIES AND BORESCOPIC OBSERVATIONS OF
MESOSCALE DRUM GROUT SPECIMENS
Three new mesoscale drum grout specimens were prepared during fiscal year 2010 to
(i) investigate the cause of unexpected grout flow behavior of drum grout specimen T6, which
was based on INL Heel Grout formulations described in Walter, et al. (2009) and to (ii) evaluate
the combined effects of sand and cement source and additive type on the properties of a
Savannah River-like reducing grout. These new specimens are referred to as (i) Revised INL
Heel Grout, (ii) South Carolina Reducing Grout, (iii) and Local Reducing Grout. Fiscal year
2009 drum grout specimen T6, which contained an INL-like Heel Grout, was not very flowable
and developed rough surfaces between lifts. During gas injection testing, drum grout specimen
T6 was clearly influenced by both annular and diffuse flow based on both visible and audible
observation of gas emerging at a high rate from the annulus between the grout and drum wall
(unlike most of the original 12 specimens from which gas commonly emerged from the annulus
between the grout and the gas injection pipe). The South Carolina and Local Reducing Grout
drum specimens were prepared to address questions regarding the representativeness of
the local San Antonio, Texas-based, physical analog grout models relative to grouts that DOE
will prepare using sand and cement materials available in South Carolina.
Gas injection into black steel, schedule 40, 5-cm [2-in]-diameter pipes embedded within each of
the three new drum grout specimens was used to test for bulk permeability or the presence of
apertures between the pipe wall and the surrounding grout. Gas injection tests were performed
in December 2011, approximately 20 months after the last of these three drum grout specimens
had been poured.
Physical degradation of cementitious grout (e.g., desiccation, shrinkage, cracking) causes the
temporal evolution of porosity and intrinsic permeability, but for DOE tank-waste-stabilizing
grouts, these temporal changes are ill-defined and uncertain. Therefore, 6 of the original
12 fiscal year 2009 drum grout specimens were pneumatically retested in January 2012 for bulk
permeability evolution and annulus aperture changes between the injection pipe and
surrounding drum grout. The other six drum grout specimens were unavailable for retesting
because their gas injection pipes had been grouted with INL-like Pipe Grout. Due to budget
limitations, only INL-like Pipe Grout specimen T2 was retested during fiscal year 2012.
Ultra-high-purity nitrogen gas was injected into the central pipe in each drum grout specimen as
a test for the potential presence of cracks, lift separations, and annuli between grout and tank
fixtures and sidewalls. The testing apparatus included an Omega Engineering, Inc. pressure
gauge, allowing a maximum injection guage pressure of 4.1 × 105 Pa [60 psig], and two
Omega Engineering, Inc. rotameters (Models FL-110 and FL-112) capable of measuring flow
rates from 0.2 to 2,400 cm3/min [7 × 10−6 to 8.5 × 10−2 ft3/min]. The injection pressure and
corresponding flow rate data pairs were assessed for (i) flow regime [i.e., single-phase Darcy,
single-phase high-velocity (Forcheimer), or two-phase flow], (ii) apparent annulus aperture
between the drum grout and the injection pipe (using the analytic solution of Bird, et al., 1960,
p. 53, Eq. 2.4–16, and the method documented by Walter, et al., 2009, p. 32, Eqs. 3-1 and 3-2),
and (iii) bulk permeability using the numerical solution described in Section 2.1.
The bulk permeability solution and the annulus aperture solution represent two bounding
conceptual models for gas flow through the monoliths, which are solved to identify bounding
parameters of the grout specimens.
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2.1

Effective Gas Permeability Analysis for Mesoscale Specimens

The bulk effective gas permeability was computed using an injection pressure–steady gas flow
rate correlation developed using the numerical gas flow code BIGEM (Walter, 2005). The
BIGEM code assumes ideal gas compressibility and simulates flowing gas under moderate
pressure. The code was used to develop a correlation between gas flow rate and injection
pressure assuming uniform flow throughout the grout matrix. This correlation was then used to
compute effective gas permeability (keg) for those drum grout specimens that displayed
evidence of diffuse flow.

2.1.1 Drum Model
Gas flow through the drums was simulated using the two-dimensional, axisymmetric numerical
model grid illustrated in Figure 2-1. The left boundary of the grid is aligned with the centerline of
the injection pipe, and the first column of grid nodes is located at r = 1.27 cm [0.5 in]. The
remainder of the grid has a constant spacing of 0.5 cm [0.197 in] in both the radial and vertical
directions. The boundary condition on the portion of the grid covered by the pipe is defined as
no flow. The cell corresponding to the lower open end of the gas injection pipe has a prescribed
pressure boundary condition. The boundary condition corresponding to the upper grout surface
is specified as constant atmospheric pressure. The remaining boundary conditions are
specified as no flow. The injection pressure in the pipe was applied to grid cells representing
the injection area at the bottom of the pipe.
This numerical model was used to develop a correlation between the square of the injection
pressure and steady flowrate in the form
μ
ρ

(2-1)

∆

and
∆

(2-2)

where

keg
g
Qsc
Sf

—
—
—
—
—
—

effective gas permeability (m2)
gas dynamic viscosity [Pa·s]
gas density [kg/m3]
gravitational acceleration [9.8 m/s2]
gas flow rate at standard conditions [ml/min]
μ
slope of the regression between keg and

PA
Pig

—
—

atmospheric pressure [Pa]
injection gauge pressure [Pa].

μ
ρ

ρ

∆

[Pa2·min/ml·m·s]

The effective gas permeability, keg, is related to the effective gas conductivity, Keg (m/s) by
µ

(2-3)

The BIGEM code computes effective gas conductivity using the Brooks–Corey relationship
between saturated hydraulic conductivity, porosity, and water content (Brooks and Corey,
1966). Because the water content of the grout was not known at the time of the gas injection
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specified
pressure
(atmospheric)

no flow

specified
pressure

no flow
Figure 2-1. Illustration of the Finite Volume Grid Used for Drum Gas Flow Simulations.
Pressure Contours Are in Pascals of Gauge Pressure at Injection Pressure of 10 psig
[68,950 Pa].
tests and because the parameters required to relate the gas permeability to the saturated
hydraulic conductivity for the grout have not been determined, the Brooks–Corey input
parameters were simply adjusted so that the gas conductivity would equal the saturated
hydraulic conductivity used in the input file; that is, all of the interconnected pore space was
assumed to be available for gas flow. Thus, the effective gas permeability and equivalent
saturated hydraulic conductivity determined from the tests may underestimate the intrinsic
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permeability and saturated hydraulic conductivity if some pore space was occluded with water.
The actual porosity and water content specified in the simulation did not affect the steady-state
flow rate and pressure calculations. Other parameters required for the simulations were
•

Ambient temperature 21.5 °C [70.7 °F]

•

Nitrogen gas dynamic viscosity at 21.5 °C [70.7 °F] {i.e., 1.75 × 10−5 Pa·s
[3.65 × 10−7 lbf·s·ft−2]}

•

Nitrogen gas molecular weight (28 g/mol)

2.1.2 Drum Simulation Results and Permeability Correlation
Simulations were run for four effective gas conductivities ranging from 10−10 to 10−7 m/s
(3.3 × 10−10 to 3.3 × 10−7 ft/s). The resulting correlation between effective gas permeability and
gas flow rate is shown in Figure 2-2 and is described by
1.1722

10

(2-4)

∆

with Qsc in ml/min and pressure in psi. Pneumatic data from each drum were analyzed for flow
regime [i.e., single-phase Darcy, single-phase high-velocity (Forcheimer), or two-phase flow] via
a series of graphical analyses, and if high-velocity flow predominated, the apparent permeability
data were corrected by replacing Qsc/ΔP2 in Eq. (2-4) with the inverse of the graphically
determined formation loss coefficient (see Appendix) (cf. Van Golf-Racht, 1982, Sections 6.1.3
and 6.2).
In past project reports, effective gas permeabilities were only estimated for drum grout
specimens that displayed visual evidence of diffuse flow through the grout mass (i.e., bubbles
emerging through a film of surface water). However, staff has now estimated effective gas
permeabilities for all measurement periods so that the reader can consider the temporal
evolution of gas permeability (Section 2.4.7). Likewise, maximum annulus apertures
surrounding the gas injection pipe have been estimated for all measurement periods using the
1.E-13

k (m2)

1.E-14

1.E-15

1.E-16

1.E-17
1.E-04

1.E-03

1.E-02
Qsc/ΔP2 (ml/min/psi2)

1.E-01

1.E+00

Figure 2-2. Bulk Permeability Correlation for Drum Grout Specimens
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method documented by Walter, et al. (2009). The reader is cautioned that the pneumatic data
from each specimen represent an unknown combination of diffuse flow through the grout and
annular flow around pipes, such that the apparent annulus apertures and bulk permeabilities
provide upper bounds. These estimates should be combined with qualitative descriptions of
visually observed flow paths to estimate the relative contributions of diffuse and annular flow.
The estimated apertures are described as “apparent” apertures because they were estimated
using an analytic model that does not account for compressible gas or high-velocity flow effects.

2.2

Revised Heel Grout Fiscal Year 2010 Mesoscale Specimen

INL-like Heel Grout prepared during fiscal year 2009 displayed unexpected properties, including
high viscosity, rough and porous texture (e.g., drum grout specimen T6), and significant water
segregation. There was some confusion about DOE’s specifications for INL Heel Grout
because of two available formulas (Langton and Cook, 2008; CH2M WG Idaho, LLC, 2007) with
different quantities for water and high range water reducer. Unlike the Langton and Cook
(2008) formula, the specification in CH2M WG Idaho, LLC (2007) allows water and high range
water reducer quantities to be adjusted to meet slump specifications. Heel Grout is to be tested
for acceptable flow characteristics using slump flow test ASTM C-143 (CH2M WG Idaho, LLC,
2007), but the grout batches that staff prepared for the fiscal year 2009 mesoscale specimens
did not meet this specification.
During the week of 26 April 2010, additional batches and one mesoscale drum specimen of an
INL-like Heel Grout were prepared to further investigate its behavior. These batches were
based on the nominal formulation in CH2M WG Idaho, LLC (2007) for the solids, and the
quantities of water and high range water reducer (ADVA 380) were adjusted to achieve the
ASTM C-143-specified slumps. CH2M WG Idaho, LLC (2007) calls for a slump of 15 to 19 cm
[6 to 7.5 in] for the first two placements in a tank and 24 to 28 cm [9.5 to 11 in] for the third
through sixth placements. Staff prepared two batches to achieve the smaller slump and five
batches to approach specifications for the greater slump. The batch quantities and resulting
slumps are listed in Table 2-1. A slump of greater than 24 cm [9.5 in] could not be achieved
without significant water segregation. Even with the lesser slump of 24 cm [9.5 in], some water
segregation occurred while transferring the grout from the mixer to the drum.
Batches were prepared in 0.057-m3 [2-ft3] quantities in a 0.17-m3 [6-ft3] drum-type Kushlan
concrete mixer. These batch sizes were reduced from those used for the fiscal year 2009 drum
experiments (Walter, et al., 2009) to improve mixing; five grout batches were required to fill a
55-gal SKOLNIK open-head carbon steel drum (www.skolnik.com/carbon.shtml). As with the
fiscal year 2009 mesoscale specimens, this drum has an internal diameter of 56 cm [22.5 in]
and internal height of 77.5 cm [33 in]. The drum was instrumented with a black steel schedule
40 pipe {5 cm [2 in] inner diameter} and a borosilicate glass observation tube {25 mm [1 in]
internal diameter} (Specialty Glass Inc., Houston, Texas) to enable downhole borescopic
observation. The bottom of the black steel pipe was temporarily sealed with a removable plug
during grout emplacement and early curing. The fiscal year 2010 drum specimen was insulated
in the same manner as the fiscal year 2009 drum grout specimens (Walter, et al., 2009).
INL-like Heel Grout batches R1, R2, R5, R6, and R7 were placed in 55-gal drum R-1 over
3 consecutive days: R1 and R2 on the first day, R5 and R6 on the second day, and R7 on the
third day. Photographs of lift surfaces appear in Walter, et al. (2010, Figures 4-3 and 4-4).
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Table 2-1. Nominal and Actual Grout Batch Material Quantities
Nominal
Quantity
Batch
Batch
Batch
Batch
Batch
INL Heel Grout Drum R-1
(2 ft3)*
R1
R2
R5
R6
R7
Portland Type 1/II Cement (lbf)
16.8
16.8
16.8
16.8
16.8
16.8
U.S. Silica Sand ASTM C-33 (lbf)
184
184
184
184
184
184
Ground granulated slag cement
grade 120 ASTM c989 (lbf)
25.9
25.9
26.0
26.0
26.0
26.0
Fly ash (Class F)
8.7
8.7
8.8
8.8
8.8
8.8
Water (gal)
2.7
2.9
2.9
2.9
2.9
2.9
High range water reducer (ADVA®
380) (ml)
54
54
54
108
108
108
ASTM C–143 Slump (in)
6 to 11
7.25
7.75
9.5
9.25
No record
Nominal
Quantity
Batch
Batch
INL Heel Grout Drum R-2
(2 ft3)*
R3
R4
Portland Type 1/II Cement (lbf)
16.8
16.8
16.8
U.S. Silica Sand ASTM C-33 (lbf)
184
184
184
Ground granulated slag cement
grade 120 ASTM c989 (lbf)
25.9
26.0
25.9
Fly ash (Class F)
8.7
8.8
8.7
Water (gal)
2.7
2.9
2.9
High range water reducer (ADVA®
380) (ml)
54
108
108
ASTM C–143 Slump (in)
6 to 11
9.5
8.5
Nominal
Quantity
Batch
Batch
Batch
Batch
Batch
Batch
South Carolina Reducing Grout
(2 ft3)†
1
2
3
4
5
6
Giant Portland Type 1/II Cement (lbf)
22.4
22.4
22.4
22.4
22.4
22.4
22.4
Sterling silica sand ASTM C-33 (lbf)
104.7
104.8
104.8
104.8
104.8
104.8
104.8
Ground granulated slag cement
grade 120 ASTM c989 (lbf)
22.4
22.4
22.4
22.4
22.4
22.4
22.4
Fly ash (Class F)
58.6
58.6
58.6
58.6
58.6
58.6
58.6
Water (gal)
4.6
3.6
3.6
3.6
3.6
3.6
3.4
High range water reducer Sika
ViscoCrete (ml)
107.6
108
108
108
108
108
108
Hydration stabilizer RECOVER (ml)
21.8
22
22
22
22
22
22
Viscofier Kelco-crete® (gm)
15.9
15.9
15.9
15.913
15.903
15.904
15.915
Sodium thiosulfate, pentahydrate (gm)
45
45
45
45.344
45.355
45.380
45.378
H2O: [cement + fly ash] (-)
0.37
0.29
0.29
0.29
0.29
0.29
0.29
ASTM–1611 flow test diameter (in)
30
29
28
31
31
31.5
29
Nominal
Quantity
Batch
Batch
Batch
Batch
Batch
Local Reducing Grout
(2 ft3)†
1
2
3
4
5
Alamo Portland Type 1/II Cement (lbf)
22.4
22.4
22.4
22.4
22.4
22.4
U.S. Silica sand ASTM C-33 (lbf)
104.7
104.6
104.8
104.8
104.8
104.8
Ground granulated slag cement
grade 120 ASTM c989 (lbf)
22.4
22.4
22.4
22.4
22.4
22.4
Fly ash Class F (lbf)
58.6
58.6
58.6
58.6
58.6
58.6
Water (gal)
4.6
4.5
4.6
4.35
4.25
3.9
High range water reducer
ADVA® 380 (ml)
107.6
108
108
108
108
216
Hydration stabilizer RECOVER (ml)
21.8
22
22
22
22
22
Viscofier Kelco-crete® (gm)
15.9
15.912
15.910
15.898
15.905
15.900
Sodium thiosulfate, pentahydrate (gm)
45
45.427
45.532
45.342
45.380
45
H2O: [cement + fly ash] (-)
0.37
0.36
0.37
0.35
0.34
0.31
ASTM–1611 flow test diameter (in)
30
30
30
30
28.75
30
3

*Based on heel grout formulation developed for INL tanks (CH2M WG Idaho, LLC, 2007), adjusted to 2 ft
†
Based on reducing grout formulation developed for SRS tanks (Langton, C.A. and J.R. Cook. “Recent Progress in DOE Waste
Tank Closure.” Table 1. Waste Management Symposium 2008, Phoenix, Arizona, February 24–28, 2008. WSRC–STI–2007–
3
00686. Aiken, South Carolina: Washington Savannah River Company. 2008.), adjusted to 2 ft
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Batches R3 and R4 were placed in drum R-2, but this specimen was not completed due to a
shortage of slag cement. Overall, compared to the Heel Grout batches prepared during
fiscal year 2009, the batches that staff prepared during fiscal year 2010 exhibited flow behavior
more like that expected for INL Heel grout. The improved behavior may be the result of greater
flexibility in the CH2M WG Idaho, LLC (2007) formulation for adjusting water and high range
reducer, as well as improved mixing attributable to smaller batches. Following specimen
preparation, the revised INL-like Heel Grout specimen was not tested until fiscal year 2012.

2.2.1 Borescopic Observations of Revised INL-Like Heel Grout
The Heel Grout is uniformly mottled with both dark- and light-colored grout throughout. The
grout appears to have generally contracted significantly away from the observation port.
Bubbles (vesicles and vugs) in the grout are significant throughout [Figure 2-3(a)], but are
especially noticeable at 30 to 40 cm [12 to 16 in] below the grout surface. For comparison, prior
borescopic observations of an original INL-like Heel Grout specimen (i.e., Lift 1 of Drum T8)
were that “INL Heel Grout is gray with many irregularly shaped vesicles in a broad range of
sizes. Black mottling appears toward the bottom of the lift” (Walter, et al., 2009, page 31).

