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INTRODUCTION

Background

At the Savannah River Site (SRS), 36 million gallons of liquid radioactive waste,
currently contained within underground carbon-steel waste tanks, is to be disposed
of through separation into high-level waste (HLW) and low-level waste (LLW)
components, which are immobilized by vitrification and grouting, respectively. Once
the tanks are emptied to the maximum extent practical, the tanks are filled with a
specialized grout which functions to:

e  Physically stabilize the facility by filling the empty volume in the tank,

e Provide a barrier for inadvertent intrusion into the tank,

¢ Reduce contaminant mobility by limiting the hydraulic conductivity of the
closed tank and reducing the contact between the residual waste and
infiltrating water, and

e Provide an alkaline, chemically reducing environment in the closed tank to
control speciation and solubility of selected radionuclides.

The cooling coils within the tank are flushed to remove the cooling fluid and the
flush water is collected for final treatment and disposal. A tremie (a long flexible
pipe/hose) is then inserted into the tank (through one of the tank risers) to guide the
placement of the tank closure grout and limit the free fall of the grout to five feet or
less. When the grout level reaches the tremie, the tremie is dropped into the tank and
a new tremie is then positioned approximately five feet above the grout. This process
is repeated until the tank is filled with grout. Savannah River Remediation (SRR)
would like to simplify the above operations by implementing the following changes:

e Allowing the tank closure grout to be poured into standing water in the waste
tank which originates from flushing of the tank cooling coils (as opposed to
collection and removal of the flush water), and

e  Allowing the tank closure grout to free-fall (up to 42 feet) from the roof of a
waste tank as opposed to placement using a tremie located approximately five
feet above the placement surface.

To support these operational changes, SRR requested EnergySolutions (ES) and its
long term partner, the Vitreous State Laboratory (VSL) at The Catholic University of
America (CUA), to perform large scale tests at the ES Barnwell facility (located in
South Carolina) to determine if the operational changes will negatively impact the
fong-term performance of the tank closure grout. The details of the testing are
described in a test plan [1] that was developed to address the testing objectives
outlined in the SRR Statement of Work (SOW) G-SOW-H-00174, Revision 0 [2].
This final report provides a description of the work performed and analytical results
of cured grout samples that were analyzed by the VSL.
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1.2, Objectives

The objective of this work was to characterize the physical properties of cured grout
which has been dropped into a containment area under a variety of scenarios.
Specifically, the testing was designed to:

¢ Determine the compressive strength and hydraulic conductivity of 28-day
cured grout samples which have been dropped from a height of 42 feet using a
tremie located 5 feet above the containment surface which contains no water
(Test 1).

* Determine the compressive strength and hydraulic conductivity of 28-day
cured grout samples which have been dropped from a height of 42 feet using a
tremie located 5 fect above the containment surface which contains 4 inches
of water' (Test 2). ,

* Determine the compressive strength and hydraulic conductivity of 28-day
cured grout samples which have been dropped from a height of 42 feet
without a tremie onto the containment surface which contains no water (Test
3).

* Determine the compressive strength and hydraulic conductivity of 28-day
cured grout samples which have been dropped from a height of 42 feet
without a tremie onto the containment surface which contains 4 inches of
water (Test 4). Note: this scenario was not performed.

* Determine the segregation effects of the grout samples from the scenarios
above using optical microscopy.

* Record (still and video) the grout impact with the containment surface and
subsequent spreading of the grout to the containment extremities, inciuding
any evidence of segregation effects.

2. TEST DESCRIPTION

2.1. Test Matrix

The effects of the operational changes being considered by SRR are not known and
need to be tested. To determine the impact of the operational changes, four large
scale tests utilizing approximately 8 cubic yards of grout per test, were performed
and are listed below.

' The standing water depth is based on the cooling coil volume (>5000 galions) being completely emptied into
the tank and conservatively assumes a n on-level surface inside the tank with mounds such that the water could
collect in areas up to a depth of 4 inches.
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e Test | - Dropping tank closure grout at the center point of a 20 foot diameter
circular containment area from a height of 42 feet through a tremie positioned
5 feet above an unyielding surface.

s Test 2 - Dropping tank closure grout at the center point of a 20 foot diameter
circular containment area filled to a 4-inch depth with standing water from a
height of 42 feet through a tremie positioned 5 feet above an unyielding
surface.

e Test 3A/3B - Dropping tank closure grout at the center point of a 20 foot
diameter circular containment area from a height of 42 feet without a tremie
onto an unyielding surface. It should be noted that this scenario was repeated
as Test 3B due to failure of the containment area during the first attempt
(designated Test 3A). Since only four containment areas were available for
testing, the 42 foot drop test without a tremie into four inches of standing
water (Test 4) was not performed.

"Table 1 provides a matrix of the testing parameters.

Table 1 — Test Matrix

Test # Grout Drop Tremie | Height Tremie Water Depth,
Height, feet | used? | above Surface inches
1 42 Yes 5 feet 0
2 42 Yes 5 feet 4
3A 42 No - 0
3B 42 No - 0

Grout drop test without a tremie into water {Test 4) was not performed.
Test Setup

The large scale testing was performed at the ES Barnwell Facility located in
Barnwell, South Carolina. Four circular containment areas were prepared by placing
an § foot x 10 foot steel plate (1 thick) on the ground which represented the
unyielding surface of the tank bottom. A layer of sand was placed around the steel
plates to form a level base so that a 20 foot diameter above ground pool (Intex 20° x
52 Ultra Frame Pool Set) could be erected on top of the steel plate. Once the pool
was erected, a 77 x 77 x 14.5 mil pond liner was taped to the floor of the pool to
provide additional protection to the pool liner. The above ground pools were selected
for their ease of assembly, to ensure that the grout could be easily contained, and to
ensure that the grout and/or water did not soak into the ground. Figure 1 — Figure 4
show the preparation and setup of the containment areas.
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Figure 2 — Buildup of sand around impact plates



RPT-5539-EG-0016

0

15101

Rev

Page 11 of 54

F_'igure 3 — Containment structures erected over impacf plates
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Figure 4 — Pond liner attached to floor of containment structures
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For each test scenario, the SRR supplied grout was transferred to a boom pumper
truck that was able to drop the grout from the desired test height over the center of
the containment area. Although the pumper truck (shown in Figure 5) could easily
achieve the desired pumping rate of 70 to 74 cubic yards per hour (1.17 to 1.23 cubic
yards per minute), the speed control for the pump was very coarse and did not have a
specific setting for pumping rate. As a result, the time to pump down the hopper
(which had a volume of approximately 1 cubic yard) was determined and
adjustments were made to the pump speed control in an attempt to achieve the
desired rate. A tremie was attached to the boom pumper truck as required by the test
matrix. The free-end of the tremie was located S feet abave the center of the
containment area. When no tremie was utilized, a plumb bob was attached to the
pumper truck outlet (located 42 feet over the test area) to ensure that it was located
above the center of the containment area. For Test 2, four inches of water was added
to the containment area prior to the grout transfer.

Figure 5 — Boom pumper truck with tremie attached
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Test Materials

Tank Closure Grout — For each test, SRR supplied approximately 8 cubic yards of
tank closure grout in a cement mixer truck. The grout (LP#8-16) was prepared in
accordance with the SRR specification for furnishing and delivering tank closure
grout [3]. All tank closure grout provided by SRR was also prepared in accordance
with ASTM C94. For this work, SRR was responsible for verifying the correct grout
composition had been delivered as well as ensuring that the time to placement did
not exceed 90 minutes. Prior to placing the grout, ES performed slump flow tests to
verify proper grout properties.