2.2.2 Pneumatic Properties of Revised INL-Like Heel Grout
The Bird, et al. (1960) analytic solution used to calculate the aperture of the annulus between
the drum grout and the gas injection pipe (see page 2-1) assumes that (i) gas flow through the
annulus is both incompressible and laminar, (ii) gas flow through the grout mass is small
compared to flow through the annulus, and (iii) the interior of the pipe at its base is in complete
contact with a continuous annular void. Walter, et al. [2009, Eqs. (3-1) and (3-2)] were
implemented in a Microsoft® Excel® spreadsheet, and the Goal Seek solver tool was used to
iteratively solve for the annulus aperture for each pressure–flow rate data pair. Results are
summarized in Table 2-2 where the column labeled Flow Behavior indicates whether the flow
measured at various pressures deviated from Darcy’s Law.
The calculated average aperture should be viewed as an approximate value because the
assumptions upon which the solution is based may not have been fully met and could not be
verified. With respect to the first assumption, the actual flow through the pipe annulus could not
be measured; thus some gas may have flowed through the grout mass as well as through the
pipe annulus. To test this theory, water was added to the surface of the grout after pneumatic
data collection so that gas flowing to the surface could be observed as bubbles in the water.
Gas bubbles emerged from nearly the entire grout surface, the pipe annuli, and the drum wall
annulus [Figure 2-3(b)]. The flow rate was high enough that gas bubbling from the surficial
water film was audible. These observations are recorded in video file M2U00019.mpg. This
monolith is very porous and permeable as suggested by both borescopic observations and
injection pressure–flow rate data. Because this grout is the least flowable of all formulas
studied, significant open pore space is a material characteristic.
While the Heel Grout specimen exhibited bubbles emerging as annular flow from around the
injection pipe, it also exhibited significant advective transport throughout the bulk mass,
which suggests that the Bird, et al. (1960) analytic solution for annulus aperture may not
be appropriate.
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Figure 2-3. INL-Like Heel Grout. (a) Open Macropores Observed Via Borescope and
(b) Widespread Gas Bubbles Emerge from the Grout Through a Film of Surface Water.
Table 2-2. Calculated Average Annular Apertures Between Injection Pipe and Drum Grout*
Grout Formulation
Flow Behavior
Aperture (μm)
Revised INL-like Heel Grout
30.7
High velocity flow
South Carolina Reducing Grout
11.6
High velocity flow
Local Reducing Grout
17.9
High velocity flow
*Calculated apertures are approximate (based on a number of assumptions that may not be met) and may be an overestimate
due to the occurrence of diffuse flow through the grout (calculation assumes only annular flow along injection pipe).

The effective gas permeability of the bulk grout and equivalent saturated hydraulic conductivity
were then computed as described in Section 2.1 and corrected, where necessary, for high
velocity flow effects. Results are summarized in Table 2-3.
The annulus aperture and bulk grout permeability estimated for this grout specimen are
overstated in Tables 2-2 and 2-3 to the extent that the specimen exhibited both annular flow
along the pipe and diffuse flow through the grout based on visual observations of where gas
bubbles emerged from the wetted grout surface.
In comparison to the original monofill INL-like Heel Grout specimen T6, which was subject to
two-phase (water + gas) flow yet had a relatively high gas permeability at 1.1 × 10−13 m2
[111 millidarcies]1, the permeability of the revised INL-like Heel Grout specimen was more than
an order of magnitude lower; this specimen also appears to have been more self-leveling than
the original T6 Heel Grout specimen. Despite the improved pneumatic and self-leveling

1

Note that the effective gas permeability value of drum T6 was incorrectly reported in Table 3-8 of Walter, et al.
(2009), but the reported effective hydraulic conductivity value was correct, however.
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Table 2-3. Calculated Effective Gas Permeabilities* of Fiscal Year 2010 Mesoscale Specimens
Drum Grout Specimen
INL-like Heel Grout
South Carolina Reducing Grout
Local Reducing Grout

keg (m2)
−15

6.3 × 10
7.3 × 10−16
7.8 × 10−16

Std. dev. (m2)
−18

2.3 × 10
1.1 × 10−31
2.7 × 10−19

Keg (cm/s)
−6

6.2 × 10
7.2 × 10−7
7.6 × 10−7

Std. dev. (cm/s)
2.3 × 10−9
6.1 × 10−23
2.6 × 10−10

*These data were corrected for high velocity flow effects. Values may be an overestimate due to the occurrence of annular flow
around the grout injection pipe (calculation assumes only diffuse flow through matrix).
1 cm/s = 0.032808 ft/s
–12
2
1 darcy = 0.986923 × 10 m

characteristics of the revised INL Heel drum grout specimen, it still exhibited multiple gas flow
pathways, including flow along the drum wall, and the simplified representation of the specimen
in the numerical model did not fully capture its complex properties.

2.3

Reducing Grout Fiscal Year 2010 Mesoscale Specimens

Two new mesoscale reducing grout specimens were prepared in drums in April 2010 to
evaluate the combined effects of cement and sand source and additive type on the properties of
Savannah River-like reducing grout. One specimen was prepared with some materials that
DOE (Langton, et al., 2007) indicated it would use to grout tanks at the Savannah River Site,
including Portland cement provided by Giant Cement Company (Harleyville, South Carolina),
cement sand procured from Sterling Sand Company (Columbia, South Carolina), and high
range water reducer Sika ViscoCrete 2100.2 This drum grout specimen is referred to herein as
“South Carolina Reducing Grout.” The other specimen was prepared using Portland cement
procured from Alamo Cement Company (San Antonio, Texas), ASTM C–33 Silica Sand
procured from U.S. Silica (Berkeley Springs, West Virginia), and high range water reducer
ADVA® 380. This specimen, referred to as “Local Reducing Grout,” was prepared with the
same materials used to prepare drum grout specimens T4 and T11 in 2009, which Walter, et al.
(2009) referred to as “SRS Alternative 1 Reducing Grouts. The other materials (slag cement, fly
ash and sodium thiosulfate, hydration stabilizer, and viscosity modifier) used to prepare the
South Carolina Reducing and Local Reducing Grouts were identical. Other than the noted
differences in cement, sand, and additive type, the proportions of solids, water, and additives
were based on the formulation in Langton and Cook (2008, Table 1). These batches were also
prepared in 0.057-m3 [2-ft3] quantities in a 0.17-m3 [6-ft3] drum-type Kushlan concrete mixer.
The batch quantities and resulting slumps are listed in Table 2-1. The water and high range
water reducer were adjusted slightly in each batch to produce a grout with a slump flow puddle
(ASTM C 1611) of 71 to 76 cm [28 to 30 in] diameter.
The most significant difference between the two grout formulations was that the South Carolina
Reducing Grout required 3.8 L [1 gal] less water than the Local Reducing Grout to produce a
slump flow puddle with a diameter between 71 and 76 cm [28 and 30 in]. Slump flow puddle
photographs appear in Walter, et al. (2010, Figures 4-5 and 4-6). Despite consistent
formulations, the South Carolina Reducing Grout displayed a more variable flowability than did
the Local Reducing Grout. The difference in behavior may be due to differences in moisture
content and grain size distribution between the two sand types or to use of different high range
water reducers. For example, the South Carolina (Sterling) sand was sensibly wetter and finer
than the U.S. Silica sand.
2

Langton, C. “Requested Documentation Regarding Scale Up Testing.” Email (November 18) to K. Rosenberger,
Savannah River Site. Aiken, South Carolina: Savannah River Site. 2009.
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These two reducing grout formulations were used to prepare two drum grout specimens, which
were instrumented and insulated as described in Section 2.2. The Local Reducing Grout
specimen was constructed during the week of 21 April 2010, and the South Carolina Reducing
Grout specimen was constructed the week of 26 April 2010. Grout batches were placed in the
drums in five to six lifts on three consecutive days.
Temperature histories of these grouts are described in Walter, et al. (2010, Figures 4-7 and
4-8). In summary, the peak temperatures of both grouts were similar, with the South Carolina
Reducing Grout and the Local Reducing Grout reaching maximum temperatures of
approximately 53 and 50°C [127 and 122°F], respectively. The South Carolina Portland cement
hydrated more rapidly than the local Portland cement, perhaps due to the reduced water in the
South Carolina formulations.
In comparison, staff recently obtained the final grout formulation intended for use to fill Tanks 18
and 19 at the F-Tank Farm {which are 26 m [85 ft] in diameter} in the General Separations Area
of the Savannah River Site. The grout is described as an all-in-one flowable, zero-bleed
structural fill containing 10 mm [3/8 in] gravel. Neither the South Carolina Reducing Grout nor
the Local Reducing Grout specimen is gravel-based. SRNL staff expected their gravel-based
grout to be self-leveling and flow greater than 14 m [45 ft] (Stefanko and Langton, 2011b), such
that placing it from a single centrally located position would evenly fill a tank without vibration.
However, video of grout placement activities in Tank 18-F demonstrated that grout mounding
and lobe development was occurring in the center of the tank beneath the center riser because
the grout was not capable of self-leveling (NRC, 2012). NRC staff are concerned that filling the
tanks completely may be difficult because DOE may be unable to deliver grout laterally to tank
peripheries due to localized mounding beneath the central access point (Persinko, 2012). The
final reducing grout formulation, reproduced in Table 2-4, mitigates the relatively high viscosity
and high heat of hydration that were caused by the low water-to-cement material ratio (0.39) of
the Langton, et al. (2007) formulation (Stefanko and Langton, 2011b).
This new formulation was not designed to compensate for grout shrinkage and DOE has
postponed efforts to develop a shrinkage compensating grout (Stefanko and Langton, 2011b)
that would mitigate fast flow pathways caused by shrinkage-derived annular gaps, gaps at lift
and grout flow lobe interfaces, and poor bonds between the grout mass and the tank liner or
internal fixtures.
Staff had previously recommended a literature review to understand whether there may be
detrimental, long-term impacts from incomplete mixing of grout material components, which was
postulated to be more problematic in sand-only formulations that lacked coarse aggregate
(Dinwiddie, et al., 2011). Now that DOE has settled on a gravel-based formulation for
Tanks 18-F and 19-F, it is unclear whether such a literature review is necessary at this time.

2.3.1 South Carolina Reducing Grout Borescopic Observations
A nitrile hand glove had been embedded in the grout surface surrounding the glass borescope
observation port in the South Carolina Reducing Grout specimen to prevent grout from entering
the tube when grout was poured into the tank. The glove was not removed prior to curing. Staff
removed as much of the glove as possible from the specimen during this fiscal year, but
remaining fragments of glove obscured the top ~6 cm [2.4 in] of grout. The uppermost lift has a
smooth, milky texture [Figure 2-4(a)] dissimilar to that observed in prior drum grout specimens.
Below this textural region, a light-to-dark color transition occurs, similar to color transitions
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Table 2-4. Evolutionary History of SRS Gravel-Based Reducing Grout Formulations
Slag
⅜″ Pea
High Range
Viscosity
Cement
Grade
Fly Ash
Quartz
Gravel
Water
Modifying
Water
Type I/II
100
Class F
Sand
No. 8
Reducer
Admixture
(lbm/yd3)*†
(gal/yd3)‡
(fl oz/yd3)§
(gm/yd3) ║║
Alternative 2 Reducing Grout Lab No. 070070¶#
185
260
850
942
946
60.7
54**
216††
w/cm ratio: 0.39
Above Specification Modified with New Admixtures‡‡
185
260
850
942
946
60.7
41§§
162║║
w/cm ratio: 0.39
Final Reducing Grout Formulation for Tanks 18-F and 19-F‡‡
125
210
363
1790
800
48.5
41§§
200║║
w/cm ratio range: 0.55 to 0.58
*1 lbm = 0.45 kg
3
3
†1 yd = 0.77 m
‡1 gal = 3.79 L
§1 fl oz = 29.6 ml
║1 gm = 0.002 204 622 621 8 lbm
3
®
3
¶Specification also called for 4 fl oz/yd of the hydration stabilizer Recover and an optional 2.1 lbs/yd sodium thiosulfate.
Langton, C.A., A. Ganguly, C.A. Brookhammer, M. Koval, and W.L. Mhyre. “Grout Formulations and Properties for Tank Farm
Closure (U).” WSRC–STI–2007–00641. Rev. 0. Aiken, South Carolina: Savannah River Company. 2007.
#CNWRA Mesoscale Drum Grout Specimens T5 and T12 were based upon this formulation
**Advaflex
†† Welan Gum
‡‡Stefanko, D.B. and C.A. Langton. “Tank 18-F and 19-F Structural Flowable Grout Fill Material Evaluation and
Recommendations.” SRNL–STI–2011-00551. Rev. 0. Aiken, South Carolina: Savannah River National Laboratory, Savannah
River Site. September 2011.
®
®
§§Sika ViscoCrete 2100
║║Kelco-Crete Diutan Gum

observed in some of the original 12 drum grout specimens (Walter, et al., 2009, p. 29). The
overlying light-colored grout is a homogeneous color, whereas the underlying “dark” grout is
mottled with both dark- and light-colored areas [Figure 2-4(b)].

2.3.2 South Carolina Reducing Grout Pneumatic Properties
During initial gas injection, the aforementioned nitrile hand glove had not yet been removed; it
was observed to fill like a balloon with nitrogen gas, which suggests flow occurred in the
annulus between the grout and the glass observation port. Once most of the glove had been
removed, pneumatic data collection proceeded. Annulus aperture calculations were performed
as described in Section 2.3.1, and results are summarized in Table 2-2. The effective gas
permeability of the bulk grout and equivalent saturated hydraulic conductivity were then
computed as described in Section 2.1 and corrected (Appendix) to account for high velocity flow
effects. The resulting permeability values are listed in Table 2-3.
After pneumatic data collection, water was added to the surface of the grout so that gas flowing
to the surface (i.e., around the injection pipe or glass tubing, thermocouple wires, and/or through
cracks) could be observed as bubbles in the water. The most significant fast flow path appears
to be along the edge of the glass borescope port, perhaps related to an adjacent grout lobe
seam (i.e., a pseudo-crack) [Figure 2-4(c)]. Smaller, isolated flow paths are located along the
edge of the gas injection pipe. Some gas flowed through the grout mass as well as through the
pipe annulus. These observations are recorded in video file M2U00017.mpg.
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Figure 2-4. South Carolina Reducing Grout. (a) Milky Near-Surface Texture, Open
Macropores, (b) Dark-to-Light Mottled Grout in the Deeper Subsurface Observed Via
Borescope, and (c) Bubbles Emerging From Grout Lobe Seam at Borescope Port and
Injection Pipe Annulus.

2.3.3 Local Reducing Grout Borescopic Observations
The Local Reducing Grout has more air bubbles, vesicles and vugs [Figure 2-5(a)] compared to
the South Carolina Reducing Grout, especially 20 to 30 cm [8 to 12 in] below the top of the
observation port, perhaps in the second lift from the top. Use of Sika ViscoCrete 2100 (used in
the South Carolina Reducing Grout) is known to result in less air entrainment than use of
ADVA 380 (Langton, et al., 2007).

2.3.4 Local Reducing Grout Pneumatic Properties
Annulus aperture calculations were performed, as described in Section 2.3.1, and results are
summarized in Table 2-2. The resulting effective gas permeability values are listed in Table 2-3
along with corresponding values of saturated hydraulic conductivity.
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After pneumatic data collection, water was added to the surface of the grout so that gas flowing
to the surface could be observed as bubbles in the water. Half of the gas injection pipe annulus
produced bubbles when the surface was doused in water [Figure 2-5(b)], but the other half only
produced bubbles once SNOOP® Liquid Leak Detector fluid was added to the grout surface.
Therefore, the entire annulus is generally open to gas flow. An extensive crack/microcrack
network was observed in the surface of the specimen. Some gas escaped through a crack
extending from the injection pipe annulus to the glass borescope port [Figure 2-5(b)]. These
observations are recorded in video file M2U00016.mpg.
Staff removed the pneumatic injection apparatus from the Local Reducing Grout drum, left it,
and returned several minutes later, only to then observe delayed gas flow at the edge of the
drum after gas injection had ceased. Many bubbles emerged from the grout near the drum wall
in ponded water either at a seam where two grout lobes interface or from a crack that looked
like a seam. These observations are recorded in video file M2U00018.mpg. Some gas flowed
through the grout mass as well as through the pipe annulus.

2.3.5 Comparison of Reducing Grouts
To address questions regarding the representativeness of the local San Antonio, Texas-based
grout models relative to grouts that DOE may prepare for NDAA purposes, it is clear to conclude
that from a pneumatic property perspective, Local Reducing Grout is a good physical analog of
South Carolina Reducing Grout because these specimens have nearly identical permeabilities.
The evidence suggests that Local Reducing Grout may have a larger annulus aperture

Figure 2-5. Local Reducing Grout. (a) Open Macropores Observed Via Borescope and
(b) Bubbles Emerging from Injection Pipe Annulus and a Crack that Links the Annulus to
the Glass Borescope Port.
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surrounding its gas injection pipe or else may be slightly more permeable than South Carolina
Reducing Grout (Tables 2-2 and 2-3). The slightly higher permeability of Local Reducing Grout
may be due to its coarser sand grain size distribution or to slightly more interconnected porosity.
The annulus apertures and bulk grout permeabilities estimated for each drum grout specimen
are overstated in Tables 2-2 and 2-3 to the extent that each specimen exhibited both annular
flow along the pipe and advective flow through the grout based on visual observations of where
gas bubbles emerged from the wetted grout surfaces.
The South Carolina Reducing Grout required 3.8 L [1 gal] less water than the Local Reducing
Grout to produce a desirable slump flow puddle diameter. The peak temperatures of both
grouts were similar, but the South Carolina Reducing Grout reached a 3 °C [5.4 °F] higher
maximum temperature than did the Local Reducing Grout, perhaps because of faster cement
hydration in the presence of reduced water. The South Carolina Reducing Grout also displayed
more variable flowability than did the Local Reducing Grout. These behavioral differences may
be due to disparities in moisture content and grain size distributions (the South Carolina Sterling
sand was sensibly wetter and finer than the U.S. Silica sand) or to use of equal doses of
different high range water reducers, which require unique proportioning according to Langton,
et al. (2007). Sika ViscoCrete 2100, used in the South Carolina Reducing Grout, is the most
efficient of the DOE-tested high range water reducers, requiring the smallest dose while also
resulting in the least amount of entrained air (Langton, et al., 2007).

2.4

Time-Dependent Evolution of Fiscal Year 2009 Mesoscale
Specimen Properties

The porosity of a hydrating cement paste decreases with time. The matrix permeability of a
newly constructed monolith decreases with porosity, but bulk permeability increases with the
development of micro- and macrocracks. Likewise, as grout contracts and shrinks during
curing, annulus apertures between grout and tank walls or internal fixtures increase. Early
permeability values and apparent apertures were estimated for 12 mesoscale drum grout
specimens during calendar year 2009 (Walter, et al., 2009, 2010), but permeabilities that would
account for parameter evolution as a function of maturation were not subsequently reestimated
since then. Thus, Dinwiddie, et al. (2011) recommended pneumatic retesting of existing grout
monoliths and this section documents the temporal evolution of these properties for six of the
original drum grout specimens and for one pipe grout specimen.
The six drum grout specimens were prepared inside 55-gal drums during fiscal year 2009 to
investigate the effects of thermal expansion and contraction on bonds between pipes, cooling
coils, drum walls, and grout. The drums are described in Section 2.2, including the embedded
central black steel schedule 40 pipe used for pneumatic injection testing. Borosilicate glass
tubing with a flat, closed bottom; flared top; and 25 mm [1 in] internal diameter or 1.3 cm [0.5 in]
copper tubing were also suspended in certain drums (Table 2-5) to enable downhole boroscopic
observation of the grout or to simulate copper cooling coils inside NDAA waste tanks. Grout
was emplaced in three separate, nominally 25-cm [10-in]-thick lifts in each drum. Because the
drum grout specimens were intended to be analogs of grout in a much larger grout mass, the
circumference and base of each drum was insulated to reduce heat loss and produce higher
internal temperatures. Grout in drums with insulated tops represents grout near the center of an
NDAA waste tank, and drums with open tops represent grout nearer the top of an NDAA waste
tank. Each test specimen was instrumented with thermocouple sensors to monitor the transient

2-14

Table 2-5. Six Drum Grout Specimens and One INL-Like Pipe Grout Specimen
Retested for Time-Dependent Evolution of Properties
Glass
Grout Formulation
Borescope
Test
Tank Top
Copper
Tubing
Specimen
Insulated
Tubing
Lift 1
Lift 2
Lift 3
T1
SRS-like Strong

T7
INL-like CLSM

T8
INL-like Heel
INL-like CLSM



T10
INL-like CLSM


T11
SRS-like Alternative 1


T12
SRS-like Alternative 2
T2
INL-like Pipe Grout
temperature distribution and evolution during curing. The reader is referred to Walter, et al.
(2009, Section 3) for the temperature histories of these specimens.
After initial pneumatic injection testing, the central pipes of 6 of 12 specimens were grouted with
an INL-like pipe grout; the other 6 specimens were left with unfilled pipes to enable future
testing of time-dependent evolution of pneumatic properties (Table 2-5). During fiscal
year 2012, staff retested the six drum specimens with unfilled pipes and one INL-like Pipe Grout
specimen (see Table 2-6 for DOE grout formulations; cf. Walter, et al., 2009, Table A–1) using
pneumatic injection. Ultra-high-purity nitrogen gas was injected into the central pipe of each
specimen as a test for the potential presence of cracks, lift separations, and annuli between
grout and tank fixtures and drum walls. The test apparatus was the same as described in
Section 2.1.
Subsequent to gas injection testing, each tested drum grout specimen was doused with a thin
layer of water so that preferential gas flow pathways to the surface could be observed. The
surface drying rate differed between specimens such that a qualitative assessment of grout
porosity was made in some instances, under the assumption that rapid dry-out is consistent with
rapid imbibition of water into a permeable and porous medium.
2.4.1

Pneumatic Injection Observations of SRS-Like Strong Grout Drum T1

Drum T1 was doused with water after pneumatic data collection so that gas flowing to the
surface (i.e., around the injection pipe or glass tubing, thermocouple wires, and/or through
cracks) could be observed as bubbles in the water. Bubbles emerged from nearly the entire
perimeter of the tank wall [Figure 2-6(a)], and the flow rate was high enough that gas bubbling
from the surficial water film was audible. Only two discrete flow pathways were observed on the
grout surface. One leak was observed from the injection pipe annulus at a location that
coincides with the placement of a thermocouple wire [Figure 2-6(b)]. These observations are
recorded in video file M2U00025.mpg. This evidence suggests that the grout was fairly well
bonded to the injection pipe, but not well bonded to the drum wall and that flow through the pipe
annulus is not as significant as flow through the grout. However, flow through the grout to the
drum wall may be dominated by a discrete path through a lift interface rather than via advection
through the grout, based upon the limited number of flow paths observed on the grout surface.
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Table 2-6. DOE Grout Formulations per 3-ft3 Batch
Material Components
Portland Type 1/II
Cement§ (lbf║)
Silica Sand¶ ASTM C-33
(lbf)
Ground Granulated BlastFurnace Slag Cement
Grade 120# (lbf)
Fly Ash Class F** (lbs)
No. 8 Aggregate Pea
Gravel (lbf)
Water (gal††)
RECOVER Hydration
Stabilizer‡‡ (ml§§)
ADVA 380 High Range
Water Reducer‡‡ (ml)
Sodium Thiosulfate,
Pentahydrate║║ (gm¶¶)
Viscofier Kelco-crete®##
(gm)

SRS-like
Strong
Grout*

SRS-like
Alternatives†
1
2

INL-like
Heel
Grout‡

INL-like
CLSM
Grout‡

INL-like
Pipe
Grout‡

61.1

33.7

20.6

25.2

33.3

74.8

253.9

157.1

104.7

276.3

209.6

—

—

33.7

28.0

38.9

—

—

—

87.9

93.5

13.1

22.2

177.6

—

—

176.9

—

—

—

5.2

7.0

6.7

4.1

4.2

10.8

—

32.6

32.6

—

—

—

302.6

161.5

161.5

80.5

312.3

195.5

—

90.7

90.7

—

—

—

12.0

23.8

23.8

—

—

—

* Langton, C.A., A. Ganguly, C.A. Brookhammer, M. Koval, and W.L. Mhyre. “Grout Formulations and Properties for Tank Farm
Closure (U).” WSRC–STI–2007–00641. Rev. 0. Aiken, South Carolina: Washington, Savannah River Company. 2007.
‡ Langton, C.A. and J.R. Cook. “Recent Progress in DOE Waste Tank Closure.” Waste Management Symposium 2008,
Phoenix, Arizona, February 24–28, 2008. Table III. WSRC–STI–2007–00686. Aiken, South Carolina: Washington Savannah
River Company. 2008.
§Alamo Concrete Products, Supplier
║1 lbf = 4.448 221 628 3 Newton
¶U.S. Silica, Supplier
#Labarge North America, Supplier
**Boral Material Technologies, Supplier
3
††1 U.S. liquid gal = 0.003 785 411 784 m
‡‡W.R. Grace Concrete Products, Supplier
3
§§1 ml = 0.061 023 744 095 in
║║Thermo Fisher Scientific Inc., Supplier
¶¶1 gm = 0.002 204 622 621 8 lbm
##CP Kelco, Supplier

2.4.2

Pneumatic Injection Observations of INL-Like CLSM Grout Drum T7

When Drum T7 was doused with water, bubbles emerged from the pipe annulus, several
locations along the drum wall [Figure 2-7(a)], and various locations on the grout surface
[Figure 2-7(b)–(d)]. These observations are recorded in video file M2U00024.mpg. This
evidence suggests that this INL CLSM grout specimen is porous and permeable and that both
the injection pipe annulus and bulk flow through the grout are significant. This specimen was
the only one for which initial pneumatic injection tests conducted during April 2009 showed no
evidence of annular flow around the injection pipe.
2.4.3

Pneumatic Injection Observations of INL-Like Heel and CLSM Grout Drum T8

No bubbles emerged from the T8 pipe annulus, but a few discrete fast pathways were observed
on the grout surface. This evidence suggests that bulk flow through the grout dominates flow
through the pipe annulus. These observations are recorded in video files M2U00022.mpg
and M2U00023.mpg.
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Figure 2-6. SRS-Like Strong Grout Drum T1. Gas Bubbles Emerged From (a) Nearly the
Entire Perimeter of the Drum Wall and (b) Locally at a Thermocouple at the Injection Pipe.
2.4.4

Pneumatic Injection Observations of INL-Like CLSM Grout Drum T10

When Drum T10 was doused with water, bubbles emerged from both the injection pipe annulus
[Figure 2-8(a)] and from isolated sectors of the annulus between the grout and the drum wall
[Figure 2-8(b)]. This suggests that while some grout may be well bonded to the tank wall, it is
not uniformly well bonded, and that flow through the pipe annulus aperture and through the
grout are both significant. These observations are recorded in video file M2U00021.mpg.
Bubbles were not observed on the grout surface; thus it is unclear whether flow through the
grout is advective or via a preferential flow path to the drum wall, such as through a lift interface.
2.4.5

Pneumatic Injection Observations of SRS-like Alternative 1 Reducing Grout
Drum T11

When Drum T11 was doused with water, bubbles emerged from the pipe annulus
[Figure 2-9(a)], from a seam between two grout lobes [Figure 2-9(b)], from a crack
[Figure 2-9(c)], and from the drum wall annulus, suggesting that flow through the pipe
annulus aperture and bulk flow through the grout are both significant. The gas flow emerging
from the wetted pipe annulus was audible, such that flow through the pipe annulus may
dominate over diffuse flow through the grout, but flow through the grout cannot be neglected.
These observations are recorded in video file M2U00026.mpg.
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Figure 2-7. INL-Like CLSM Drum T7. Bubbles Emerged From (a) a Portion of the Drum
Wall and (b)–(d) Several Locations on the Grout Surface.

Figure 2-8. INL-Like CLSM Drum T10. Bubbles Emerged From (a) the Injection Pipe
Annulus and (b) Several Sectors of the Drum Wall.
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Figure 2-9. SRS-Like Alternative 1 Reducing Grout Drum T11. Bubbles Emerged From
(a) the Injection Pipe Annulus, (b) a Grout Lobe Seam, and (c) a Crack Connecting the
Injection Pipe to a Grout Lobe Seam (See Video for Better Detail).
2.4.6

Pneumatic Injection Observations of SRS-like Alternative 2 Reducing Grout
Drum T12

When Drum T12 was doused with water, bubbles emerged both from the pipe annulus
[Figure 2-10(a)] and locally at the drum wall [Figure 2-10(b)]. Additionally, the grout surface
dried quickly, consistent with rapid imbibition into a permeable porous median. Bubbles
emerged throughout the grout surface at a low rate [Figure 2-10(c)] and specifically from the “T”
in the “T12” identifier engraved on the grout surface. These observations are recorded in video
files M2U00027.mpg and M2U00028.mpg. Altogether, the available evidence suggests that
flow through both the pipe annulus and the grout mass are significant. This mesoscale
specimen is composed of a gravel-based reducing grout that is similar to the reducing grout
2-19

Figure 2-10. SRS-Like Alternative 2 Reducing Grout Drum T12. Bubbles Emerged From
(a) the Injection Pipe Annulus, (b) the Drum Wall, and (c) the Grout Surface.
intended for use in closure of Tanks 18 and 19 at the F-Tank Farm, Savannah River Site,
South Carolina (cf. Section 2.3, Table 2-4).

2.4.7 Time-Dependent Evolution of Mesoscale Specimen Pneumatic Properties
The time evolution of the pipe annuli are summarized in Table 2-7 and Figure 2-11, whereas the
time evolution of the effective gas permeability of the bulk grout (estimated using the methods
described previously in Sections 2.1 and 2.2.2) are summarized in Figure 2-12. In every tested
drum grout specimen, both the aperture and bulk permeability are larger in the latest round of
testing than during the initial round. All drum specimens except T8 and T11 increased
monotonically. Pipe specimen T2 is the only specimen that decreased in annulus aperture and
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Table 2-7. Inferred Time-Dependent Pipe–Grout Annulus Apertures*
04/09
11/09
Grout Formulation
External
External
Aperture
Aperture
Drum
Lift 1
Lift 2
Lift 3
Specimen
(μm)
(μm)
T1
SRS-like Strong
8.1
19.5
T7
INL-like CLSM
2.1
4.2
T8
INL-like Heel
INL-like CLSM
1.1
0.0
T10
INL-like CLSM
2.7
11.7
T11
SRS-like Alternative 1
6.2
7.5
T12
SRS-like Alternative 2
7.3
7.9

Pipe
Specimen
T2

05/09
Internal
Aperture
(μm)
3.5

Pipe Grout Formulation
INL-like Pipe Grout

11/09
Internal
Aperture
(μm)
4.6

12/11
External
Aperture
(μm)
29.1
8.5
7.7
14.8
11.4
9.4
12/11
Internal
Aperture
(μm)
4.4

*Calculated apertures are approximate (based on a number of assumptions that may not be met) and may be overestimated due
to the occurrence of diffuse flow through the grout (calculation assumes only annular flow along injection pipe).

bulk permeability from November 2009 to the latest test round. The effective gas permeabilities
are overestimated to the extent that the gas injection test was affected by annular flow and vice
versa. Finally, to the extent that a gas injection test was affected by two-phase (water + gas)
flow (two-phase flow is indicated by open symbols in Figure 2-12), the reported effective gas
permeability on a given date was less than the intrinsic permeability of the grout specimen.
Other than INL-like Pipe Grout specimen T2, the estimated values of effective gas
permeability of the mesoscale drum grout specimens were initially in the range of 10−19 to
10−16 m2 [10−7 to 10−4 darcies] with corresponding saturated hydraulic conductivities in the range
of 10−10 to 10−7 cm/s [10−12 to 10−9 ft/s], but these values have since increased to range between
10−16 and 10−14 m2 [10−4 and 10−2 darcies] (Figure 2-12). Two specimens containing INL CLSM
Grout (T7 and T8) had the lowest estimated gas permeabilities/annulus apertures throughout
the first 7 months of cure time (Figure 2-12). Another INL CLSM Grout specimen, T10,
exhibited the most rapid increase in permeability/annulus aperture during the first 7 months of
cure time, and has been moderately permeable throughout the testing period (Figure 2-12).
The two alternative formulas for an SRS-like Reducing Grout (T11 and T12) had similar
permeability values/annulus apertures throughout the period, with specimen T12 potentially
more permeable than T11 despite use of low-permeability pea gravel (Figure 2-12). The
evidence is not conclusive, however, due to the recent two-phase flow observed during
pneumatic testing of specimen T11—the intrinsic permeability of specimen T11 is higher than
the reported value estimated from recent testing. The specimen containing SRS Strong Grout
had the highest gas permeability/annulus aperture throughout the test period; however, its
permeability is now rivaled by that of the new INL-like Heel Grout specimen (Figure 2-12).
The single INL-like Pipe Grout specimen tested this fiscal year (T2) exhibited an apparent
decrease in grout permeability and/or internal pipe grout aperture since it was last measured.
The evidence is not conclusive, however, due to the recent two-phase flow observed during
pneumatic testing. Staff advise testing the remainder of the pipe grout specimens in the near
future to ascertain whether this decreasing permeability trend is consistent throughout all
available specimens.
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Figure 2-11. Temporal Evolution of Apparent Annulus Apertures Surrounding Injection
Pipes in Mesoscale Specimens. Filled Symbols Represent Uncorrected High-Velocity
Flow Effects (i.e., Nonlaminar Flow), While Open Symbols Represent Data that Exhibit
Two-Phase (Water + Gas) Flow. Nonlaminar and Compressible Gas Flow Each Violate
Analytical Solution Assumptions. Values May be Overestimated Due to the Occurrence
of Flow Through Matrix (Calculation Assumes Only Annular Flow Around the Gas
Injection Pipe). 1 μm = 39.4 μin.