Tremie — A tremie was used for Tests | and 2. The tremie was 5 inch diameter
Oroflex-20 which is equivalent to that used in the tank grouting by SRR. Two 37
foot sections were procured for this testing (one for each test). One end of the tremie
had an appropriate connector to interface with the outlet of the pumper truck. A new
tremie was utilized for each test. A cut sheet of the Oroflex-20 is shown in Figure 6.
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Figure 6 — Cut sheet for the Oroflex-20 Tremie
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3. SAMPLE COLLECTION AND ANALYSIS

3L

Sample Locations

Samples from each test were collected for compressive strength measurement,
saturated hydraulic conductivity measurement, and optical microscopy. A total of six
samples for each analysis were collected with 3 of the samples being analyzed and 3
samples held in archive. Samples were collected at 1 foot, 5 feet, and 9 feet from the
center of the test area to assess any effects on the grout properties as a function of
distance from the drop impact point. Figure 7 shows the location of the samples
collected for each test. For Test |, SRR requested that an additional three samples
for hydraulic conductivity and compressive strength be taken for analysis. These
samples were located adjacent to the other samples collected at 1 foot, 5 feet, and 9
feet from the center of the test area.

e,

Optical
Microscopy
Samples

Legend:
O sampiesfor Analysis
O Archive Samplies

,,,,,,
-

Compressive |
Strength
Samples

Hydraulic
Conductivity )

Samples . b
0
5 Radius

- @ PRadius |

1’ Radius

."

Figure 7 — Sample collection location within the 20 foot diameter test area
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Sampling Equipment

Grout sampling assemblies were placed in the grout after placement to collect
samples for analysis. These sampling assemblies consisted of a 3" schedule 40 PVC
pipe (approximately 20 inches long) that was pushed into the grout until it hit the
containment floor. A 47 schedule 40 PVC pipe (approximately 16 inches long) was
then placed over the 3” pipe to isolate the 3” pipe from the surrounding grout. This
pipe in pipe method was used to prevent the inner pipe from sticking to the
surrounding grout allowing easier removal of the sample. Figure 8 is a section view
showing the sampling assembly. Unfortunately, this collection method did not work
as planned since the inner pipe could not be removed after the grout had cured, and
core drilling was used instead to collect the samples. See Section 4.2 for more
information.

| 3"sch. 40
~4 Inches : 91 PVCPipe
vl (.
4" Sch, 40
PVC Pipe
~16 Inches
Surrounding : : Gro’L_:t_ } Surrounding
Grout : . Samiple - T Grout

Figure 8 — Section view of the pipe-in-pipe sampling assembly

Sample Characterization

Prior to performing each test pour, the SRR-supplied tank closure grout was
evaluated for slump flow. Cured tank closure grout samples were evaluated by the
VSL for compressive strength, saturated hydraulic conductivity, and segregation
effects using optical microscopy.

Stump Flow Determination - The slump flow of the tank closure grout was
determined per ASTM Cl611 to ensure it was within the 26 — 30 inch grout
specification [3]. Samples collected from the cement mixer truck were poured into
the slump cone mold that was positioned on a smooth, non-absorbent, flat surface
with a minimum width of at least 36 inches. The mold was then removed by raising



p—

ENERGYSOLUTIONS RPT-5539-EG-0016

Revision 0
Page 17 of 54

it vertically, allowing the grout to spread. After spreading ceased, two diameters of
the grout were measured in approximately orthogonal directions, and slump flow
was the average of the two diameters.

Compressive Strength Determination — For each test, a minimum of three samples
were evaluated for compressive strength. Compressive strength, or the capacity of a
material to withstand an axial force, was measured by applying a compressive axial
load to the sample at a rate that was within a prescribed range until failure occurred.
The compressive strength of the sample was then calculated by dividing the
maximum load attained during the test by the cross-sectional area of the specimen n
accordance with ASTM C39 / C39M. The grout specification requires that the
compressive strength be greater than 2000 psi after curing for 28 days [3].

Saturated Hydraulic Conductivity Determination — Hydraulic conductivity provides
a measure of the ease with which a fluid can move through a porous material and
depends on the density and viscosity of the permeating fluid. It is measured using a
permeameter in accordance with ASTM D5084-10. For the tank closure grout
samples, the permeating fluid was deionized water. Hydraulic conductivity
measurements were performed by a qualified laboratory (AMEC) and required the
use of 2.75 inch diameter by 3 inch thick samples cut from the interior of the
cylindrical samples. All hydraulic conductivity samples were obtained from the
center of the cured grout sample.

Optical Microscopy/Digital Analysis — The three samples reserved for optical
microscopy for each test were sawed into halves through the long axis of the
cylinder to expose the cross sections of the internal texture. The cross sections of the
samples were then photographed using a digital camera. The picture files were then
imported and various image filter steps were taken to attempt to capture the area
coverage of the aggregate. First, the images were sliced into 200-pixel width vertical
strips offset from the previous strip by 100 pixels. This was an attempt to isolate
large-scale color deviations from one side of the cut to the other. A median filter was
initially used on these strips to identify pixels that were far from the median value
since aggregates could be lighter or darker than the median pixel values. An adaptive
binarization was used to identify regions of likely aggregate. To clean up the
boundaries of the aggregates, geodesic closing filters and a low-pass filter were used.
Finally, an erosion and dilation step was taken to further clean the boundaries. The
area coverage fraction of the aggregate was calculated as the number of pixels in the
aggregate zone divided by the total number of pixels.

Unfortunately, because of the wide variation of the colors and tones in the images,
some artifacts in the image analysis process were still evident. These were regions
where the matrix had passed through the filter due to coloring or shading, but were
clearly not aggregates. Further work could possibly remove these artifacts, although
finding a filter that would allow for all possible color variations and specific shading
situations would have diminishing returns. Higher contrast images, through dyes, for
example, would make the filtering and image analysis more accurate.
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4. TESTING RESULTS

4.1.

Tank Closure Grout Pouring

As discussed above, four tank closure grout pouring tests were performed. This
section discusses the observations and data collected during the placement of the
grout. Table 2 (located at the end of this section) provides a summary of grout
pouring parameters collected during the testing.

Test I — Grout Placement with Tremie and No Water

The first test performed was the baseline test which utilized a tremie with its outlet 5
feet above the center of the test area. Once the SRR provided grout arrived at the
Barnwell complex on June 24, 2014, the slump flow was determined (see results in
the next section) and found to be acceptable. At this point, the grout was placed
utilizing the pumper truck. The pumping rate was estimated to be 1.52 cubic yards
per minute which was above the target rate of 1.17 to 1.23 cubic yards per minute.
This rate assumes that 7 cubic yards of grout was placed during the test and that 1
cubic yard of grout was lost in the pump truck lines and from slump tests. The
placement time was estimated to be 4.6 minutes from video footage of the pour. The
total time from initial batching to placement of the grout was 87 minutes. See Table
2 for a summary of the pouring data,

During the placement, the grout flowed fairly evenly to the edge of the containment
area with some splashing of the grout reaching the containment walls. There was no
indication that the grout segregated during placement. Grout depth measurements
were performed afier the grout placement was completed. The grout depth at the
center was approximately 11.5 inches deep and between 5 and 6 inches deep around
the perimeter of the containment structure (10 feet from the center). Figure 9 shows
the grout flowing to the edge of the containment structure and Figure 10 shows the
containment area once all of the grout was placed.
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Figure 10 - Grout condition at end of Test 1