Figure 2-12. Temporal Evolution of Estimated Bulk Grout Permeability. The
Figure 2-11 Legend Also Applies to This Graph. Filled Symbols Represent Data That
Were Corrected for High Velocity Flow Effects. Open Symbols Represent Data That
Exhibit Two-Phase (Water + Gas) Flow. Values May be Overestimated Due to the
Occurrence of Annular Flow Around the Gas Injection Pipe (Calculation Assumes Only
Diffuse Flow Through Matrix). 1 Darcy = 0.986923 × 10–12 m2.
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2.5

Conclusions

In response to questions regarding the representativeness of the local San Antonio,
Texas-based grout models relative to grouts that DOE has proposed for NDAA tank closures, it
is clear that from a pneumatic property perspective, Local Reducing Grout is a good physical
analog of South Carolina Reducing Grout because these specimens have nearly identical
permeabilities. Although more air was entrained in the Local Reducing Grout with its ADVA 380
high range water reducer, the entrained air did not translate to an interconnected porosity that
would have significantly increased the permeability of the specimen. Instead, the slightly higher
permeability of Local Reducing Grout may be due to its coarser sand grain size distribution.
Different high range water reducers require unique proportioning to obtain equivalent flow
characteristics, but these two sand-only reducing grout specimens were developed with different
high range water reducers at the same dose, which likely led to a significant difference in the
amount of water required to produce the desired slump flow, and further led to differences in the
peak temperature.
DOE’s final reducing grout formulation for closure of Savannah River Site Tanks 18-F and 19-F
is a gravel-based formulation, rather than a sand-only formulation. Therefore, CNWRA
mesoscale drum grout specimens T5 and T12, which are gravel-based reducing grouts, are
most similar to DOE’s intended grout fill material. When specimen T12 was doused with water
during recent pneumatic injection, gas bubbles emerged both from the injection pipe annulus
and locally at the drum wall. Additionally, the grout surface dried quickly, which suggested that
it is porous. Widespread gas bubbles emerged from the grout surface at a low rate. Altogether,
the available evidence suggests that gas flow through both the pipe annulus and the T12
gravel-based reducing grout is significant.
Grout volumetrically contracts and its porosity and permeability evolve during curing. Cracks
are now evident on mesoscale drum grout surfaces that were not apparent shortly after grout
placement, and grout lobe seams are now observed to actively conduct gas in some specimens.
Mesoscale grout monolith pneumatic data suggest that injection pipe and drum wall annulus
apertures and grout permeability generally increase with time (Figures 2-11 and 2-12). Annulus
aperture expansion with cure time and the presence of conductive grout lobe seams suggest
that poor bonding will occur between grout and NDAA steel tank liners and any internal fixtures
such as cooling coils, as well as between grout lifts, lobes, and lobe seams. Such shrinkage
could be mitigated, although likely not eliminated, by development of a shrinkage compensation
grout formulation, but DOE has postponed efforts to address this issue (Stefanko and
Langton, 2011b).
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3 BORESCOPIC OBSERVATIONS AND PNEUMATIC PROPERTIES OF
THE INTERMEDIATE-SCALE GROUT MONOLITH
This section describes and reports new results from additional testing of the intermediate-scale
grout monolith (Figure 3-1), consisting of downhole borescopic observations of all nine
coreholes to obtain information about the location and scale of fast flow pathways that form in
grout monoliths, and pneumatic injection retesting of four coreholes and three embedded pipes
to identify pneumatic property and annulus aperture evolution with time.

Figure 3-1. Photomosaic of the 6.1-m [20-ft]-Diameter Intermediate-Scale Grout Monolith
Surface Cracks, Embedded Pipes A–C, and Coreholes 1–9 (Adapted From Dinwiddie,
et al., 2011, Figure 4-2). Corehole-Intersecting Surface Cracks Are Colored According to
Set Categories Defined by Dinwiddie, et al. (2011).
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Winter rains during fiscal year 2012 were frequent, and staff worked diligently to both dry out
and protect the intermediate-scale grout monolith from further incursion of rainwater for the
duration of fiscal year 2012 testing. A tent with sidewalls was erected to surround the monolith
for a 1-month period, so that staff could extract meteoric water from the coreholes and suspend
100-Watt light bulbs in each to expedite evaporation of pore water from adjacent grout
(Figure 3-2).

3.1

Vertical Corehole Observations

Staff used a 51-cm [20-in]-long borescope (Figure 3-3) to observe cracks and vugs exposed
within coreholes, but use of a borescope centralizer to maintain boroscope focus limited
observations to the top 48 cm [19 in]. Thus, up to 29 cm [11 in] of grout at the base of the
monolith (essentially Lift 1) was borescopically unobserved and is not documented here.

Figure 3-2. Effort Undertaken To Prevent Incursion of Rainfall: (a) Tent Erected To
Surround and Protect the Intermediate-Scale Grout Monolith, (b) Light Bulbs Suspended
Downhole, and (c) Light Bulb in Corehole To Heat and Evaporate Meteoric Water.
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Figure 3-3. Borescope in Corehole With Centralizer Utilized to Maintain Focus

3.1.1 Corehole 1 Borescopic Observations
The grout surface at Corehole 1 has no cracks [Figure 3-4(a)]. Downhole, there is an 11.4-cm
[4.5-in]-long, corroded (i.e., iron stained), vertical crack observable to the naked eye in Lift 2 on
the north-northeast sidewall of Corehole 1 [Figure 3-4(b) and video file M2U00045.mpg]. This
crack and subsidiary cracks, which extend from 25 to 37 cm [10 to 14.5 in] below the grout
surface do not have matching traces on the opposite sidewall. Additionally, there is a vertical
crack oriented tangential to and intersecting the east-southeast sidewall from 25 to 38 cm
[10 to 15 in] below the grout surface (video file M2U00044.mpg). The tangential crack is
oriented approximately south-southwest–north-northeast. The orthogonal crack probably
truncates against the tangential crack.

Figure 3-4. Corehole 1: (a) Grout Surface Context Image and (b) Crack Flowing With
Colored Dye on the North-Northeast Sidewall
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3.1.2 Corehole 2 Borescopic Observations
There is a 2.5-cm [1-in]-deep, subhorizontal crack in Corehole 2 (video file M2U00036.mpg),
which is related to the thin grout flow lobe (Figure 3-1) that caps the monolith at this position.
A grout flow lobe is a fan-shaped mass of grout that formed on a slope by the changing direction
of flow. Direct, visual inspection of the corehole with a flashlight indicates that a long,
throughgoing, northeast–southwest vertically oriented crack extends to the base of Corehole 2
[Figure 3-5(a)]. This throughgoing crack was also intersected by Corehole 9 (see Dinwiddie,
et al., 2011, Figure 4-2) and it now extends from one edge of the intermediate-scale grout
monolith to the other (Figure 3-1). As observed via borescope, a network of cracks is located at
depths of 48–51 cm [19–20 in] on the northeastern sidewall [Figure 3-5(b) and video file
M2U00036.mpg]. The throughgoing crack on the northeastern sidewall is en echelon1 at a depth
of 25 cm [10 in] below the grout surface (video file M2U00036.mpg). Borescopic observations
of the northeastern and southwestern crack exposures are recorded in video files
M2U00036.mpg and M2U00037.mpg, respectively.

3.1.3 Corehole 3 Borescopic Observations
A large, subvertical crack (perhaps a fault) developed late through Corehole 3 (after initial
pneumatic injection experiments, which were performed in April 2010). Corehole 8 was

Figure 3-5. Corehole 2: (a) Long, Vertical, Throughgoing Crack and (b) Example of Crack
Network Observed Downhole

1

The term 'en echelon' refers to closely-spaced, parallel or subparallel, overlapping or step-like minor structural
features in rock (faults, tension fractures), which lie oblique to the overall structural trend.
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intentionally cored to intersect this crack at a distance of 1.3 m [4.3 ft] from Corehole 3. The
crack is oriented tangentially through the east side of Corehole 3 and superficially appears to be
horizontal and surficial [Figure 3-6(a) and video file M2U00053.mpg]. However, staff think this
feature is the surface expression of the subvertical crack observed downhole in Corehole 3.
The apex of this parabolic crack trace is 6.4 cm [2.5 in] below the grout surface on the southeast
sidewall of the corehole [Figure 3-6(b),(c)], with half the crack trace trending to the northeast
(video file M2U00053.mpg) and the other half trending to the southwest (video file
M2U00054.mpg). The grout exhibits a prominent light to dark color change at 28 cm [11 in]
below the grout surface (video file M2U00053.mpg).

Figure 3-6. Subvertical Crack in Corehole 3: (a) Its Surface Expression, (b) Its
Near-Surface Intersection With Corehole 3 and the Apex of Its Deeper Subsurface
Expression, and (c) Pseudo-Parabolic Form of the Subvertical Crack in the
Deeper Subsurface
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Staff observed that blue dye epoxy from Corehole 8 had migrated 1.3 m [4.3 ft] into Corehole 3
along a subvertical crack that intersects both coreholes (Figure 3-1); the epoxy pooled at the
base of Corehole 3. Blue dye epoxy entered Corehole 3 from the subvertical crack trace on the
northeastern sidewall that connects directly with Corehole 8; the epoxy is observed at and
below the Lift2/Lift 3 interface, 33 cm [13 in] below the grout surface (video file M2U00053.mpg).
A bleached zone (video file M2U00054.mpg) emerges from the main crack trace on the
southwest sidewall and from subsidiary cracks at and below 37 cm [14.5 in] below the grout
surface, suggesting that altered coloration records recurring rivulet flow of meteoric water down
these cracks at approximately the same levels at which epoxy entered the corehole.

3.1.4 Corehole 4 Borescopic Observations
The grout surface at Corehole 4 is free of cracks, although there are a few shallow,
wide-aperture cracks in the near vicinity [Figure 3-7(a)]. At 18 to 48 cm [7 to 19 in]
below the grout surface (and presumably deeper), a >30-cm [>12-in]-long, south-southwest–
north-northeast-oriented vertical crack is present. This crack tips out at 18 cm [7 in] and
20 cm [8 in] below the grout surface on the north-northeastern and south-southwestern
sidewalls, respectively.
At depth on the north-northeastern sidewall, the crack aperture is uniform in size until it
becomes a microcrack or a series of en echelon microcracks at and above ~36 cm [~14 in]
below the grout surface (video file M2U00032.mpg). On the south-southwestern sidewall, the
crack has en echelon discontinuities at 30.5 cm [12 in] and 41 cm [16 in] below the grout
surface (video file M2U00033.mpg). The crack appears to transition from an orthogonal crack
at depth to a more tangential orientation relative to the south-southwest sidewall nearer the

Figure 3-7. Corehole 4: (a) Grout Surface Context Image and (b) Orange Dye-Stains
Illustrate the Locations of Downhole Cracks
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grout surface. This crack cannot be clearly observed from the surface without use of a
borescope, but an orange-colored dye stains this crack and the surrounding matrix in
Figure 3-7(b). The crack appears to tip out within the first pour of Lift 3 and is present within
Lift 2; its potential presence in Lift 1 could not be verified using the length-limited borescope.

3.1.5 Corehole 5 Borescopic Observations
A large, subvertical crack (perhaps a fault) developed late through this corehole, after the initial
pneumatic injection experiments performed in April 2010 [Figure 3-8(a)]. This crack has a wide
aperture and is too permeable to be measured with existing pneumatic injection rotameters and
pressure gauges. The apex of this parabolic crack trace intersects the surface of the corehole
on its western sidewall at a depth of 3.8 cm [1.5 in] [Figure 3-8(b),(c)], with half the crack trace
trending to the north (video file M2U00046.mpg) and the other half trending to the south (video
file M2U00047.mpg). The northern crack trace splits into 3 or more smaller cracks in the vicinity
of ~48 cm [~19 in] below the grout surface (video file M2U00046.mpg). The southern crack
trace is highly anastamosing2 with subsidiary cracks (video file M2U00047.mpg).

3.1.6 Corehole 6 Borescopic Observations
Corehole 6 is relatively shallow {51.4 cm [20.3 in]} and approximately the same length as the
borescope, so virtually the entire corehole was observable. There is a shallow, subhorizontal
crack in Corehole 6 at a depth of 13 cm [5 in], which is related to the thin grout lobe that caps
the top of the monolith at this position (video file M2U00038.mpg), as well as a 3- to 6-cm
[1.2- to 2.4-in]-deep subvertical crack that is clearly visible on the surface [Figures 3-1 and
3-9(a) and video file M2U00038.mpg]. Additionally, there is a crack network in the shallow
subsurface. Finally, there is a crack at the base of Corehole 6 on the northwest sidewall that is
narrow, subvertical, and extends from 43 to 48 cm [17 to 19 in] below the grout surface (video
file M2U00043.mpg). This crack does not have a matching trace on the opposite sidewall.
There are several bleached water-flow features on the sidewalls of Corehole 6 that appear to
record paths of meteoric water rivulet flow [Figure 3-9(b) and video file M2U00042.mpg]. Some
features appear to be linked to surface cracks, while others emerge from an open vug that is
16.5 cm [6.5 in] below the grout surface on the north side of the corehole. One vug sources two
preferential rivulet flow paths, and another deeper vug spawns yet another surficial rivulet
flow path.

3.1.7 Corehole 7 Borescopic Observations
The grout surface at Corehole 7 is free from cracks [Figure 3-10(a)]. A crack observed in
Overcore 7 [Figure 3-10(c)–(e)] is also seen in the sidewall of Corehole 7, starting at 23 cm
[9 in] below the grout surface. Dye stains several wetted cracks and surrounding matrix
[Figure 3-10(f)]. Borescopic observations recorded in video files M2U00034.mpg and
M2U00035.mpg supplement photographs and descriptions of cracks and vugs observed in
Overcore 7 (Dinwiddie, et al., 2011). Because Corehole 7 is relatively fresh, it lacks the fine
dust coating that obscures clasts cut by Coreholes 1–6.

2

Anastamosing is a term used in the geosciences to describe the characteristic of features such as fractures,
streams, and ore veins that irregularly branch and reconnect, forming a network.
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Figure 3-8. Subvertical Crack in Corehole 5: (a) Its Surface Expression, (b) Its
Near-Surface Intersection With Corehole 5 and the Apex of Its Deeper Subsurface
Expression, and (c) Pseudo-Parabolic Form of the Subvertical Crack in the
Deeper Subsurface
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Figure 3-9. Corehole 6: (a) Grout Surface Context Image Shows Front Edge of Grout
Lobe (Yellow Dashed Line) and Borescope and (b) Downhole Grout Bleached by
Rivulet Flow

3.1.8 Corehole 8 Borescopic Observations
The upper 41.5 cm [16.3 in] of Core 8 were pulverized during the wet-coring process
[Dinwiddie, et al., 2011, Figures 3-5(a) and 3-6], therefore, borescopic observations of this
corehole are of equal importance to those of Coreholes 1–6, which were dry cored and also
pulverized. Corehole 8 was intentionally located at the intersection between a large-aperture,
shallow, subvertical crack oriented east–west and a late-developed, long, narrow, throughgoing,
subvertical crack oriented north–south, which also intersects Corehole 3 but developed after
Corehole 3 had been cored [Figures 3-1 and 3-11(a)]. The upper 51 cm [19 in] of the northern
crack trace and epoxy-filled vugs are documented in video file M2U00055.mpg. The southern
crack trace bifurcates into two anastamosing cracks for some distance before linking up into one
large crack at depth (video file M2U00056.mpg). At the Lift 2/Lift 3 inteface, 33 cm [~13 in]
below the grout surface, the epoxied southern crack becomes significantly bleached, suggesting
recurring rivulet flow along the crack at and below this depth (video file M2U00056.mpg). The
shallow, subvertical crack trace is ~9 cm [~3.5 in] long (video file M2U00057.mpg) on both
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Figure 3-10. Corehole 7, Counterclockwise From Upper Left: (a) Grout Surface Context
Image, (b)–(e) Overcore 7 Photographs With Cracks Traced in Yellow, and (f) Downhole
Cracks Wetted by Colored Dye
eastern and western sidewalls. The long, narrow, throughgoing subvertical crack trace on
the southern sidewall is bifurcated and anastamosing to a depth of ~13 cm [~5 in] below
the grout surface, below which it straightens out and becomes one vertically oriented
crack [Figure 3-11(b) and video file M2U00058.mpg]. While the 2.5-cm [1-in]-diameter
Pilot Corehole 8 was being impregnated with epoxy (Dinwiddie, et al., 2011), the southern
arm of the north-south-oriented crack transported blue dye epoxy 1.3 m [4.3 ft] to Corehole 3
(Figure 3-1). On the northern sidewall of Corehole 8, three vugs are observed to have
intersected the throughgoing crack and filled in with blue dye epoxy. At the Lift 2/Lift 3 inteface,
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Figure 3-11. Corehole 8: (a) Grout Surface Context Image and (b) Downhole Cracks;
Some Are Stained With Blue Dye Epoxy and Others Are Stained With Dye Tracer
33 cm [13 in] below the grout surface on the southern sidewall the blue dye epoxy is bleached
around the crack, which suggests that recurring rivulet flow of water occurred down this crack at
this depth and below. This is the same depth at which blue dye epoxy began entering
Corehole 3 from the same crack; the monolith is nearly the same thickness at Coreholes 3
and 8.