Approximately one hour after the placement of the grout, the sampling assemblies
were inserted into the grout. Due to the excessive ambient temperature at the time of
the test (90 - 95°F), the operations personnel had difficulty inserting the assemblies
as the grout had begun to set. Although the sampling assemblies were successfully
installed, installation of the assemblies for future tests were performed immediately
after the grout placement was completed.
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Test 2 ~ Growt Placement with Tremie and 4" of Water

Test 2 was performed several hours after the completion of Test 1. The containment
area was filled with 4 inches of water’. Measurements of the depth of water at the
edges of containment area (at 90 degree intervals) were 47, 47, 45" and 6”
indicating that the containment area was not completely level. After the slump flow
was determined (see results in the next section) and found to be acceptable, the grout
was placed utilizing the pumper truck. The pumping rate was estimated to be 0.80
cubic yards per minute which was below the target rate of 1.17 to 1.23 cubic yards
per minute. As with Test 1, the volume of grout placed was assumed to be 7 cubic
yards. The placement time was estimated to be 8.75 minutes from video footage of
the pour. The total time from initial batching to placement of the grout was 80
minutes. See Table 2 for a summary of the pouring data,

During the initial placement, it appeared that there was segregation of the grout with
the aggregate settling to the bottom and the finer material quickly mixing with the
water and floating to the edges of the pool. This segregation was confirmed during
installation of the sampling assemblies when the placement was completed. The
assemblies near the center were more difficult to push through the grout due to the
aggregate and much easier near the walls of the containment structure. Figure 11
shows the containment structure at the start of the test with the finer grout material
floating away from the center during the pour. Figure 12 shows the grout at the
completion of the test. Grout depth measurements showed that the grout depth at the
center was approximately 13 inches (11.5 inches of grout and 1.5 inches of water),
Grout depth around the perimeter of the containment was between 10 - 12 inches
(approximately 3 - 5 inches of grout and 5.5 — 8 inches of water),

At the end of the day, the containment structures for Tests 1 and 2 were covered with
a heavy mil plastic tarp to minimize moisture loss and to protect the test area against
the environment. The grout was then allowed to cure for approximately three weeks
before samples were collected and sent out for analysis.

? The standing water depth is based on the cooling coil volume (>5000 gallons) being completely emptied into
the tank and conservatively assumes a n on-level surface inside the tank with mounds such that the water could
collect in areas up to a depth of 4 inches.
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Figure 11 - Start of grout pouring for Test 2 showing finer material floating in the
water

s

Figure 12 - Grout condition at end of Test 2
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Test 34 — Grout Placement without a Tremie and No Water

Test 3A was performed on June 25, 2014 and did not utilize a tremie to place the
grout. Instead, the pumper truck boom was raised to 42 feet above the center of the
containment area. After the slump flow was determined and found to be acceptable,
the grout was placed utilizing the pumper truck. The pumping rate was estimated to
be 0.88 cubic yards per minute which was below the target rate of 1.17 to 1.23 cubic
yards per minute. The volume of grout placed was assumed to be 7 cubic yards. The
placement time was estimated to be 8§ minutes. The total time from initial batching to
placement of the grout was 67 minutes. Table 2 provides a summary of the pouring
data.

During placement, the grout remained in a tight stream as it left the pumper truck
nozzie. However, as it dropped closer to the containment area, the stream began to
segregate into small clumps of grout as shown in Figure 13, These smaller clumps of
grout then impacted the containment area resulting in violent splashing and
splattering of the grout out to the containment walls. Although there was a heavy
buildup of grout on the containment walls, it did not appear that there was any
segregation of the grout when the placement was completed The surface of the grout
placement appeared relatively smooth.

After the placement was completed, an inspection of the outer edge of the
containment found wet sand and grout, indicating a possible breach of the liner.
Further indication of a liner breach was found during the installation of the sampling
assemblies. Although some of the assemblies could be fully inserted into the grout,
several assemblies could only be inserted a few inches into the grout as shown in
Figure 14. Further investigation found that the liner was very close to the surface of
the grout in some locations. Measurement of the grout depth showed that the center
was approximately 10.5 inches. Depth measurements around the perimeter of the
containment were 4, 5.25, §, and 2.25 inches depth at 90 degree intervals. Therefore,
it was deduced that the grout had eroded through the heavy mil pond liner and pool
liner at the center of the containment area which allowed grout to flow underneath
the liner. Given this result, a decision was made by ES and SRR personnel to stop
testing for the day and implement a solution to ensure that the liner was sufficiently
protected for the final test.
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Figure 13 - Photo of grout falling from 42 feet in Test 3A
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Figure 14 - Sampling assemblies inserted into the grout for Test 3A. Note the
varying depths of the assemblies into the grout caused by the failure of the
containment liner.

Test 3B — Grout Placement without a Tremie and No Water

For the final test, an additional 1” thick steel plate was placed on top of the
containment liner to prevent its erosion due to the falling grout. A picture of the
containment area prior to the start of the test is shown in Figure 15. ES and SRR
personnel also decided that the grout placement without a tremie and no water would
be repeated instead of performing the test with four inches of water given the
significant segregation of the grout observed in Test 2. Test 3B was performed on
June 26, 2014 and was started after the slump flow was determined. The pumping
rate was estimated to be 1.27 cubic yards per minute which was slightly above the
target rate of 1.17 to 1.23 cubic yards per minute. The volume of grout placed was
assumed to be 7 cubic yards and the placement time was estimated to be 5.5 minutes
from video footage of the pour. The total time from initial batching to placement of
the grout was 90 minutes. See Table 2 for a summary of the pouring data.

As with Test 3A, the grout remained in a tight stream as it left the pumper truck
nozzle, but dispersed into small clumps of grouts as it fell through the air. The grout
heavily splattered the containment wall immediately after impacting the steel plate.
Figure 16 shows the grout impacting the steel plate at the start of the test. Once the
grout was deep enough in the center to absorb the impact of the falling grout, the
splattering and splashing was significantly reduced. The grout continued to flow to
the containment walls in a similar manner as Test 1, Figure 17 shows the condition
of the grout afier final placement. There was no visual indication of grout
segregation throughout the entire test. Measurement of the grout thickness after the
placement was completed indicated that the center was approximately 9.5 inches
above the liner (measurement includes the steel plate height of 1 inch). Grout depth
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around the perimeter of the containment ranged between 4.5 and 7 inches. After the
sampling assemblies were inserted, the containment area was covered to prevent
moisture loss. The grout was then allowed to cure for approximately 3 weeks.

Figure 15 - Photo of the containment area for Test 3B showing the steel plate used to
protect the liner

e

Figure 16 - Photo of the grout impacting the steel plate at the start of Test 3B
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Figure 17 - Condition of the grout immediately after placement of the grout in Test

3B
Table 2 - Summary of Grout Pouring Data .
Test# | Date Test Grout Pump Time to Total Cement Mixer
Performed | Rate, ydslmm* Placement, min Revolutions
| 6/24/14 1.52 87 270
2 6/24/14 0.80 80 161
3A 6/25/14 0.88 67 127
3B 6/26/14 1.27 90 192

* Pump rate assumes that 7 yd” of grout was placed within the containment area. Total grout pump
time was determined from video footage

4.2, Sample Collection

Afier the grout had cured for approximately 21 days in the containment areas,
attempts were made to remove the inner 3" pipe (which contained the sample) while
the 4™ outer pipe remained in the cured grout. Every effort was made to remove the
samples, but the cured grout firmly adhered to the PVC preventing its removal.
There was no shrinkage of the grout away from the outer tube as shown in Figure 18.
This problem was anticipated and mitigating controls were discussed (such as form
release agents), but none were implemented due to the inability to identify a
lubricant or form release agent that could be proven to not contaminate the samples
and potentially interfere with the analyses.
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Figure 18 — Cured grout around sampling assemblies. Note that there was no shrinkage
of the grout away from the PVC pipe.

Samples from the containment areas were collected using a 37 core drilling machine.
Figure 19 shows the core drilling during the collection of samples for Test 2.

Figure 19 - Core drilling of the cured grout to collect samples
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Once the samples were removed, they were marked to indicate which surface was
the top surface. Each sample was then given a unique identification number for
traceability and tracking purposes. The samples were wrapped with a damp cloth,
sealed in a plastic bag to prevent moisture loss, and shipped to the VSL for analysis.
Additional samples for hydraulic conductivity and compressive strength were
collected for Test 1 on September 4, 2014, These samples were packaged in a similar
manner as the other samples and shipped to the VSL for analysis.

Figure 20 — Figure 22 show the location of the samples as well as the sample
numbers for each test. Table 3 — Table 5 provide information on the samples that
were collected for each test and the analysis performed on each sample. It should be
noted that many of the archive samples originally collected for Test 1 and 3B were
used for additional analysis subsequently requested by SRR. For Test 3B, additional
samples were collected for SRR use and were not delivered to the VSL for analysis.
These samples are identified with an “X’ in Figure 22. Due to the failed liner on Test
3A, samples were not collected for analysis.

T1-9-H-1

Figure 20 - Test 1 sample location and sample numbers (North is up)
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Table 3 - Test 1 Sample Collection Summary - Samples Collected on July 15, 2014

Sample Number S;:gr[;leczgfix%n Required Analysis
T1-1-C-1 i Compressive Strength, 28 days
T1-1-C-2 1 Compressive Strength, 56 days*

T1-1-C-3** i Compressive Strength, 90 days*
T1-1-H-1 1 Hydraulic Conductivity, ~7 weeks
T1-1-H-2 I Hydraulic Conductivity, 90 days*

T1-1-H-3** 1 Hydraulic Conductivity, 90 days*
T1-1-0-1 1 Optical Microscopy
TI-1-0-2 1 Compressive Strength, 90 days*
T1-5-C-1 5 Compressive Strength, 28 days
T1-5-C-2 5 Compressive Strength, 56 days*

T1-5-C-3%* 5 Compressive Strength, 90 days*
T1-5-H-1 5 Hydraulic Conductivity, ~ 7 weeks
Ti-5-H-2 5 Hydraulic Conductivity, 90 days*

T1-5-H-3** 5 Hydraulic Conductivity, 90 days*
T1-5-0-1 5 Optical Microscopy
T1-5-0-2 5 Compressive Strength, 90 days*
T1-9-C-1 9 Compressive Strength, 28 days
T1-9-C-2 9 Compressive Strength, 56 days*

T1-9-C-3** 5 Compressive Strength, 90 days*
T1-9-H-1 9 Hydraulic Conductivity, ~7 weeks
T1-9-H-2 9 Hydraulic Conductivity, 90 days*

T1-9-H-3** 9 Hydraulic Conductivity, 90 days*
T1-9-0-1 9 Optical Microscopy
T1-9-0-2 9 Compressive Strength, 90 days*

* Additional analysis requested by SRR. Analysis not required per the test plan.

** Samples collected on September 4, 2014,
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Figure 21 - Test 2 sample location and sample numbers (North is up)

Table 4 - Test 2 Sample Collection Summary - Samples Collected on July 15,2014

Sample Number S;:g 1pnI %tgf::f%n Required Analysis
T2-1-C-1 1 Compresstve Strength, 28 days
1T2-1-C-2 | Compressive Strength (Archive)
T2-1-H-1 I Hydraulic Conductivity, ~ 7 weeks
T2-1-H-2 1 Hydraulic Conductivity (Archive)
T2-1-0-1 | Optical Microscopy
T2-1-0-2 1 Optical Microscopy (Archive)
T2-5-C-1 5 Compressive Strength, 28 days
T2-5-C-2 5 Compressive Strength (Archive)
T2-5-H-1 5 Hydraulic Conductivity, ~ 7 weeks
T2-5-11-2 5 Hydraulic Conductivity (Archive)
T2-5-0-1 5 Optical Microscopy
T2-5-0-2 5 Optical Microscopy (Archive)
12-9-C-1 9 Compressive Strength, 28 days
T2-9-C-2 9 Compressive Strength (Archive)
T2-9-H-1 9 Hydraulic Conductivity, ~ 7 weeks
T2-9-H-2 9 Hydraulic Conductivity (Archive)
T2-9-0-1 9 Optical Microscopy
T2-9-0-2 9 Optical Microscopy (Archive)
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T38-5-H-2

@ T38-6-%-2

Tig-1-(-1
T3B-1-¥-1

T80T -1-0-1-1%
TR () TIB-5-0-2
(0 TaB-5-0-2%

-0-1-1%

4 X
T3B-5-C-1 T3p-1-0-1
B-0-C1 138-5-C-2
TIp-5-0-

T3B-9-0~
T38.9.C-2 138-9-0-1 §J

Figure 22 - Test 3B sample location and sample numbers (North is up). Note — Sample
numbers containing an ‘X’ were samples collected for SRR use.

Table 5 - Test 3B Sample Collection Summary - Samples Collected on July 17,2014

Sample Number S;rrg ﬁll %Iésfg?%n Required Analysis
TiB-1-C-1 1 Compressive Strength, 28 days
T3B-1-C-2 i Compressive Strength, 113 days*
T3B-1-H-1 | Hydraulic Conductivity, ~ 7 weeks
T3iB-1-H-2 1 Hydraulic Conductivity, ~18 weeks*
T3B-1-0-1 1 Optical Microscopy
T3iB-1-0-2 1 Onptical Microscopy (Archive)
T3B-5-C-1 5 Compressive Strength, 28 days
T3B-5-C-2 5 Compressive Strength, 113 days*
T3B-5-H-1 5 Hydraulic Conductivity, ~ 7 weeks
T3B-5-1-2 3 Hydraulic Conductivity, ~18 weeks*
T3B-5-0-1 5 Optical Microscopy
T3B-5-0-2 5 Optical Microscopy (Archive)
T3B-9-C-1 9 Hydraulic Conductivity, ~18 weeks *
T3B-9-C-2 9 Compressive Strength, 28 days
T3B-9-H-1 9 Hydraulic Conductivity, ~ 7 weeks
T3B-9-H-2 9 Compressive Strength, 113 days*
T3B-9-0-1 9 Optical Microscopy
T3B-9-0-2 9 Optical Microscopy (Archive)

Note: SRR samples (denoted with an “X’ in Figure 22) are not included in this table.
* Additional analysis requested by SRR. Analysis not required per the test plan.



ENFRGYSOLUTIONS RPT-5539-EG-0016

Revision 0
Page 32 of 54

4.3, Sample Analysis

This section discusses the analysis performed on the grout and cured samples. Prior
to analyzing the cured samples at the VSL, the as-received samples from Barnwell
were visually inspected. Particular attention was paid to the direction of the top
surface of each cylindrical sample.

Slump Flow Measurements

Prior to the start of each test, the slump flow of the grout from the cement truck
mixer was determined in accordance with ASTM C1611. Figure 23 shows the slump
measurement being performed for one of the tests. The slump flow measurements
for each test are provided in Table 6. All measurements were within the 26 — 30 inch
slump as required in the grout specification [3].