3.1.9 Corehole 9 Borescopic Observations
The surface of Corehole 9 is cut by five major cracks [Figures 3-1 and 3-12(a),(b)]. At 38 cm
[15 in] below the grout surface, a large vug lined but not fully filled with blue dye epoxy is
observed on the northern sidewall—this vug was cut through by the coring process
[Figure 3-12(c)–(f)] and is also observable in Overcore 9 [Figure 3-12(e); cf. video file
M2U00048.mpg]. The long, throughgoing, northeast–southwest vertically oriented crack
previously observed in Corehole 2 cuts through Corehole 9 from its northern sidewall to its
southwestern sidewall (Figure 3-1 and video file M2U00048.mpg). This crack extends from one
edge of the intermediate-scale grout monolith to the other. On the southwestern sidewall, this
crack is en echelon, as observed in the core [Figure 3-12(d)]. Also intersecting this corehole is
a large aperture, shallow crack trending east–west and a large aperture, shallow crack on the
southern sidewall that truncates against the east–west-oriented crack [Figure 3-12(b)].
Borescopic observations recorded in video files M2U00049.mpg, M2U00050.mpg and
M2U00051.mpg supplement the photographs and descriptions of cracks and vugs observed in
Overcore 9 (Dinwiddie, et al., 2011).
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Figure 3-12. Corehole 9: (a) Context Image (b) Overlain With Intersecting Crack Sets,
and (c)–(f) Overcore 9 With Cracks Stained by Blue Dye Epoxy and Small Cracks and Lift
Interfaces are Traced in Yellow

3.2

Pneumatic Properties of Coreholes

Pneumatic injection tests were reperformed on various open intervals of Coreholes 1, 4, 6,
and 7 in fiscal year 2012; initial pneumatic data had been obtained ~40 days after the final lift of
grout had been emplaced (Walter, et al., 2010, Section 3.8). Ultra-high-purity nitrogen gas was
injected into these coreholes through a mechanical pipe packer (EZ-Swet Mechanical Line
Stopper Plug, Peterson Products Company) located at the top of the test interval while
measuring gas flow rate at a constant pressure with either the aforementioned low range
(Omega Engineering, Inc. FL-110) or high range (Omega Engineering, Inc, FL-112) rotameters.
Steady-state injection gauge pressure and corresponding flow rate data pairs over an injection
pressure range of 3.4 to 414 kPa [0.49 to 58 psig] were measured using either an Omega
Engineering, Inc. PGU-35L-60psi/4Bar pressure gauge {maximum pressure: 414 kPa [60 psig]}
or an Ashcroft®, Inc. Q-8428 pressure gauge {maximum pressure: 103 kPa [15 psig]} for each
open interval tested. The new pneumatic test data were analyzed to estimate the effective gas
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Corehole No.

1
2
3
4
5
6

Table 3-1. Effective Gas Permeability Analysis and Estimates for
Intermediate-Scale Grout Monolith
Surface
Depth to
High-Velocity
Cracked
Packer (cm)*
Darcy Flow
Flow†
2010
20.3
30.5


No data
10.2

30.5
10.2
20.3
30.5

12.1
26
10.2

20.3
30.5

Two-Phase
Flow¶










2012
1
2
3




4
5
6




7
8
9







20.6
30.5
No data
No data
10.2
20.3
30.5
No data
10.2
20.3
26.0
35.9
10.2
20.3
30.5
No data
No data












*2.54 cm = 1 in
†HVF effects corrected to estimate intrinsic permeability in Figure 3-13.
¶Effective gas permeabilities of grout specimens subject to two-phase flow are less than the intrinsic permeabilities
of these grout specimens. These data did not undergo correction.

permeability, keg, with the numerical gas flow code BIGEM (Walter, 2005) as described by
Walter, et al. (2010, Section 3.8).
Pneumatic data from each corehole were analyzed for flow regime [i.e., single-phase Darcy,
single-phase high-velocity (Forcheimer), or two-phase flow] (Table 3-1 and Appendix) via a
series of graphical analyses, and if high-velocity flow predominated, the apparent permeability
values were corrected to estimate intrinsic permeability by replacing Qsc/ΔP2 in the BIGEM
permeability model with the inverse of the graphically determined formation loss coefficient.
Grout specimens influenced by two-phase flow have an effective gas permeability that is smaller
than the intrinsic permeability of the grout, as described in Section 2.1.2. In the absence of
information regarding local moisture content, pneumatic data affected by two-phase flow could
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not be corrected. Effective gas permeability estimates resulting from pneumatic injection tests
conducted in April 2010 and March 2012 (which are intrinsic permeability estimates if not
influenced by two-phase flow) are presented in Figure 3-13.
Different interval lengths are tested depending on packer depth in the corehole. Note that when
the packer is set high in a corehole, the averaging volume of the measurement is at its largest
and the resulting permeability is an average value for most of the grout surrounding the hole,
but when the packer is set low, the averaging volume is much more localized and the
measurement simply pertains to the grout nearest the bottom of the hole (cf. Molz, et al., 2003).
In general, the 10.2-, 12.1- and 20.3-cm [4.0-, 4.8- and 8.0-in] depth-to-packer measurement
intervals could have been influenced by fast flow pathways at both the Lift 2/Lift 3 interface and
at the Lift 1/Lift 2 interface, whereas the 26.0-, 30.5-, and 35.9-cm [10.3-, 12.0-, and 14.1-in]
depth-to-packer measurement intervals could only have been influenced by the Lift 1/Lift 2
interface (Figure 3-13).
Walter, et al. (2010) noted a tendency in the initial corehole permeability estimates to decrease
with depth [Figure 3-13(a)]. This trend was consistent with the observation that deeper lifts are
considerably denser than lifts nearer the surface due to overburden pressure. With the
exception of Corehole 1 data, this trend was not reproduced with recent pneumatic
measurements [Figure 3-13(b)]. Corehole 1 permeabilities, which maintained the characteristic
that the larger injection interval was more permeable than the smaller injection interval,
decreased by more than an order of magnitude with time, perhaps due to changing stress state
and mineralization processes.
Fast flow paths in the form of cracks and open lift interfaces have apparently continued to
develop with the passage of time, as evidenced by larger permeability values at late times
[Figure 3-13(b)]. Corehole 4 permeabilities became larger by three orders of magnitude
[Figure 3-13(b)]. The upper two intervals of Corehole 4 recently exhibited Darcy flow requiring
no correction, but the lowermost interval showed signs of two-phase flow (Table 3-1).
Corehole 7 permeabilities exhibited much the same behavior as observed recently from
Corehole 4.
Coreholes 3 and 5 developed large, throughgoing cracks following initial pneumatic injection
testing, and therefore became too permeable for late-time permeability to be estimated using
existing pressure gauges and rotameters, similar to the situation with Corehole 2. Corehole 6
permeabilities (Figure 3-13) exhibited little change at the 10.2 and 20.3 cm [4.0 and 8.0 in]
packer depths, but the 30.5 cm [12.0] packer position could not be retested due to poor seal
quality. Two other deep tested intervals exhibited higher permeabilities than had been
obtained previously.
Staff opted to not collect pneumatic data from Coreholes 8 and 9 because their adjacent cracks
were filled with blue-dye epoxy; therefore, any resulting data would be difficult to interpret. Staff
initially injected nitrogen gas into Corehole 8 assuming that the epoxied cracks would be
completely impermeable and that matrix permeability would be measured. Instead, staff
observed that significant gas flowed preferentially around the packer through epoxy-filled
cracks. SNOOP fluid was observed to wick up the epoxy-filled cracks while under the influence
of pneumatic injection at a mere 2 psig [13.8 kPa] (Figure 3-14). While use of epoxy was
essential to removing cracked core intact, epoxy is clearly an imperfect crack sealant.
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(a)

(b)

Figure 3-13. Estimated Effective Gas Permeabilities: (a) April 2010 and (b) March 2012.
Lift 2/Lift 3 Interface Has Little Effect Below 26-cm [10.2-in] Depth
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Figure 3-14. SNOOP Fluid Preferentially Wicked Up Epoxy-filled Cracks in Corehole 8,
Suggesting They Are Relatively Permeable Despite Their Epoxy Fill

3.3

Annular Aperture Analysis of Pipes A–C in the
Intermediate-Scale Grout Monolith

The three black steel, schedule 40, 5-cm [2-in] inner diameter pipes embedded in the
intermediate-scale grout monolith (Figure 3-1) were retested with ultra-high-purity nitrogen gas
using the same pneumatic injection procedure described previously in Walter, et al. (2010) to
determine whether external annuli between the grout and the pipe wall had enlarged. The lower
end of Pipe A was embedded within Lift 1, the lower end of Pipe B was embedded within Lift 2,
and the lower end of Pipe C was embedded within Lift 3 (Figure 3-1). Initial pneumatic injection
tests were performed ~40 days after the final lift of grout had been emplaced during fiscal year
2010. Prior to the fiscal year 2012 tests, light bulbs were suspended within the three pipes to
heat the surroundings and evaporate moisture. Staff used the same packer as had been used
to test the pipes in mesoscale drum grout specimens and the pressure gauges and rotameters
were as described in Section 3.2. The resulting injection pressure and corresponding flow rate
data pairs were assessed for (i) flow regime [i.e., single-phase Darcy, single-phase high-velocity
(Forcheimer), or two-phase flow] (Appendix) and (ii) apparent annulus aperture between the
grout and the injection pipe (using the analytic solution of Bird, et al., 1960, p. 53, Eq. 2.4–16,
and the method documented by Walter, et al., 2010, p. 3-32, Eqs. 3-2 and 3-3). The estimated
apertures are described as “apparent” because they were estimated using an analytic model
that does not account for compressible gas or high-velocity flow effects. Subsequent to data
collection, SNOOP leak detection fluid was applied to the grout surrounding each pipe so the
preferential flow pathways could be visualized; these observations are described next.
Pipe A is located only 0.95 cm [0.38 in] away from the long, subvertical, late-developed crack
family that intersects Corehole 5 (Figure 3-1). When SNOOP leak detection fluid was applied to
3-16

the grout surface around this pipe, a few annulus bubbles were observed (video file
M2U00062.mpg) and a few fine, diffuse bubbles emerged from the grout surface near Pipe A,
perhaps through some microcracks (video file M2U00063.mpg). No bubbles emerged from the
adjacent crack.
Adjacent to Pipe B are a couple of short cracks that extend semi-radially away from the annulus.
When SNOOP leak detection fluid was applied to the grout surface around this pipe,
considerably more bubbles were observed emerging from the Pipe B annulus than had been
observed around Pipe A [Figure 3-15(a)]; however, no gas bubbles were observed to emerge
from the radial cracks (video files M2U00060.mpg and M2U00061.mpg).
At Pipe C, gas bubbles emerged from the pipe annulus and a connected radial crack or grout
lobe seam that extended away from the pipe [Figure 3-15(b) and video file M2U00059.mpg].
Apparent annulus apertures did not consistently increase with time (Figure 3-16). Instead,
Pipe A exhibited an apparent large increase in aperture (Figure 3-16), but the SNOOP leak
detection evidence (video files M2U00062.mpg and M2U00063.mpg) suggests that this aperture
increase is not real; rather, the bulk permeability of the surrounding grout may dominate gas
flow at this location and may have increased with time. Pipe B experienced negligible change
over the elapsed curing and maturation period (Figure 3-16) and these apparent apertures are
within the range of apertures for pipes embedded within the mesoscale sector grout specimen
following ~40 days of curing (Walter, et al., 2009). The apparent aperture surrounding Pipe B in
the intermediate-scale grout monolith is larger than the aperture surrounding the injection pipe
in the mesoscale drum grout specimen T11 that is composed of a similar grout formulation. The
aperture of Pipe C appears to have decreased over the elapsed period (Figure 3-16), but the
data acquired during initial testing were sparse with high uncertainties. The apparent apertures
of annuli surrounding Pipes A and C were larger at both points in time than were any measured
apertures of smaller scale specimens (Figure 2-11). Large apparent apertures around these
pipes in the intermediate-scale grout monolith are consistent with expectations for the degree of
grout shrinkage in a large container. That is, for a given percentage of volumetric shrinkage, the
resulting aperture will increase with the volume of the container.

Figure 3-15. Pipe Annuli and Gas Bubbles From Pneumatic Injection: (a) Pipe B With
Radial Cracks and (b) Pipe C with Radial Crack or Grout Lobe Seam
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Figure 3-16. Temporal Evolution of Apparent Annulus Apertures in the
Intermediate-Scale Grout Monolith. These Data Suffer from High-Velocity Flow Effects,
Which Were Not Corrected in this Analysis. As Before, Note that Nonlaminar and
Compressible Gas Flow Each Violate Analytical Solution Assumptions. 1 μm = 39.4 μin.

3.4

Conclusions

The three-dimensional crack network within the intermediate-scale grout monolith is complex
and not easy to resolve, but our knowledge base is continuing to improve as a result of
downhole borescopic observations of the top 48 cm [19 in] of grout, which revealed the
presence of additional cracks that had not previously been known. Bleached zones in some
coreholes are interpreted as a record of recurring surface water flow that is traceable to specific
vug or crack sources in corehole sidewalls. There are cracks intersecting each of the nine
vertical coreholes. The cracks and lift interfaces that intersect boreholes have a range of
apertures, with marked influence on local pneumatic and hydraulic properties. The Lift 2/Lift 3
interface 33 cm [13 in] below the grout surface was shown to interact with a throughgoing
vertical crack to form a pair of connected fast flow pathways that facilitated transport of blue dye
epoxy from Corehole 8 to Corehole 3, and later facilitated the flow of water, which bleached the
blue dye epoxy and grout.
Pneumatic injection revealed that corehole permeabilities have evolved with time, exhibiting a
spectrum of behaviors. For example, Corehole 1 permeabilities became smaller by more than
an order of magnitude, perhaps due to mineralization of early fast flow pathways or changed
stress state. Two upper measurement intervals in Corehole 6 exhibited little change, while
deeper intervals exhibited higher permeabilities than had been measured previously.
Corehole 4 permeabilities increased by three orders of magnitude, and Coreholes 3 and 5
became so permeable (due to the delayed formation of throughgoing large cracks or faults) that
their permeability values could not be measured with existing pneumatic equipment, which
suggests that their permeabilities must be greater than 10−14 m2 [10−2 darcies], as has been the
situation with Corehole 2 ever since its location was cored. Coreholes 8 and 9 were not formally
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tested pneumatically, but an informal test of Corehole 8 illustrated that their epoxied cracks
remain considerably more permeable than adjacent matrix material. Overall, the initial
measured permeability values ranged from 4 × 10−19 to 1×10−15 m2 [4 × 10−7 to 1×10−3 darcies];
whereas the final measured values ranged from 9 × 10−19 to 3 × 10−15 m2 [9 × 10−7 to
3 × 10−3 darcies]. When gas permeability is converted to an equivalent aqueous hydraulic
conductivity, 3 of 4 recent Corehole 6 measurements are less than DOE’s assumed initial grout
hydraulic conductivity in the F-Tank Farm performance assessment (FTF PA) of 3.6 ×
10−8 cm/s, but all recent data show that Coreholes 1, 2, 3, 4, 5, and 7 have higher estimated
hydraulic conductivities than that assumed in the FTF PA, perhaps due to shrinkage at lift
interfaces and the presence of cracks.
Apparent annulus apertures surrounding the embedded pipes in the intermediate-scale grout
monolith did not consistently increase with time. Gas flow through Pipe A, which opens deep in
Lift 1, appears to preferentially flow out through permeable grout rather than up through an
external pipe aperture, but estimation of grout permeability for this location and these data is left
for future work. Pipe B, which opens in Lift 2, experienced negligible change over the elapsed
curing and maturation period and its apparent apertures are within the range of apertures for
pipes embedded within the sector grout specimen following ~40 days of curing (Walter, et al.,
2009). The aperture of Pipe C, which opens near the surface in Lift 3, appears to have
decreased over the elapsed period, but the data acquired during initial testing were sparse with
high uncertainties. The apparent aperture of the annulus surrounding Pipe C was larger than
any measured apertures of smaller-scale specimens. Relatively large apertures around pipes in
the intermediate-scale grout monolith are consistent with expectations for the degree of grout
shrinkage in large tanks. That is, for a given percentage of volumetric shrinkage, the resulting
aperture should increase with the volume of the tank.
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4 THREE-COLOR DYE-TRACER SLUG TESTING OF THE
INTERMEDIATE-SCALE GROUT MONOLITH
4.1

Introduction

Pneumatic injection testing can provide good estimates of the local gas permeability of grout,
but if pore water is present, pneumatic injection testing is not sufficient to determine the local
intrinsic permeability of the grout. Pneumatic injection testing of the type performed
(Section 3.2) is not sufficient to identify preferential flow pathways between coreholes or
between a corehole and the monolith perimeter. Preliminary pneumatic testing of Corehole 2,
which intersects a throughgoing vertical en echelon crack that dissects the monolith [i.e., the red
crack in Figure 4-1(a)], indicated that this crack was highly permeable with a magnitude beyond
the range of the existing pneumatic testing apparatus (Walter, et al., 2010). Dinwiddie, et al.
(2011) thus recommended that the grout permeability of this heretofore unmeasured corehole
be measured using hydraulic methods, such as controlled volume slug tests. To obtain more
information about (i) the hydraulic conductivity structure of the intermediate-scale grout
monolith, including the crack intersecting Corehole 2 and (ii) the locations and significance of
preferential flow pathways within the monolith, three-color dye-tracer and controlled volume slug
testing was performed this fiscal year.
To facilitate direct observations of the results of dye tracer tests as the tracers broke through to
the monolith perimeter, staff removed the steel tank wall that surrounded the intermediate-scale
grout monolith [Figure 4-1(b),(c)]. Removal of the steel tank wall will also facilitate future
acquisition of (i) horizontal cores that intersect important subvertical fractures and
(ii) noninvasive geophysical imagery of the monolith interior (such as that attainable from use of
high-frequency concrete-imaging radar).