TR

i

Figure 23 - Slump flow measurement being performed by ES personnel
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Table 6 - Slump Flow Measurements

Date Stump Flow,

Test # Performed inches
1 6/24/14 28
2 6/24/14 27.5
3A 6/25/14 27
3B 6/26/14 26.5

Compressive Strength Measurements

For each test, three samples were measured for compressive strength after curing for
28 days. For Test 1, additional samples were measured for compressive strength
after curing for 56 and 90 days (Table 3). Compressive strength was measured by
applying a compressive axial load to the sample at a rate that was within a prescribed
range until failure occurred. The compressive strength of the sample was then
calculated by dividing the maximum load attained during the test by the cross-
sectional area of the specimen in accordance with ASTM C39/C39M.

The drilled samples had a diameter of approximately 2.75” and a range of 5" to 117
in length depending on the sample locations. Usually the samples at 1 ft from the
impact center were the longest, e.g,, 97 to 117, and those at 9 ft were the shortest,
e.g., 5.5” to 6”. The cylindrical samples were sawed to ensure that the ratio of length
to diameter fell between 1.8 and 2.2 as required by ASTM C39/C39M. Before
sawing, the top surface of a cylindrical sample was verified and the lower portion of
the cylinder was removed. The upper portion of the cylindrical sample was used for
compressive strength measurement. A thin layer of the top surface was removed if it
was uneven. The diameter and length of an individual cylindrical sample were
measured using a calibrated caliper and the cross-sectional area was calculated.

Results for compressive strength are shown in Table 7. The compressive strength for
all the samples measured ranged from 939 to 2761 psi after curing for 28 days. In
general, for each test, compressive strength decreased with increasing distance from
the impact center, particularly for Tests 1 and 2 where a tremie was used. Taking
Test 1 as an example, the 28 day compressive strength was determined to be 2761
psi for the sample drilled at 1 ft from the impact center. The sample near the impact
center had a higher 28-day compressive strength than the SRNL laboratory-prepared
sample LP#8-16 [4] with the same mix composition (Table 7). The compressive
strength decreased to 1755 psi for the sample at 5 ft and further decreased to 1533
psi for the sample drilled at 9 ft from the impact center. Decreasing compressive
strength with increasing distance from the impact center was much more evident for
Test 2 where both tremie and 4 of standing water were used. The compressive
strength was 2462 psi at 1 ft from the impact center, and the value decreased to 1320
psi at 5 ft and 939 psi at 9 ft. In contrast, the decrease in compressive strength with
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increasing distance from the impact center was less evident in Test 3B where no
tremie and no water were used. The observations are summarized in Figure 24. At
fixed locations, Test 3B had the highest compressive strength, Test 2 had the lowest
compressive strength and Test 1 had intermediate compressive strength, Test 3B,

where no tremie and no water were used, showed the least variation with distance
while Test 2, where both tremie and 4” water were used, showed the greatest
variation.

It is likely that the 4™ of standing water present in Test 2 was forced to mix with the
fresh grout during the grout drop causing the water to cement ratio to increase
locally, particularly toward the edge. The higher water to cement ratio would reduce
the viscosity making segregation of coarse agpregates more likely; this would
explain the lower compressive strength values observed in samples T2-5-C-1 and
T2-9-C-1. Observations on coarse aggregate segregation are presented later in this
report,

Additional grout samples from Test 1 were measured for compressive strength after
cunng for 56 and 90 days. The compressive strength increased with increasing
curing time from 28 days to 90 days for the samples drilled at all the locations (Table
7). However, the rate of compressive strength increase between 28 days and 56 days
was larger than that between 56 days and 90 days, indicating that compressive
strength after curing for 56 days was approaching its limiting value. The results are
presented in Figure 25 and Figure 26. Figure 25 presents the compressive strength
data obtained for the samples sent to VSL in the middle of July 2014 and stored at
VSL until the measurement was performed. Sample T1-5-0-2 (90 days) had an
unexpectedly low compressive strength which may be ascribed to a premature
failure since a small piece of grout on the top edge was chipped off when it was
crushed. In Figure 26, the 90 day data for the samples drilled in July 2014 (with 1Ds
ending with O-2) were replaced with the values for the samples drilled in early
September 2014 (with IDs ending with H-3); the 90-day compressive strength was
above 2000 psi for the grout samples drilled at all locations. Two sets of Test 1 grout
samples cured for 90 days, drilled in July 2014 and drilled in early September 2014,
did not show significant differences in measured compressive strength.

Archive samples from Test 3B were measured for compressive strength after curing
for 113 days. As with the Test | samples, the compressive strength increased over
the 28 day compressive strength samples drilled at all of the locations. The
compressive strength results are shown in Table 7 and presented in Figure 27. All of
the samples were stored at the VSL in a moist environment until the measurements
were made.
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Table 7 - Compressive Strength of Drilled Grout Samples Cured for 28, 56, 90, and

113 Days
Test | omponns | SmPID | TCE | S orh (o)

T1-1-C-1 28 days 2761
T1-5-C-1 28 days 1755
T1-9-C-1 28 days 1533
T1-1-C-2 56 days 2991
T1-5-C-2 56 days 2104
Tremie, no T1-9-C-2 56 days 1926
! water T1-1-0-2 | 90 days 3088
T1-5-0-2 90 days 1878*
T1-9-0-2 90 days 2029
T1-1-C-3** | 90 days 2869

T1-5-C-3** | 90 days 2267
T1-9-C-3** | 90 days 2120
Tremie. 47 T2-1-C-1 28 days 2462
2 water T2-5-C-1 28 days 1320
12-9-C-1 28 days 939
T3B-1-C-1 | 28 days 2566
T3B-5-C-1 | 28 days 2112
No tremie, | 13B-9-C-2 28 days 2281
3B no water T3B-1-C-2 | 113 days 3611
T3B-5-C-2 | 113 days 2681
T3B-9-H-2 | 113 days 2865
Laboratory Sample*** LP#8-16 28 days 2680

* The unexpectedly low compressive strength may be ascribed to a premature failure due to a small

piece on the top edge that was chipped off during crushing.
** Sample cured in grout test monolith. Samples were drilled and collected on September 4, 2014.
=x% Stefanko and Langton [4].
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Figure 24 — 28-day compressive strength as a function of distance from impact
center (radius)
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Figure 25 - Test 1 compressive strength as functions of curing time and distance from
impact center. All samples were sent to the VSL in July 2014 and were stored at VSL
in a moist environment until they were measured for compressive strengih.
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Figure 26 - Test 1 compressive strength as functions of time and distance from impact
center. The samples for 28 and 56 days were sent to the VSL in July 2014 and were
stored at VSL in a moist environment until they were measured for compressive
strength. The samples for 90 days were drilled and sent to VSL in early September
2014 and measured shortly thereafter.
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Figure 27 - Test 3B compressive strength as a function of curing time and distance
from impact center. All samples were sent to the VSL in July 2014 and were stored at
VSL in a moist environment until they were measured for compressive strength.
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Saturated Hydraulic Conductivity Measurements

AMEC started the hydraulic conductivity procedure (ASTM D5084-10) on 8/13/14,
at which time the samples had been cured for approximately 7 weeks. Hydraulic
conductivity data associated with the samples for each test are shown in Figure 28.
The data are also listed in Table 8. The hydraulic conductivity values ranged from
9.5x107 to 4.5%10° cm/s for all the samples tested. For each test, hydraulic
conductivity increased with increasing distance from the impact center, as seen in
Figure 28. Taking Test 1 as an example, the hydraulic conductivity was 3.8x10°
cm/s at | ft from the impact center, increased to 1.70x1077 cm/s at 5 ft, and further
increased to 4.6x107 cm/s at 9 ft. For Test 3B, the hydraulic conductivity was
5.7x10°% cm/s at 1 fi, increased to 2.9x107 cm/s at 5 ft, and further increased to
9.5x107 cm/s at 9 ft.