4.2

Materials and Methods

Slug testing introduced controlled volumes of tracer into individual coreholes while
simultaneously monitoring water pressure in all nine coreholes. Eight of the nine coreholes
were sequentially tested during two 2-day test periods. Three dyes were used as tracers to
uniquely link originating coreholes with breakthroughs at other coreholes or at the
monolith perimeter.
The Edwards Aquifer Authority provided three fluorescent dye tracers: Eosin Y (orange),
Sulforhodamine B (fuchsia), and Uranin (yellow-green) for this test. These dyes were added as
slugs of known volume to individual coreholes (Figure 4-2). Pressure changes due to the
increasing or decreasing water column in the coreholes were measured.
Aqua TROLL® 200 probes (In Situ, Inc., Fort Collins, Colorado) were installed in each of the
nine coreholes to record the pressure changes due to the increasing or decreasing water
column above the instruments. These sensors are gauge pressure instruments that use a
precision, temperature compensated, silicon strain gauge encapsulated behind a titanium
diaphragm. The internal unit of measure is the psig, and the Aqua TROLL 200 converts the
pressure of a column of water (P) in psig to the depth of the instrument below the water surface
(d) in meters as follows:
d (m) = 0.70307P (psig)/γw
(4-1)
where γw is the specific gravity of water.
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Figure 4-1. Intermediate-Scale Grout Monolith After Wall Removal: (a) Northern to
Southwestern Perspective View, (b) Northwestern Perspective View, and (c) Sector
Wall Mosaics Shown in Relation to the Surface of the Grout Monolith.
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Figure 4-2. Pictorial Overview of Three-Color Dye-Tracer Slug Tests at the Intermediate-Scale Grout Monolith
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Pressure responses to slug pulsing are documented next and a qualitative ranking of hydraulic
conductivities is provided, but comprehensive analysis is deferred to a future funding cycle.

4.3

Pressure Responses to Slug Pulsing

During 22–23 March 2012, Uranin was added to Coreholes 4 and 5, Sulforhodamine B was
added to Corehole 7, and Eosin Y was added to Coreholes 3 and 8. Slug additions followed by
pressure decline generally produce a saw-tooth pattern in the pressure time series.
Tracer drained very slowly from Corehole 4 (Figure 4-3), which must be generally disconnected
from significant fast flow pathways, despite the presence of a crack in Lifts 2 and 3.
Tracer drained instantaneously from Coreholes 3 and 5 through their late-developed cracks or
perhaps faults (Figure 4-4). These coreholes were impossible to fill completely due to their high
permeability. A small quantity of tracer was rapidly transported 130 cm [51 in] from Corehole 3
to Corehole 8 along a blue-dye-epoxy-filled crack. Later, when slugs of dye were added directly
to Corehole 8, the tracer drained relatively rapidly (Figure 4-4) and was observed to
breakthrough to a number of locations on the grout monolith perimeter (Section 4.4), which is
located only 12 cm [5 in] from the nearest Corehole 8 sidewall.
Sulforhodamine B tracer drained relatively rapidly from Corehole 7 (Figure 4-5) and was
transported to Coreholes 1 and 2 at distances of 87 and 74 cm [34 and 29 in], perhaps along a
crack and lift interface. A small amount of dye tracer entered Corehole 1 from a crack [Figure 34(b)], but the resulting pressure head in this corehole was negligible and not measured by the
sensor (Figure 4-5). A significant quantity of dye tracer was transported to Corehole 2 and the

Figure 4-3. Corehole 4 Pressure Response to Slug Pulsing
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Figure 4-4. Coreholes 3, 5, and 8 Pressure Responses to Slug Pulsing. Pointers
Distinguish Injection Spikes From Noise Generated by Ambient Pressure Changes and
Staff Walking on the Grout Monolith.

Figure 4-5. Coreholes 1, 2, 7, and 9 Pressure Responses to Slug Pulsing
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pressure due to the water column was measured (Figure 4-5). Secondary dye in Corehole 2
was then slowly transported 187 cm [74 in] to Corehole 9 and 193 cm [76 in] in the opposite
direction to the northeastern perimeter of the monolith via the en echelon crack set that cuts
through Coreholes 2 and 9 (Figures 4-1 and 4-6).
During 2–3 April 2012, Sulforhodamine B was added to Coreholes 1 and 9, and Uranin was
added to Corehole 6. Tracer drained very rapidly from Corehole 9 (Figure 4-7) and was
transported 208 cm [82 in] to the southern sidewall of the monolith via the crack that intersects
Coreholes 9 and 2. Tracer in Coreholes 1 and 6 drained very slowly (Figure 4-7).
In the absence of comprehensive quantitative analysis of the pressure head data this fiscal
year, it is still possible to assess the relative field-saturated hydraulic conductivity of the various
coreholes in a qualitative sense based upon the rates of pressure decay exhibited by different
coreholes (Figures 4-8 and 4-9). Hydraulic conductivity is estimated here via the relationship
[Cedergren, 1967; see also Domenico and Schwartz, 1990, Eqs. (5-38) to (5-40)]

ln

(4-2)

where

and

/

(4-3, 4-4)

Figure 4-6. Dye Flowing Into Corehole 9 From Crack That Intersects Corehole 2
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Figure 4-7. Coreholes 1, 6, and 9 Pressure Responses to Slug Pulsing. Noisy Data
During Working Hours Probably Reflect the Influence of Staff Walking on the Monolith.
for L/r > 8. A is the cross-sectional area of the corehole, F is a shape factor, L is the length of
the intake area, r is the corehole radius {i.e., 3.8 cm [1.5 in]}, h0 is the height of the slug at time
t = 0, and h1 is the height of the slug at any time t1. Substitution of t0 = 0 and Eqs. (4-2) and
(4-3) into Eq. (4-1) simplifies the relationship to
/

ln

(4-5)

In every case, L/r was greater than 8 with the exception of Corehole 3, which could not
receive tracer fast enough due to the significant transport capacity of the large intersecting crack
or fault.
If the monolith were massive and uncracked and had no lift interfaces (such that matrix flow was
dominant), the apparent hydraulic conductivities calculated using Eq. (4-5) would be
overestimates because the equation is an analytical solution appropriate for analyzing slug tests
conducted in a confined aquifer (or unconfined aquifer with small perturbations). At the start of
the experiment, however, the intermediate-scale grout monolith was unsaturated as well as
cracked, and water flow through it was dominated by fast flow pathways, which minimized the
role of the grout matrix permeability during the experiment. The permeability order of
magnitudes reported in Table 4-1 are labeled “Apparent” to deemphasize the calculated values
and emphasize the relative differences and the ranked order of the hydraulic conductivities for
the nine coreholes. As a result of the dominance of fast flow pathways during the experiment,
Eq. (4-5) generally underestimates the gas permeability values attained for the same coreholes
[Section 3.2, Figure 3-13(b)]. However, aside from Coreholes 3 and 5, which may be
intersected by late-developed faults, the resulting slug-derived permeabilities of all other
coreholes fall within the range calculated through pneumatic injection testing [Figure 3-13(b)].
It should also be noted that the flow paths through the grout differ considerably between a gas
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Figure 4-8. Pressure Responses to Slug Tests. Curves Remain Color-Coded as in
Figures 4-3 through 4-5 and 4-7.

Figure 4-9. Field Responses of Slug Tests With Special Focus on Extended Duration
Overnight Responses in Coreholes 1, 2, 4, 6, 7, and 9. Curves Remain Color-Coded as in
Figures 4-3 through 4-5 and 4-7.
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Table 4-1. Corehole Ranking in Order of Most to Least Permeable
Permeability (Order of Magnitude)
Apparent K (cm/s)
Apparent k (m2)
Corehole No.
Evaluation Time (min)
3
10−2
10−11
1
−2
−11
5
10
10
2
9
10−5
10−16
149
8
10−5
10−16
72
−5
7
10
10−16
784
2
10−5
10−16
775
−6
6
10
10−17
1,000
1
10−7
10−18
900
−7
−18
4
10
10
817
injection test, which has upward flow paths to the nearest atmospheric boundary condition, and
a slug test, which maximizes the gravity component of flow through ponding.
Gas permeability data suggested that the permeability of Corehole 7 ≈ Corehole 4 > Corehole 6
[Section 3.2, Figure 3-13(b)]. Although gas permeability data suggested that Coreholes 7 and 4
were approximately equal in terms of intrinsic permeability, their rates of pressure head decline
were markedly different, perhaps due to a difference in the shrinkage that occurred at the
Lift 1/Lift 2 interface surrounding each corehole. Corehole 6 was fairly gas impermeable in the
aggregate (i.e., when the test apparatus was sealed high in the hole), but gas permeability data
from lower in the core hole suggest there may be a fast pathway at depth through which water
could flow out during slug testing.

4.4

Perimeter Observations

Staff noted (i) the lift thicknesses at three positions within each sector; (ii) cracks on the
sidewalls, including their relationship to previously recognized surface cracks; (iii) and the
locations of dye breakthrough, including relationship to cracks (Figures 4-10 through 4-21). Dye
tracer samples were collected, and the timing of sample collection was noted with a marker on
the sidewall as part of the sample name. Collected samples were not analyzed for the presence
of dye mixtures using fluorometry due to budget limitations; however, the dye flow paths from
coreholes were apparent and dye mixing was probably negligible on the time scale of the
observations. Sample locations are apparent on photomosaics discussed next, which were
acquired on 3 April 2012.
Northwestern Sector
A photomosaic of the perimeter of the northwestern sector (Figures 4-101 and 4-11) illustrates
the late-developed crack set that intersects Corehole 5, as well as the western gridded wall
section that was removed in fiscal year 2011 after nondestructive evaluation of the bond
between the grout and the tank wall. For comparison, the state of crack development in the
gridded section immediately after wall removal was documented in Dinwiddie, et al.
(2011, Figures 3-8 and 3-9). It is unclear the extent to which this crack set had already
developed at that time within Lifts 1 and 2 because the tank wall precluded observations. Note
1

Note: The large format Figures 4-10 through 4-22 are located at the end of this chapter to improve readability.
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that while the Lift 1/Lift 2 interface rapidly conducted wet-coring water from Corehole 7 to the
monolith perimeter in 2011, this fast pathway was not observed during the 2012 dye tracer
testing—perhaps because (i) of a change in stress state once the tank wall had been entirely
removed or (ii) because water may have been injected under pressure during wet coring, while
dye tracer simply drained under ambient pressure conditions. The only dye breakthrough
observed in the northwestern sector during tracer testing was as a result of Uranin dye slugs
placed into Corehole 5, which drained within minutes through the intersecting crack set and the
Lift 1/Lift 2 interface and associated cracks. Dye breakthrough from Corehole 5 was observed
on the Lift 1, western edge of the northwestern sector, associated with a small crack network
(Figure 4-11 enlargements). Also of note is the short length of radial, subvertical cracks at and
just below the monolith surface, which was discussed in Dinwiddie, et al. (2011) before these
cracks were observed in cross section.
Lift thicknesses are fairly uniform in this sector (Figure 4-10 and Table 4-2
Northern Sector
A photomosaic of the perimeter of the northern sector (Figures 4-12 and 4-13) also illustrates
the short subvertical cracks that developed perpendicular to grout lobes at and just below the
monolith surface, which generally terminate at or near a lift or lobe interface. The approximate
positions of Coreholes 1, 6, and 7 on radii normal to the monolith perimeter are noted in
Figure 4-12(b). A small amount of Sulforhodamine B placed into Corehole 7 entered Corehole 1
Table 4-2. Lift Thicknesses by Sector
Lift
Minimum (cm) Maximum (cm)
Northwestern Sector
1
20.0
21.0
2
21.3
21.6
3
29.9
31.1
Northern Sector
1
21.0
21.9
2
11.4
21.3
3
29.9
32.1
Northeastern Sector
1
21.0
21.9
2
11.4
14.0
3
27.0
39.7
Southeastern Sector
1
21.0
22.2
2
15.2
21.9
3
30.2
39.7
Southern Sector
1
21.0
22.2
2
21.9
23.2
3
29.2
30.2
Southwestern Sector
1
18.4
21.0
2
22.5
26.4
3
28.9
30.5
1 in = 2.54 cm
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via a crack [Figure 3-4(b)]. Additionally, dye tracer from Corehole 7 broke through to the
northern perimeter via a short subvertical crack in Lift 2 [Figure 4-13(a)]. The dye originated in
the middle of Lift 2 rather than at a lift interface, and later was wicked up cracks to an elevation
near the Lift 2/Lift 3 interface. Corehole 6 remained dry during the first 2 days of tracer testing.
Below and to the right of Corehole 6, however, Sulforhodamine B dye broke through a short
subvertical crack in Lift 1 [Figure 4-13(b)]. While this breakthrough point is very close to the
bottom of the monolith, it clearly is above the contact of the grout and the steel tank bottom.
This breakthrough point, which was initially observed on 23 March 2012, was reactivated on
2 April 2012 during the second 2 days of tracer testing.
Lift 2 exhibits considerable topographic variation in this sector (Figure 4-12 and Table 4-2) due
to the presence of a non-self-leveling grout lobe in the western half of the northern sector
(cf. Walter, et al., 2010, Figure 3-7 inset). Similarly, there is a non-self-leveling grout lobe in
Lift 3, which had only been visible from the surface until the tank wall was removed.
Northeastern Sector
A photomosaic of the perimeter of the northeastern sector (Figures 4-14 and 4-15) illustrates the
position and long length of the crack that intersects Coreholes 2 and 9, as well as the short
length of the subvertical cracks that develop perpendicular to grout lobes at and just below the
monolith surface. The approximate position of Corehole 2 on a radius normal to the monolith
perimeter is noted in Figure 4-14(b). Sulforhodamine B dye, which was transported from
Corehole 7 to Corehole 2, was then transported via the crack intersecting Coreholes 2 and 9 to
the northeastern perimeter [Figure 4-15(a)]. Dye breakthrough in Lifts 2 and 3 was first noted
very early on the morning of 23 March 2012.
New locations of dye breakthrough were noted on 27 March 2012 within Lift 1 on the eastern
edge of the northeaster sector [Figure 4-15(b)]. Although it is not clear whether the dye that
broke through here was the Eosin Y placed into Corehole 8 versus the Sulforhodamine B placed
into Corehole 7, based upon proximity alone, the dye is likely Eosin Y from Corehole 8.
Lift 3 exhibits considerable topographic variation in this sector (Figure 4-14 and Table 4-2) due
to the presence of a non-self-leveling grout lobe in the eastern half of the northeaster sector.
Southeastern Sector
A photomosaic of the perimeter of the northeastern sector (Figures 4-16 and 4-17) illustrates the
intersection with the monolith perimeter of the subvertical crack that intersects both Coreholes 3
and 8, as well as the intersection of two relatively long, subsidiary subvertical cracks and two
shallow, subvertical, wide-aperture, radial cracks. One of these radial cracks intersects
Corehole 8 [Figure 4-16(b)]. The approximate positions of Coreholes 3, 4, and 8 on radii normal
to the monolith perimeter are noted in Figure 4-16(b). The crack that intersects Coreholes 3
and 8 tips out at a location of Eosin Y dye breakthrough in Lift 3 near the eastern edge of the
southeastern sector [Figure 4-17(a)]. Dye also broke through laterally at the Lift 1/Lift 2
interface and at the Lift 3 hiatus, centered on the radial that passes through Corehole 8
[Figure 4-17(b),(c)]. Some dye also broke through along the radial crack that intersects
Corehole 8 [Figure 4-17(c)].
An isolated subvertical crack in Lift 2 (just below the Lift 2/Lift 3 interface) transported Eosin Y
dye from Corehole 8 to the perimeter [Figure 4-17(d)]. As dye accumulated on the surface, it
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was impounded and laterally spread above the Lift 1/Lift 2 interface until the surface tension
was overcome, which led to a broadening of the plume below the lift interface [Figure 4-17(d)].
The long, subvertical, subsidiary crack near Corehole 3 tips out at the location of Eosin Y dye
breakthrough in Lift 2 near the southern edge of the southeastern sector [Figure 4-17(e)].
A small amount of dye broke through below this at the Lift 1/Lift 2 interface [Figure 4-17(e)].
Below this in Lift 1, dye broke through the eastern edge of a very long crack that encircled much
of the southern half of the monolith [Figure 4-17(e)]. These breakthrough locations were first
noticed on 27 March 2012.
Lifts 2 and 3 exhibit considerable topographic variation in this sector (Figure 4-16 and
Table 4-2) due to the presence of a non-self-leveling Lift 2 grout lobe internal to the monolith
(cf. Walter, et al., 2010, Figure 3-22).
Southern Sector
A photomosaic of the perimeter of the northeastern sector (Figures 4-18 and 4-19) illustrates the
position and length of the crack that intersects Coreholes 9 and 2, as well as a subsidiary crack
to the one that intersects Coreholes 3 and 8. The approximate position of Corehole 9 on a
radius normal to the monolith perimeter is noted in Figure 4-18(b). This sector also features the
southern gridded wall section that was removed in fiscal year 2011 after nondestructive
evaluation of the bond between the grout and the tank wall, and the very long, subvertical,
shallow crack that was first detected through tap testing. For comparison, the state of crack
development in the gridded section immediately after wall removal was documented in
Dinwiddie, et al. (2011, Figures 3-8 and 3-9). Note that while the Lift 1/Lift 2 interface rapidly
conducted wet-coring water from Coreholes 8 and 9 to the monolith perimeter in 2011, this fast
pathway was not observed during the 2012 dye tracer testing—perhaps because (i) of a change
in stress state once the tank wall had been entirely removed or (ii) because water may have
been injected under pressure during wet coring, while dye tracer simply drained under ambient
pressure conditions. Dye breakthrough in the southern sector during tracer testing was limited
to (i) what likely is Eosin Y at the Lift 1/Lift 2 interface in the eastern half of the southern sector
from slugs placed into Coreholes 3 and 8 and (ii) Sulforhodamine B dye slugs placed into
Corehole 9, which drained through the intersecting crack in Lift 3 at the western edge of the
southern sector (Figure 4-19 enlargements). Breakthrough at the Lift 1/Lift 2 interface was first
noticed on 27 March 2012. Breakthrough at the Lift 3 crack was noted shortly after slug
placement on 2 April 2012. This crack tips out against a preexisting, long, subvertical, shallow
crack that encircles much of the southern half of the monolith; thus it is only seen within Lift 3 at
the perimeter.
Lift thicknesses are fairly uniform in this sector (Figure 4-18 and Table 4-2).
Southwestern Sector
A photomosaic of the perimeter of the northeastern sector (Figures 4-20 and 4-21) illustrates the
intersection with the monolith perimeter of the crack that intersects Corehole 5 (Lift 3, southern
edge of sector), as well as the western half of the very long, subvertical, shallow crack that was
first detected through tap testing (Dinwiddie, et al., 2011). This crack cuts through each of the
three lifts. The approximate positions of Coreholes 5 and 9 on radii normal to the monolith
perimeter are noted in Figure 4-20(b). Eosin Y dye placed into Corehole 5 was primarily
observed to breakthrough to the perimeter at the Lift 1/Lift 2 interface, especially west of the
corehole [Figure 4-21(a)–(c)], but it was also observed to breakthrough from the western edge
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of the very long, subvertical crack west of the corehole in Lift 1 [Figure 4-21(a),(b)] and from a
subvertical crack in Lift 1, slightly south of the corehole [Figure 4-21(d)].
Lift thicknesses are fairly uniform in this sector (Figure 4-20 and Table 4-2).

4.5 Symmetric Relationship of Large-Scale Sidewall Crack to Surface Cracks
In the southwestern, southern, and southeastern sectors of the intermediate-scale grout
monolith, a very long, subvertical and near-surface (i.e., “shallow”) crack was observed to wrap
around and encircle a large fraction of the southern half of the monolith. A photomosaic of this
crack from tip to tip [Figure 4-22(a)] reveals what may be more than just a coincidental
relationship between the symmetry of two surface crack sets (purple concentric cracks) and this
very long sidewall crack [Figure 4-22(b)—yellow crack]. The sidewall crack was first observed
in the Lift 2 gridded section of the southern sector, once this small portion of the tank wall had
been removed; these cracks were present prior to removal of the tank wall, as evidenced by
coin-tap test results (Dinwiddie, et al., 2011, Figures 2-7 and 3-8). The steel tank and grout
monolith in this region were likely subject to more thermal and diurnal expansion and
contraction than regions nearer the angle-iron crossbar, because the crossbar should have
restrained expansion and contraction (note that the tank was constructed in two halves and
joined at the crossbar). The orientation of the very long crack on the southern half of the grout
monolith is consistent with the hypothesis that its development is linked to expansion and
contraction within a relatively unrestrained region of the tank. This crack has an apex in Lift 3,
but also cuts down through Lift 2 and tips out on either end within Lift 1.
A throughgoing crack set comprising at least two narrow, linear, en echelon cracks (red cracks)
vertically dissects the grout monolith near its center [Figure 4-22(c)] where it extends from the
relatively thick grout mass {0.73 cm [2.4 ft]} in the southwest to the relatively thin grout mass in
the northeast {0.62 m [2 ft]}. The northeastern crack intersects Corehole 2 (Walter, et al., 2010,
Section 3.7) and both cracks intersect Corehole 9, which is where the en echelon discontinuity
was observed (Dinwiddie, et al., 2011, Section 3.3.3). These en echelon cracks might be
interpreted as early plastic settlement and/or presetting cracks based upon the observation of a
similarly located linear crack in Lift 1 (Walter, et al., 2010, Figure 3-7) less than 24 hours after
grout placement and before hydration had produced elevated temperatures. The Lift 2 map of
surface cracks (Walter, et al., 2010, Figure 3-20) did not exhibit these cracks, however, so
within this lift, the cracks must have developed later, even if shortly thereafter. Near the
surface of the monolith, this crack set developed subsequent to a shallow, subvertical crack
[Figure 4-22(c)] intersected by Overcore 9 (Dinwiddie, et al., 2011, Figure 3-7); consequently,
the en echelon cracks might also be interpreted as relatively late-developed settlement cracks.
Thus, evidence exists to support both early and relatively late crack formation. It is possible that
this crack set initially formed in Lift 1 and subsequently grew upward into Lifts 2 and 3, with
growth into Lift 3 post-dating the development of the shallow, radial, subvertical crack set.
Initially, these en echelon cracks appeared to tip out within the monolith, but they have
continued to grow and now extend to the monolith perimeter, particularly within the upper
lifts [Figures 4-14(b) and 4-18(b)]. Of particular interest is the southwestern crack where it
tips out against the very long, subvertical and near-surface crack near its apex in Lift 3
[Figure 4-22(b)—red crack]. The crack that wraps around the perimeter of the monolith is older
than the final growth that occurred on the narrow, linear, throughgoing crack that extends from
Corehole 9. The en echelon crack set described here probably developed oblique to the
crossbar as a result of differential settlement of the gravel substrate, which had been carefully
leveled prior to grout placement but still may have had some imperfections. It is probably a
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coincidence that the crack from Corehole 9 penetrates the monolith perimeter near the apex of
the very long sidewall crack.
Two subvertical crack sets developed tangential to Coreholes 3 and 5 and concentric to the
monolith perimeter [Figure 4-22(c)] at a very late stage (i.e., after initial pneumatic pressure
testing of these coreholes had been completed). Later still, new cracks bifurcated off the
Corehole 3 crack in response to wet coring of Corehole 8 (Figure 4-1). The subvertical crack
family that developed tangential to Corehole 5 consists of a long series of en echelon cracks,
some of which are exposed in cross section in the northwestern sector [Figure 4-10(b)].
Propagation of existing cracks and bifurcation of new cracks from the Corehole 5 crack set was
observed in Lift 3 in the gridded portion of the northwestern sector during fiscal year 2011 when
this local section of tank wall was removed for grout bonding evaluation (Dinwiddie, et al.,
2011). Removal of the entire tank wall in 2012 revealed that this en echelon crack set has
either continued to grow toward the perimeter, north and down into Lifts 2 and 1 or that various
preexisting segments have continued to link up. These very late-developed cracks, which are
concentric to the monolith perimeter, were originally attributed to dry-coring-induced
mechanical stresses, combined with diurnal tank expansion, contraction and related differential
settlement-induced stresses (Dinwiddie, et al., 2011). These approximately parallel-to-tank-wall
crack sets are now better understood in relation to their symmetry with the sidewall crack that
wraps around the southern half of the monolith. In addition to diurnal temperature swings,
differential settlement might also have been caused by significant grout topography that resulted
in a larger load having been applied to the substrate on the southwestern half of the monolith
relative to the northeastern half. The late-developed crack sets concentric to the monolith
perimeter and the very long sidewall crack may be faults (rather than cracks) that
accommodated movement of a large fraction of the grout mass from the high to the low side of
the monolith (i.e., from the southwest to the northeast). Such movement would be consistent
with the extremely high magnitudes of hydraulic conductivity that were implied by analysis of the
slug test data obtained from Coreholes 3 and 5 (Section 4.3).

4.6

Conclusions

Development of cracks within a grout monolith is a complex process that is not easy to resolve,
but our knowledge base is continuing to improve as a result of these test bed experiments.
Crack growth is generally progressive, meaning a crack is not necessarily one specific age but
may have a spectrum of ages along its length and width. Crack development can vary from
continuous lengthening to episodic growth (abrupt lengthening events separated by periods of
no growth) depending on the evolution of the stress field, and the final crack geometries do not
necessarily allow a unique development history to be determined. When shear offset or faulting
occurs, dating the relative age of cracks based upon their termination against other cracks
becomes even more uncertain. Cracks may not continue to develop over the long term. For
example, radial cracks and cracks that developed perpendicular to grout lobe flow fronts grew
very quickly into wide-aperture, subvertical cracks, but these cracks have remained shallow,
generally terminate at or near a grout batch or lobe interface, and have not propagated deeper
into the monolith with prolonged curing. This may indicate that the stresses that generated
these cracks were quickly relieved once curing had begun. Throughgoing vertical and
subvertical cracks that formed in response to differential stress states, however, seem to have
continued to grow at their tips until they have finally intersected the monolith perimeter.
Dye tracer tests illustrated that the bulk hydraulic conductivity of the monolith is significantly
higher than that of the matrix due to the presence of an extensive network of cracks and lift and
grout lobe interfaces. Lift and lobe interfaces are localized regions that are subject to shrinkage
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and are likely to occur in all grout monoliths, regardless of whether or not a waste tank contains
internal fixtures. The grout monolith was placed without vibration, which industry typically uses
to settle and mix different concrete pours. The heterogeneity due to shrinkage of individual
grout lobes, away from each other, which begin curing at different times and develop an
external “skin,” should not be neglected in performance assessments of cementitious materials.
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Figure 4-10. (a) Photomosaic and (b) Annotated Photomosaic of the Northwestern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-Coded as in Figure 3-1.
Crack and Lift Thickness Distributions are Noted. 1 in = 2.54 cm.
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Figure 4-11. Location of Dye Breakthrough and Associated Cracks (White) on the Northwestern Perimeter of the Intermediate-Scale Grout Monolith. Scale Is in Inches. 1 in = 2.54 cm.
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Figure 4-12. (a) Photomosaic and (b) Annotated Photomosaic of the Northern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-coded as in Figure 3-1. Crack and Lift
Thickness Distributions Are Noted. 1 in = 2.54 cm.
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Figure 4-13. Locations of Dye Breakthrough and Associated Cracks (Yellow) on the Northern Perimeter of the Intermediate-Scale Grout Monolith. Scale Is in Inches. 1 in = 2.54 cm.
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Figure 4-14. (a) Photomosaic and (b) Annotated Photomosaic of the Northeastern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-coded as in Figure 3-1.
Crack and Lift Thickness Distributions Are Noted. 1 in = 2.54 cm.
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Figure 4-15. Locations of Dye Breakthrough and Associated Cracks on the Northeastern Perimeter of the Intermediate-Scale Grout Monolith. Scale Is in Inches. 1 in = 2.54 cm. Seep (b) Is From the Crack
(Red) that Intersects Coreholes 2 and 9 (cf. Figure 3-1).
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Figure 4-16. (a) Photomosaic and (b) Annotated Photomosaic of the Southeastern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-coded as in Figure 3-1. Crack and Lift
Height Distributions Are Noted. 1 in = 2.54 cm.
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Figure 4-17. Locations of Dye Breakthrough and Associated Cracks (Yellow) and Lift Interfaces (White) on the Southeastern Perimeter of the Intermediate-Scale Grout Monolith. Scale Is in Inches.
1 in = 2.54 cm.
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Figure 4-18. (a) Photomosaic and (b) Annotated Photomosaic of the Southern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-coded as in Figure 3-1. Crack and Lift
Thickness Distributions Are Noted. 1 in = 2.54 cm.
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Figure 4-19. Locations of Dye Breakthrough and Associated Cracks on the Southern Perimeter of the Intermediate-Scale Grout Monolith. Crack Highlighted in Red Intersects Corehole 9. Crack Surface
Highlighted in Yellow Is the Lift 3 Apex of a Long, Subvertical, Shallow Crack that Runs the Perimeter of Much of the Southern Half of the Monolith, Crossing Into Lifts 2 and 1 on Both Sides of the High Point.
Scale Is in Inches. 1 in = 2.54 cm.
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Figure 4-20. (a) Photomosaic and (b) Annotated Photomosaic of the Southwestern Perimeter of the Intermediate-Scale Grout Monolith. Surface Crack Sets Are Color-coded as in Figure 3-1. Crack and Lift
Thickness Distributions Are Noted. 1 in = 2.54 cm.
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Figure 4-21. Locations of Dye Breakthrough and Associated Cracks (Yellow) and Lift Interfaces (White) on the Southwestern Perimeter of the Intermediate-Scale Grout Monolith. Scale Is in Inches.
1 in = 2.54 cm.
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Figure 4-22. (a) Photomosaic and (b) Annotated Photomosaic of a Long, Subvertical, Shallow Crack (Yellow) that Cuts Through Lifts 1, 2, and 3 and Encircles Much of the Southern Half of the Monolith.
Subsidiary Cracks Are Noted (White), as Is the Vertical and Throughgoing En Echelon Crack that Intersects Corehole 9 (Red) and the Late-Developed Crack Sets that Intersect Coreholes 5 and 3 (Purple).
(c) Photomosaic of the Intermediate-Scale Grout Monolith Surface with Dissecting (Red) and Concentric (Purple) Cracks Highlighted.
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5 MINERALOGICAL AND ELEMENTAL ANALYSES OF NEAR-SURFACE
AND DEEPER SUBSURFACE GROUT
5.1

Introduction

When Overcores 7 and 9 were removed, Dinwiddie, et al. (2011, Figures 3-4 and 3-7) noted a
distinctive color change in the matrix material in the near surface of the intermediate-scale grout
monolith. The grout had a tan matrix in the near surface but switched to gray below a sharp
transition. The color difference has become less distinctive with time (Figure 5-1).
To investigate a putative mineralogical cause of the tan-to-gray color transition, two samples
from Pilot Core 7 were ground to powder and analyzed by the X-ray diffraction (XRD) and
energy-dispersive x-ray spectroscopy (EDS) methods to characterize the mineral phases and
elemental composition.

Figure 5-1. Pilot Core 7 (a) in Core Box for Positional Context—Sample 7a Is From the
Monolith Surface. Ruler Is Scaled in Centimeters and Inches and (b) Core Samples
Selected for XRD Analysis Exhibit a Subtle Color Difference
(i.e., 7a Matrix is Tan; 7c Is Gray).
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5.2

Method

The aforementioned tan-to-gray color transition occurred at 11 cm [4.3 in] below the grout
surface in Overcore 7 (Dinwiddie, et al., 2011, Figure 3-4), so Sample 7a from the top of the
1.9-cm [0.75-in]-diameter pilot core and Sample 7c from the pilot core at a position 29 cm
[11.4 in] below the grout surface (Figure 5-1) underwent analysis. The pilot core samples were
crushed and sieved to a powder size of <127 μm [<0.005 in]. The powders were analyzed
using a Siemens Kristalloflex Model 805 XRD system with a D500 goniometer. The running
conditions were 40 kV at 30 mA Cu K-alpha radiation. The range was 10° to 60° degrees
2-theta with a step interval of 0.1°. Each step was counted for 25 seconds.
An EDS elemental analysis was also run of each sample.

5.3

Results

The mineralogic and elemental composition of the two samples are practically identical
(Figures 5-2 and 5-3 and Table 5-1). Both samples were primarily composed of quartz,
Table 5-1. EDS Elemental Analysis for Surface (Sample 7a) and Deeper
Subsurface (Sample 7c) Grout From Pilot Core 7 of the Intermediate-Scale Grout Monolith
Surface Sample 7a
Concentration
Element
Line
Intensity (c/s)
Error 2-sig
Atomic %
(wt%)
Na
Ka
13.16
0.707
1.83
1.31
Mg
Ka
50.27
1.035
4.35
3.29
Al
Ka
185.99
1.720
12.41
10.43
Si
Ka
704.49
3.139
45.84
40.08
P
Ka
2.80
0.697
0.25
0.24
S
Ka
19.19
0.845
1.31
1.31
K
Ka
36.89
0.974
1.73
2.11
Ca
Ka
618.68
2.950
30.05
37.49
Ti
Ka
8.87
0.679
0.52
0.78
Fe
Ka
23.85
0.759
1.70
2.96
Deep Sample 7c
Concentration
Element
Line
Intensity (c/s)
Error 2-sig
Atomic %
(wt%)
Na
Ka
12.40
0.694
1.79
1.27
Mg
Ka
53.45
1.049
4.78
3.59
Al
Ka
186.82
1.718
12.91
10.77
Si
Ka
640.53
2.997
43.03
37.35
P
Ka
3.34
0.688
0.30
0.28
S
Ka
19.65
0.842
1.34
1.33
K
Ka
36.81
0.959
1.73
2.09
Ca
Ka
647.77
3.009
31.73
39.31
Ti
Ka
9.94
0.684
0.60
0.89
Fe
Ka
24.94
0.769
1.81
3.12
*100.00
*100.00
*Note: The EDS system cannot accurately quantify elements lighter than sodium, although they can be observed (Figure 5-3).
The EDS detector sensitivity is fairly linear above approximately 1.1keV but rapidly drops off for lower energies where oxygen and
carbon are located. Carbon and oxygen would therefore need to be quantified using a different method. Thus, the 100% total
only includes the accurately quantifiable elements in the EDS analysis.
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gismondine [a zeolitic (i.e., hydrated alumino-silicate) alteration product of plagioclase feldspar],
calcite, and albite (a sodium-rich feldspar). XRD analysis identified one mineral unique to each
sample: Sample 7a exhibited microcline (a sodium-poor alkali K-feldspar) whereas Sample 7c
exhibited anorthoclase (a sodium-rich alkali K-feldspar). Peak intensity magnitudes differ
between the two samples (Figure 5-4). Differences in peak magnitudes and the minerals that
are unique to each sample could be due to differential settling of larger sand particles; however,
the two unique feldspar minerals have similar molecular weights and the same hardness, so it
seems unlikely that they would have significantly different particle sizes that could lead to
settling out and separation of one from the other.
The most significant elemental differences between the two samples are that Sample 7a has a
larger weight percent silica and smaller weight percents calcium and titanium than Sample 7c.