1.0E-05 ~

| —-Test 1

- —5-Test 2
LOE-06 | ——Test 3B

1.0E-07 + /e//;

——

1.0E-08 +

Hydraulic Conductivity, cm/s

I.OE-09

0 I 2 3 4 5 6 7 8 9 10
Distance from Center, ft

Figure 28 — Saturated hydraulic conductivity for samples cured for 7 weeks as a
function of distance from the impact center
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Table 8 - Saturated Hydraulic Conductivity of Grout Samples Cured for About 7
Weeks
Drop Sample Location Hydraulic
Test # Conditions Sample ID (Radius, ft) Conductivity, cm/s
Tromi T1-1-H-1 1 3.80x10™
oy | TSRO T 75 H 5 1.70x107
water ~
T1-9-H-1 9 4.60x107
Tremio. 4 12 1EE] 1 4.50x10”
2 remie, T2-5-H-1 5 7.60x10”
water ]
T2-9-H-1 9 2.00x10
. T3B-1-H-1 1 5,70x10™
3 | Nowemie, g s 5 2.90x107
no water —~
T3B-9-H-1 o 9.50x10

For the samples collected at all locations, Test 3B (no tremie and no water) had the
highest hydraulic conductivity values, Test 2 (with tremie and 4” water) had the
lowest values, and Test 1 (with tremie and no water) had intermediate values. The
difference in hydraulic conductivity among the three tests increased with increasing
distances from the impact center. Based on the data, the impact of the grout drop.on,
hydraulic conductivity was more evident when no tremie was used.

The impact of the grout drop on compressive strength was most evident in Test 2
(tremie and 4” water), presumably due to the additional water. In contrast, the effect
on hydraulic conductivity was most evident in Test 3B (no tremie and no water).
Figure 29 shows the relationship between compressive strength and hydraulic
conductivity of grout samples in the three tests. The general trend is decreasing
hydraulic conductivity with increasing compressive strength,
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Figure 29 - Relationship between saturated hydraulic conductivity (7 week) and 28-
day compressive strength

Six additional samples from Test 1 were subjected to the ASTM D5084-10

procedure for hydraulic conductivity after curing for 90 days. The results for

hydraulic conductivity are presented in Table 9-< Additional Test 1 Data on

Saturated Hydraulic Conductivity of Grout Samnga@d Figure 30 with 7 week data

included for comparison. The three samples with ID's ending with H-3 were core

| drilled on September 4, 2014 from the concrete monolith poured on June 22, 2014
and are identified as “90 days newly drilled” in Figure 30. The three samples with
IDs ending with H-2 were drilled in July 2014 and stored at VSL in a 100% RH
environment and are identified as “90 days aged™ in Figure 30.
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Table 9 — Additional Test 1 Data on Saturated Hydraulic Conductivity of Grout

Samples

Sample Location . . Hvdraulic
Sample ID (Rpadius, ft) Curing Time Condu)étivity, cmy/s
Ti-1-H-1 1 ~7 weeks 3.80x10°
T1-5-H-1 5 ~7 weeks 1.70x107
T1-9-H-1 9 ~7 weeks 4.60x107
Tl-1-H-2 1 90 days 4.00x10”
T1-5-H-2 5 90 days 4.50x10°
T1-9-H-2 9 90 days 2.00x107
T1-1-H-3 1 90 days 4.10x107
T1-5-H-3 5 90 days 8.50x107
T1-9-H-3 9 90 days 8.90x107
LP#8-16* Laboratory Sample 70 days 2.10x10°

*Laboratory sample with the same grout mix composition (Stefanko and Langton [4]).
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1.OE-05 +
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Figure 30 - Saturated hydraulic conductivity as a function of distance from the
impact point for Test 1. The “00 days aged” samples were sent to VSL in the middle
of July 2014 and stored in a moist environment until testing. The “90 days newly
drilled” samples were drilled and sent to VSL in early September 2014 and
measured shortly thereafter.



——

ENERGYSOLUTIONS RPT-5539-EG-0016

Revision 0
Page 42 of 54

As a general trend, the 90-day hydraulic conductivity increased with increasing the
distance from the impact center, which was consistent with the 7 week results, All
the samples drilled in July 2014 (identified as 90 days aged in Figure 30) had
saturated hydraulic conductivity vatues on the order of 10 cm/s at all sampling
locations, very close to the value for the laboratory prepared sample (LP#8-16; [4])
with the same mix composition (Table 9). The newly drilled samples (identified as
90 days newly drilled in Figure 30) showed rather different behavior. Two of the
three grout samples, T1-5-H-3 and T1-9-H-3 gave very high hydraulic conductivity
values, on the order of 107 cm/s. The 90-day hydraulic conductivity values were
even higher than those for the samples cured for only 7 weeks (Table 9). Two grout
samples, T1-1-H-2 and T1-1-H-3, with different curing histories, gave hydraulic
conductivity values on the order of 107 em/s, close to the value for the laboratory
sample (Table 9), suggesting that the effect of the grout drop is least near the impact,
center.

To verify the unexpectedly high hydraulic conductivity values for the two newly
drilled samples at the 5 and 9 ft locations, (T1-5-H-3 and T1-9-H-3), AMEC tested
the effect of confining pressure on the hydraulic conductivity of the samples. The
test was intended to investigate the possibility of a leak along the cylindrical wall
due to uneven wall surfaces caused by wobbling during drilling. The test results
showed comparable hydraulic conductivity values at confining pressures of 10 psi
and 15 psi. In addition, AMEC repeated hydraulic conductivity testing on the two
samples on October 2, 2014, The results showed only a slight reduction in hydraulic
conductivity, Thus, the newly drilled samples T1-5-H-3 and T1-9-H-3 do appear to
have higher hydraulic conductivity values.

"It is suggested that the combined effects of the grout drop and microstructural
damage produced by drilling could be the underlying cause for the unexpectedly

- high hydraulic conductivity. The lower compressive strengths observed for the

. samples from the 5 ft and 9 ft locations as compared to those from the 1 ft location
may have caused the microstructural damage produced by drilling to be greater for
the 5-ft and 9-fi samples, leading to the higher observed values of hydraulic
conductivity for those samples. Additionally, continued curing of grout samples
under the moist storage conditions after drilling may result in some degree of self-
healing of micro-cracks, This may be the case for the samples drilled in July 2014
and continually cured for an additional 2 months after drilling (90 days aged in
Figure 30). During the additional time of curing under the 100% RH environment,
Ca(OH)2 would be released during continued hydration of Portland cement and
soluble silicate would be released by continued hydration of blast furnace slag and
fly ash. Soluble silicate transported along micro-cracks can then react with hydrated
lime to precipitate calcium silicate hydrate (CSH). The precipitated CSH can tend to
fill and sealed the micro-cracks. Self-healing of micro-cracks would be favored only
when sufficient moisture was present in the grout. In contrast, the samples with IDs
ending with H-3 were submitted for hydraulic conductivity testing immediately after
drilling. It is likely, therefore, that there was not enough time for self-healing of the
damage caused during drilling, leading to a higher hydraulic conductivity.
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Self healing is a well-known phenomenon in Portland cement based concrete [5, 6]
For a newer concrete, further hydration of unreacted Portland cement particles
provides the source of soluble silicate for formation of CSH that may precipitate in
the microcracks. For aged concretes, carbonation of Ca(OH), and precipitation of
calcium carbonate in microcracks can be the dominant mechanism. Certain
pozzolans such as blast furnace slag and/or Class F fly ash can be added to the
concrete mix to promote self-healing {7]. The pozzolans hydrate slowly and provide
soluble silicate for formation of CSH during the service time of concrete (Portland
cement will complete hydration in a few years). In the present case, self-healing of
micro-cracks could be stimulated by further hydration or alkali activation of blast
furnace slag and fly ash under conditions in which free water is present during
curing,