5.4

Conclusion

Mineralogical and elemental analysis did not reveal an obvious cause for the matrix color
change from tan in the near surface of the intermediate-scale grout monolith to gray at greater
depths. This color transition was very distinctive when the cores were first removed, but grew
less distinctive with time. The causes of the matrix color change and the observed
time-dependent fading remain unclear.
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Figure 5-2. XRD Results for Surface (Sample 7a) and Deeper Subsurface (Sample 7c)
Grout From Pilot Core 7 of the Intermediate-Scale Monolith
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Figure 5-3. EDS Elemental Analysis Results for Surface (Sample 7a) and Deeper
Subsurface (Sample 7c) Grout From Pilot Core 7 of the Intermediate-Scale
Grout Monolith
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Figure 5-4. Direct Comparison of XRD Results for Surface (Sample 7a) and Deeper
Subsurface (Sample 7c) Grout From Pilot Core 7 of the Intermediate-Scale
Grout Monolith
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6 FUTURE WORK AND RECOMMENDATIONS
The behavior and characteristics of the intermediate-scale grout monolith indicate that relatively
large grout specimens are required to understand the flow behavior and cured properties of the
grout that may be placed in the National Defense Authorization of Fiscal Year 2005 (NDAA)
tanks. Further characterization of the existing intermediate-scale grout monolith and
development and testing of a new intermediate-scale grout monolith that is consistent with
U.S. Department of Energy (DOE’s) final grout formulation for Savannah River Site (SRS)
Tanks 18-F and 19-F are recommended next.
Computer-Aided Drafting Model of Intermediate-Scale Grout Monolith
Staff propose to use real-time kinematic differential global positioning intruments to carefully
measure the precise locations of key elements of the existing intermediate-scale grout monolith,
including corehole positions and depths, lift thicknesses, grout lobe edges, and cracks/faults.
Staff would use these data to develop a computer-aided drafting (CAD) model of the monolith.
Center for Nuclear Waste Regulatory Analyses (CNWRA) has the necessary equipment and
software to precisely locate key elements of the monolith such that future hydraulic and
pneumatic models will have improved accuracy in terms of boundary conditions, material
properties, and the like. Resulting illustrations constructed to convey key messages also would
be of higher quality. Staff propose capitalizing on the interoperability of CAD, GIS, and
hydrologic modeling software by first developing a quantitative digital model of this physical
analog model.
Concrete Radar Imaging of Internal Lift Topography and Structures
Lift topography appears to play a significant role in the early development of wide-aperture,
shallow, subvertical cracks in lift surfaces (e.g., Lifts 2 and 3), and each individual grout flow
lobe has a subhorizontal interface with both the underlying and overlying grout that functions
like a poorly bonded, subhorizontal crack as a result of shrinkage. Lift interfaces have been
demonstrated to be preferential, fast flow pathways in grout monoliths (cf. Section 4). These
subvertical cracks and subhorizontal lobe and lift interfaces together comprise an
interconnected crack network that is more permeable than an equivalent mass of homogeneous
grout. The uneven surface topography of Lift 3 of the intermediate-scale grout monolith is
quantitatively well constrained from use of laser altimetry (Dinwiddie, et al, 2011, Section 4), but
the surface topography of lower lifts is only qualitatively known from photographic data.
To better constrain internal lift topography, staff propose to use existing concrete radar imaging
equipment owned by Southwest Research Institute® to image the three-dimensional
subhorizontal topography of individual grout flow lobes and lift interfaces within the
intermediate-scale grout monolith. While such testing would have produced metallic
reflection artifacts prior to removal of the steel liner, the current state of the monolith now
enables this imaging option.
Concrete radar imaging would consist of recording 500 MHz radar traces on a 10-cm [4-in] grid
or 1,000 MHz radar traces on a 5-cm [2-in]-grid. Staff would begin by testing the two radar
frequencies to determine whether there are high-frequency limits on penetration depth
that would require use of the lower frequency transducers. A commonly used heuristic is
that 1,000 MHz radar is typically able to penetrate most concrete to depths of 45 to 60 cm
[18 to 24 in], but the intermediate-scale grout monolith ranges in thickness from approximately
63 to 85 cm [25 to 34 in] (cf., Dinwiddie, et al. 2011, Section 4). To image the full depth of the
monolith, the vertical and lateral resolution of high-frequency radar may be traded for the
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penetration depth achievable with lower frequency radar. The resulting radar traces would be
processed using the EKKO suite of ground-penetrating radar software, including GFP_edit,
EKKO_view Deluxe, and EKKO_Mapper, and three-dimensional images of the monolith interior
would be visualized with Voxler. Staff recommend imaging the monolith first when it is as dry as
practicable and again soon after it has been wetted through addition of water slugs to each
corehole, which will result in the wetting of active cracks. The existing cracks preferentially wick
water; therefore, radar could potentially image the active crack network based upon the contrast
provided by the significantly different dielectric properties of dry matrix versus wetted crack and
microcrack surfaces. The wetted matrix material surrounding active cracks may be large
enough for radar to discriminate as distinct, curvilinear objects.
The resulting three-dimensional images would be utilized to further inform the CAD model of the
grout monolith.
Modeling and Analysis of Slug Tests in the Intermediate-scale Grout Monolith
Staff recommend quantifying the hydraulic conductivity of the intermediate-scale grout monolith
at the corehole scale by modeling the measured hydraulic head growth and decay of the
partially saturated system using AquaTroll pressure data obtained from fiscal year 2012
slug tests.
Horizontal Coring of the Intermediate-scale Grout Monolith
Horizontal coring from the exposed perimeter into the center of the intermediate-scale grout
monolith is recommended for visual inspection of hydraulically important vertical cracks and to
better capture their frequency; these cracks are undersampled by vertical cores. Core samples
could be collected horizontally using wet-coring techniques in an effort to obtain intact samples
of vertical cracks. Horizontal cores would be taken at locations representative of subvertical
cracks. Horizontal cores would also likely reveal the thickness of the weathering rind and
evaporation zone (through matrix color change) that is anticipated to surround the perimeter of
the grout monolith. As with vertical Overcores 7–9, dyed epoxy could be driven into cracks via
pilot holes to maintain cracked grout overcores in an intact state (Dinwiddie, et al., 2011), but
horizontal epoxy application presents a technical challenge that will require significant
pre-planning to executive effectively. Staff also recommend volumetric measurement of epoxy
applied to and accepted by any future coreholes as an estimate of local crack porosity.
Core Description and Thin Section Analysis
Staff recommend that existing and any new cores be slabbed and photographed to facilitate
further description, and color/ultraviolet documentation be implemented to understand the sizes
of vugs; crack apertures and crack roughness; the composition of poorly mixed grout-ingredient
inclusions; and the potential for any detrimental, long-term impacts that should be expected
from such small-scale features. Thin section preparation and analysis should also be
undertaken to understand grout matrix porosity and color variations, microcrack porosity,
roughness, and connectivity, and any detrimental, long-term impacts that should be
expected from clumps of poorly mixed grout-ingredient inclusions and weak aggregate particles
(i.e., those which cracks penetrate through rather than traverse around). Written core and thin
section descriptions should be prepared prior to archiving for future reference and testing.
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Numerical Modeling To Understand Crack Development
Understanding the stress that caused cracking and perhaps even faulting in the
intermediate-scale grout monolith would help staff understand the stresses that might lead to
cracking in the NDAA grouted tanks. Discrete element modeling (e.g., with Particle Flow
Code by Itasca™ International, Inc., Twin Cities, Minnesota) or finite element modeling
(with ABAQUS) is recommended to develop an understanding of the factors that led to
development of the throughgoing, en echelon stress crack that was intersected by Coreholes 2
and 9, and the late-developed, large subvertical cracks or faults that are concentric to the
monolith perimeter that intersected existing Coreholes 3 and 5. Using discrete element
modeling, staff might build the monolith tank, fill it with three layers of particles having weak
bonds, and then shrink every particle by 1 to 2 percent to represent shrinkage, which could
indicate where these types of cracks should be expected to form. The model could also be
made more complex; for example, by representing topographic variation of lift interfaces to see
how topography translates into stress distribution as the monolith cures and settles. The main
limitation on using discrete element modeling is the number of particles required to run a full
three-dimensional model and trade-offs related to the allowable particle size. Staff propose to
run two or three relatively simple models.
Dissection of the Intermediate-Scale Grout Monolith
Dissecting the intermediate-scale grout monolith with a few key cross-sectional cuts could
provide very useful information about the three-dimensional crack network and preferential flow
paths. This activity, if performed in the near future, could eliminate the need for additional
coring; however, dissecting the monolith would probably prove to be quite challenging.
Pipe Grout Pneumatic Injection To Determine Annulus Apertures Within Grouted Pipes
Pipe grout samples (Pipes A, B, C in the mesoscale sector specimen and pipes in Drums T3,
T4, T5, T6, T9) will be assessed for evolution of annulus apertures because gap widths may
have changed since last tested. This effort will complete the pneumatic injection retesting of
every existing grout monolith test bed, which began in fiscal year 2012.
Acoustic Emission Monitoring of Crack Initiation in Grout Monoliths
To collect information regarding the timing of crack initiation within grout monoliths, given that
the timing of crack formation is diagnostic of formation mechanism, we propose to use Acoustic
Emission (AE) to passively monitor a monolith for cracking during and after curing. Although
prior research uses AE to study the behavior of curing concrete (Chotard, et al., 2002;
Abeele, et al., 2009), most of this work studied specimens that had undergone at least 24 hours
of curing prior to testing. However, cracks are known to form in grout monoliths in less than
24 hours (Walter, et al., 2010). The most significant challenge may be distinguishing
background noise from cracking when interpreting the received signals. Studies have shown
that the curing process produces an acoustic signal (Janovic, 2004; McLaskey, et al., 2007) that
must be characterized to distinguish it from signals produced by cracking. We propose a twophase study to (i) determine the ultrasonic material characteristics and characteristic acoustic
signal of the curing process from a small, noncracked grout specimen and (ii) deploy an AE
system to monitor cracking within a field-scale grout monolith constructed from materials
consistent with the final DOE grout formulation for the SRS’s Tanks 18-F and 19-F (Table 2-4).
Phases I and II could both be accomplished in fiscal year 2013 if sufficient funding is available
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to support it and the proposed CAD modeling and radar mapping. Alternatively, Phase I could
be accomplished in 2013 with Phase II delayed until fiscal year 2014 or later.
The conceptual approach to monitoring a physical analog model of a tank-waste-stabilizing
grout monolith is illustrated in Figure 6-1. Two rows of AE sensors with a frequency range of
approximately 20 kHz to 1 MHz would be arranged around the circumference of a field-scale
grout monolith. The sensors would be placed near the upper and lower surfaces of the
monolith. A low frequency (<50 kHz) active transducer would be positioned near the center
of the tank bottom. This transducer would be periodically pulsed to record the changing
wave velocities within the monolith as the grout cured and afterward. With known
velocities, the volumetric location of signal sources within the monolith would be calculated
through triangulation.
If curing grout emits background noise, identifying and characterizing this noise in the absence
of cracking will improve the likelihood of using AE to successfully detect low energy cracking
events in a field-scale grout monolith. During Phase I, staff would collect time-dependent wave
velocity and attenuation data from a small specimen of curing grout. Staff would also
demonstrate the triangulation algorithm on this mesoscale specimen and identify potential
challenges to grout monitoring with AE prior to implementing the AE system on a larger
specimen during Phase II. Once the Phase I grout hardens, pencil lead break tests would be
used to simulate cracking events on the surface of the test specimen to confirm the accuracy of
the triangulation algorithm. If the testing requirements determine that AE signals must be
recorded while the test specimen is in a soft state, then a metal rod or mediator wedge would be
embedded in the test specimen that could be used to conduct a simulated crack signal into the
grout at a specific location.
During Phase II, the AE monitoring system could be deployed on either a 3-m [10-ft]-diameter
grout monolith that could be constructed in a stock tank in 2013 (Figure 6-1) or an
intermediate-scale grout monolith constructed in 2014 or later. The Phase II specimen must be
sufficiently large for cracks to naturally occur. As the size of the specimen increases, the
number of AE sensors required to instrument the specimen would increase, which would
increase the equipment, specimen, and labor costs. Staff propose that AE testing during
Phase II would include 3 days of onsite monitoring of the specimen during grout placement and
initial curing, and an additional 30 days of monitoring, and finally AE data analysis to identify
timing and location of detected crack events.
Grout Adhesion and Bonding
A brief review of available literature suggests others concerned with concrete repair have
performed substantial work to understand concrete adhesion and bonding. Staff recommend a
detailed review of the available literature to better place our nondestructive and destructive
testing results for grout–tank wall bonding into proper context.
Test Final DOE Grout Formulation for SRS Tanks 18-F and 19-F
Staff had previously recommended a literature review to understand whether there may be
detrimental, long-term impacts from incomplete mixing of grout material components, which was
(i) observed in the intermediate-scale grout monolith and (ii) postulated to be more problematic
in sand-only formulations that lacked coarse aggregate (Dinwiddie, et al., 2011). Now that DOE
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Figure 6-1. Illustration of a Future Grout Monolith Instrumented With AE Sensors
(Depicted in Green) Around Its Outer Circumference
has settled on a gravel-based formulation for SRS Tanks 18-F and 19-F, it is unclear whether
such a literature review is necessary at this time. Instead, staff recommend that a new meso- to
intermediate-scale physical analog model of DOE’s final grout formulation for SRS Tanks 18-F
and 19-F be developed and tested at CNWRA. A mesoscale model is unlikely to immediately
crack the way that an intermediate-scale model potentially could; however, a mesoscale model
could be tested for gas permeability, annulus apertures, vug development and if later cored,
could also be assessed for the occurrence of incomplete mixing of grout components.
Staff recommend NRC consider developing a new intermediate-scale grout monolith by
fiscal year 2014 to
•

Investigate the potential for cracking, shrinkage, and maximum temperatures attained in
a large physical model comprising materials and material quantities consistent with the
actual NDAA grout formula that is being used to stabilize F-Area waste tanks

•

Investigate the effect of minimized diurnal heating and cooling (as expected in an NDAA
waste tank) on grout–tank wall bonds, perhaps by constructing the new monolith in an
indoor facility

•

Investigate the effect of humidity evolution on the timing of early plastic shrinkage and
later hydration and drying shrinkage crack formation (where the timing of formation is
diagnostic of formation mechanism) by monitoring the in-tank environment with humidity,
optical and acoustic emission sensors

•

Monitor for crack formation using AE and surface-observing cameras, given that timing
is diagnostic of crack formation mechanisms

When additional experimental grout monoliths are constructed under this program, staff
recommend that separate pours within each lift be dyed different colors to aid identification,
because some lift separations and hiatuses between pours are difficult to identify in cores.
CNWRA staff do not currently have enough information to indicate whether thermal cracking of
grout should be expected in an NDAA tank. CNWRA staff recommend NRC consider a scope of
work that includes (i) measuring the evolution of grout thermal conductivity, (ii) measuring the
heat generation rate of grout, and performing numerical modeling and model calibration of a
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new intermediate-scale grout monolith to achieve the measured temperature distribution, and
finally (iii) upscaling the model to an NDAA-tank scale to ascertain whether sufficient
thermal-cracking-magnitude temperature gradients could be realized in an NDAA tank.
Moisture Characteristic and Relative Permeability
The moisture characteristic of DOE’s final grout formulation and the relationship between
crack aperture and saturated permeability and relative permeability of cracked grout could
be determined.
Assessment of Engineered Analogs
Degradation characteristics and leach resistance of engineered analogs from the low-level
waste and transuranic (intermediate-level) waste programs of various nations
might be examined under this program in the future, with the caveat that emplacement
mechanisms differ in significant ways; and thus material and chemical properties may also
differ to significant degrees.
Grout Monolith Test Bed Timeline
Finally, NRC staff has requested that CNWRA staff construct a timeline or data table that lists
when each existing Grout Monolith test bed specimen was constructed and tested to support
institutional memory for this longterm project.
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APPENDIX

FLOW REGIME ASSESSMENT

FLOW REGIME ASSESSMENT
For compressible gas flow, Darcy’s Law states
P12 − P02 = AQ

(1)

where
P12 = the square of the steady-state injection pressure
P02 = the square of the atmospheric pressure
A = formation loss
Q = flowrate
Thus, plotting the gas-injection differential pressure squared (P12 − P02) versus Q provides a first
indication of whether the flow is linear (i.e., Darcian). If the relationship is linear with the
ordinate intercept zero, the flow is Darcian. If the relationship is nonlinear with the ordinate
intercept greater than zero, the flow regime is high velocity (i.e., Forchheimer flow).
The generalized form of Forchheimer’s Law is
P12 − P02 = AQ + BQn

(2)

where n is often assumed 2. Darcy’s law applies in the limit as Q  0. The coefficient B is
known as the “well” loss. Dividing Eq. (2) through by Q provides another way to assess the
flow regime
[P12 − P02]/Q = A + BQn−1

(3)

When n is 2, plotting [P12 − P02]/Q vs. Q yields a slope equal to the well loss and an ordinate
intercept equal to the formation loss. High velocity flow effects are present when the well loss is
non-zero and positive.
For compressible gas flow, the flow regime can alternatively be represented using the
power law
P12 − P02 = AQn

(4)

Taking the logarithm of both sides of Eq. (4) and plotting log(P12 − P02) versus log(Q) yields a
slope equal to n
log(P12 − P02) = log(A) +nlog(Q)

(5)

If Darcy’s Law holds, the slope is unity. If Forchheimer’s Law holds, the slope is greater than
unity. In the case of two-phase (gas + water) flow, the slope is less than unity.
For gas permeability solutions of the form
keg = CQ/[P12 − P02]

(6)

substituting the high-velocity flow-affected Q/[P12 − P02] data with 1/A removes the inertial high
velocity flow effects and corrects the gas permeability estimate. This has the effect of
increasing the estimated permeability value to that expected in the absence of high-velocity
flow effects.
1