Archive samples from Test 3B that were stored at the VSL under a 100% RH
environment had hydraulic conductivity measurements performed after 18 weeks of
curing and the results of the measurements are shown in Table 10. As with the Test 1
samples, hydraulic conductivity values were significantly lower than the Test 3B
samples that were analyzed after approximately 7 weeks of curing. The results
further corroborate the self-healing of the grout samples over time and that the imtial
unexpectedly large hydraulic conductivity results of the samples cured for 7 weeks
was likely the result of damage caused by the drilling of the samples. Figure 31
shows a comparison of the Test 3B samples cured for 7 and 18 weeks.

Table 10 - Additional Test 3B Data on Saturated Hydraulic Conductivity of Grout

Samples

Sample Location ) . Hydraulic
Sample ID (Igadius, ft) Curing Time Condu)étivit}f, cm/s
T3B-1-H-1 1 ~7 weeks 5.70x10°
T3B-5-H-1 5 ~7 weeks 2.90x107
T3B-9-H-1 9 . ~7 weeks 9.50x107
T3B-1-H-2 1 ~18 weeks 6.50x107
T3B-5-H-2 5 ~18 weeks 5.40x10”
T3B-9-C-1 9 ~18 weeks 3.60x107
LP#8-16* | Laboratory Sample 70 days 2.10x107

*Laboratory sample with the same grout mix composition (Stefanko and Langton 41}
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Figure 31 — Saturated hydraulic conductivity as a function of distance from the
impact point for Test 3B samples. All samples were sent to VSL in the middle of
July 2014 and stored in a moist environment until testing.

Optical Microscopy/Digital Analysis

Figure 32 — Figure 34 show photographs of the cylindrical samples for image
analysis before being sawed into halves. The core samples from Test 1 show
relatively uniform distribution of aggregate within the sample, although there
appears to be a slight decrease in aggregate at the top of T1-9-0O-1 (sample collected
at the 9 foot radius position). Test 2 samples show clear segregation of the samples
as the distance increase from the center of the containment area. Lack of aggregate in
the top of samples T2-5-O-1 (5 foot radius sample) and T2-9-O-1 (9 foot radius
sample) is consistent with the visual observations seen during the test. The fine
material within the grout immediately mixed with the water and floated out towards
the containment area walls. After the pour was completed, the fine material then
settled on top of the grout resulting in the upper portion of the samples containing no
aggregate. Samples from Test 3B are similar to Test 1 and show a uniform
distribution of aggregate w1thm all of the samples
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Figure 32 - Core Samples from Test 1 (1 foot radius sample at left and 9 foot radius

sample on right)

Figure 33 - Core samples from Test 2 (1 foot radius sample at left and 9 foot radius
samples on right)
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Figure 34 - Core samples from Test 3B (1 foot radius sample at left and 9 foot radius
sample on right)
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Figure 35 - Figure 37 show optical images of cross sections where coarse aggregates
were fully exposed and plots of the volumetric fractions of coarse aggregates
(vertical axis) determined by image analysis as a function of distance from the top
surface of the grout sample (horizontal axis). The cross sections of each sample have
been rotated 90 degrees in the figures so that the top of the sample is on the left of
the figure. Variations in volumetric fraction of coarse aggregates are indicative of the
extent of aggregate segregation. Among all nine samples studied, two samples in
Test 2, T2-5-0-1 and T2-9-0-1, showed significant segregation of coarse aggregates
(see Table 11). Both samples were associated with the test where a tremie and 47 of
standing water were used. The material within about 6 cm of the top surface of
sample T2-9-O-1 was essentially free of coarse aggregates (Figure 36). Note that a
small hump in the plotted aggregate fraction in the segregation zone was caused by
artifacts in the image analysis, which is easily identified in the image (Figure 36). In
the same test, there was little aggregate segregation present near the impact center.
Little to no segregation of coarse aggregates was observed in the samples from Tests
1 and 3 (Figure 35 and Figure 37).

Table 11 - Information on Segregation of Coarse Aggregates in Grout Samples

Drop P
Test Conditions Sample ID Segregation?
Trem Ti-1-0-1 Not evident
1 TETmIE, 1o T1-5-O-1 Not evident
water .
T1-9-0-1 Slight
Tremic. 4 T2-1-0-1 Not evident
2 remie, T2-5-0-1 Evident
water -
T2-9-0-1 Evident
N . T3B-1-0-1 Not evident
3B o lremie, T3B-5-0-1 Not evident
no water -
T3B-9-0-1 Not evident
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Figure 35 - Optical images of grout cross sections and spatial distribution of aggregate for
Test 1. Top of sample is oriented to the left. Vertical axis is fraction of aggregate and
horizontal axis is distance from top of sample in cm.
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Figure 36 - Optical images of grout cross sections and spatial distribution of aggregate for
Test 2. Top of sample is oriented to the left. Vertical axis is fraction of aggregate and
horizontal axis is distance from top of sample in cm.
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Figure 37 - Optical images of grout cross sections and spatial distribution of aggregate for
Test 3B. Top of sample is oriented to the left. Vertical axis is fraction of aggregate and
horizontal axis is distance from top of sample in cm.



e

ENERGYSOLUTIONS RPT-553%-EG-0016

Revision O
Page 51 of 54

CONCLUSIONS

Four large scale tank closure grout drop tests were performed in the ES Barnwell
Facility in South Carolina to assess potential operational changes being considered by
SRR. Tests | and 2 dropped tank closure grout from a height of 42 feet into a
containment area utilizing a tremie positioned five feet above the impact point which
contained no water and four inches .of water, respectively. Tests 3A and 3B dropped
SRR-provided tank closure grout from 42 feet into a containment area without a tremie
and no water present. Dropping grout 42 feet without a tremie into four inches of water
was not performed.

All tests were completed using the SRR-provided tank closure grout which was
prepared in accordance with ASTM C94. Slump flow measurements for each test were
within the 26 — 30 inch slump as required in the grout specification [3]. There were no
visible signs of aggregate segregation during the placement of the tank closure grout
during Tests 1, 3A, and 3B. However, during placement of the grout for Test 2, there
was segregation of the grout with the aggregate settling to the bottom and the fines
quickly mixing with the water and floating to the edges of the containment area.

Grout samples from three tests (Tests 1, 2, and 3B) were subjected to compressive
strength measurements, saturated hydraulic conductivity testing and optical
microscopy/imaging analysis for aggregate segregation. Effects of the impact of the
grout drop were evident on compressive strength and hydraulic conductivity of cured
grouts, primarily towards the edge of the pour. The major observations are given as
follows:

« 28-day compressive strength decreased with increasing distance from the impact
center. The effect of the grout drop was greater toward the edge of the pour.

o For Tests | and 3B, compressive strength increased with increasing curing time,
as shown in Figure 25 and Figure 26. The grout samples at all locations had
compressive strengths over 2000 psi after curing for at least 90 days.

 Grout drop conditions affected the compressive strength of the grout samples. The
28-day compressive strength was lowest for the samples from Test 2 where a
tremie and 4 of standing water were used. Mixing of water into the grout was
likely the main reason for lower compressive strength. Compressive strength was
highest for samples from Test 3B where no tremie or water was used.
Intermediate compressive strength values were found for samples from Test 1.

o Saturated hydraulic conductivity for the samples cured for 7 weeks increased with
increasing distance from the impact center for each of the three tests. Grout drop
conditions affected the hydraulic conductivity of the grout samples. The hydraulic
conductivity was lowest for samples from Test 2 where a tremie and 4” standing
water were used. The hydraulic conductivity was highest for samples from Test
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3B where no tremie or water was used, and was intermediate for the samples from
Test 1.

* The 90-day cured samples from Test 1 drilled from the grout monolith in early
September, 2014 at 5 and 9 ft from the impact center showed significantly higher
hydraulic conductivity, on the order of 10”7 cm/s, even after curing in the testing
field for approximately 90 days. In comparison, the 90-day grout samples from
the same test cured in a moist environment in the laboratory for 2 months after
drilling had a low hydraulic conductivity, on the order of 10" cni/s, that was close
to that observed for the laboratory sample, LP#8-16 cured for 70 days, reported
by SRNL [1]. It is suggested that this behavior is due to damaged caused by
drilling that self-heals during subsequent moist curing in the laboratory,

e Test 3B samples that were cured for 18 weeks and stored under a 100% RH
environment had hydraulic conductivity measurements that were significantly
lower than the Test 3B samples that were analyzed after 7 weeks of curing. The
results further corroborate the self-healing of the grout samples over time and that
the initial unexpectedly large hydraulic conductivity results of the samples cured
for 7 weeks was likely the result of damage caused by the drilling of the samples,

* Optical microscopy/image analysis suggested that most of the samples showed
little segregation of coarse aggregates with the exception of two samples farthest
from the center in Test 2, which included 4” of standing water.

Based on the data collected, pouring tank closure grout into a tank without a tremie
would not impact the properties of the cured grout. Both compressive strength and
saturated hydraulic conductivity would be within the grout specification and
segregation of the grout is not likely to occur. However, pouring grout into a
conservatively estimated four inches of standing water is not recommended as
significant segregation occurs and the grout will likely not meet the grout specification
requirements for compressive strength. Additional testing would be needed to
determine the grout performance at shallower water depths.

QUALITY ASSURANCE

ES performed this work under the SRR-approved Quality Assurance Program Plan [8].
This work was performed in accordance with the applicable requirements as outlined in
the SRR SOW. In addition, these requirements were passed down to the VSL. Testing
at the VSL was performed according to the existing quality assurance programs that are
in place at the VSL which is compliant with applicable criteria of 10 CFR 830.120;
Office of Civilian Waste Management DOE/RW-0333P, Quality Assurance
Requirements and Description (QARD) Revision 20; the American Society of
Mechanical Engineers (ASME) NQA-1, 2000; and DOE Order 414.1 C, Quality
Assurance. For this scope of work, the requirements of DOE/RW-0333P were not
applicable.
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8. ATTACHMENT - SATURATED HYDRAULIC CONDUCTIVITY
DATA SHEETS
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December 2, 2014

The Catholic University of America
Vitreous State Laboratory

Cardinal Station

Hannan Hall #32

Washington D.C. 20064

Attention: Mr. Weiliang Gong

Subject:: Repott of Laboratory Hydraulic Conductivity Tests/Certificate of Conformance
VSL Req# 38917/CUA PO0000082081, 8/7/2014
AMEC Project Name: CUA Grout Sample Testing
AMEC Project Number: 6163-13-0012

Pear Mr. Gong:

AMEC Environment & Infrastructure, Inc. {AMEC) has compleled the second group of 18 hydraulic conductivity
tests [or the above referenced project. The test results are included in Attachment 1. An equipment list used in
testing is included in Attachment 2. The equipment was calibrated in accordance with the applicable requirements
of AMEC”s Nuclear Quality Assurance Program and was NIST traceable. The tests perfommed are listed below
along with applicable procedure:

Hydraulic Conduectivity Modified ASTM D5084-10

We hereby certify that the services supplied under this VSL Reqff 38917/CUA FO000082081 were performed in

accordance with the applicable requirements of AMEC’s Nuclear Quality Assurance Program and the
requirements of the subject Contract VSL Req# 378917/CUA PO000008 2081.

Please contact us if you have any questions.

AMEC Envirenment & Infrastructure, Inc.

Technical Lead / W/L/LZ/ / 2—;/ Z/_/ /4

Tfanren Wang Date:

Chief Technical '
el el /t%ﬁﬁ’g Y/ ks

Paul Brafford " Datér
_ Digitally signed by John D Martin
Quality Assurance JDM 2014.12,02 14:15:07 -05'00
Representative
John D. Martin Date:

AMEC Environment & Infrastructure

308 Plasters Avanue, NE « Atlanta, GA 30324 - Phone; 404-873-4761 » Fax: 404-817-0221
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WTP Farm 7-ClA (Rev §)
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HYDRAULIC CONDUCTIVITY
Project No. 6063-13-0012 TestedBy JW
Project Name CUA Grout Sample Testing ~ Test Date 8/13/2014
Boring No. T1-1-H-1 ' Reviewed By 9{4—
Sample No. T1-1-H-1 Review Date  g//2/14
Sample Depth N/A Lab No. 12920

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 11.9
Wet Unit Weight, pcf: } 134.6
Dry Unit Weight, pcf: 120.3
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C | 3.8E-08

Remarks:

RCN: CUA-045.0
Page 3 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T1-5-H-1 Reviewed By gé &
Sample No. T1-5-H-1 Review Date 6)// 2 //4
Sample Depth N/A Lab No. 12921

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Qrientation: Vertical
fnitial Water Content, %: 11.9
Wet Unit Weight, pcf: 132.5
Dry Unit Weight, pcf: 118.4
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C | 1.7E-07

Remarks:

RCN: CUA-049.0
Page 5 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T1-9-H-1 Reviewed By 950‘1—
Sample No. T1-9-H-1 Review Date  9/)2//#
Sample Depth N/A Lab No. 12922

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: : Core
Sample Orientation: Vertical
Initial Water Content, %: 12.4
Wet Unit Weight, pcf: 131.6
Dry Unit Weight, pcf: 117.1
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |4.6E-07

Remarks:

RCN: CUA-049.0
Page 7 of 40
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HYDRAULIC CONDUCTIVITY
Project No. '61 63-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. - 12-1-H-1 Reviewed By gééf’
Sample No. T2-1-H-1 Review Date 9/ 12-/ /¥
Sample Depth N/A Lab No. 12923

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.3
Wet Unit Weight, pcf: 134.7
Dry Unit Weight, pct: 120.0
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C 4.5E-09

Remarks:

RCN: CUA-049.0
Page 9 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T2-5-H-1 Reviewed By 343‘—
Sample No. T2-5-H-1 Review Date ‘?/u‘b/ "
Sample Depth N/A Lab No. 12924

Sample Description Concrete Core

ASTM D5084 - Method F (CVFEH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.1
Wet Unit Weight, pcf: 134.6
Dry Unit Weight, pcf: 120.0
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |7.6E-09

Remarks:

RCN: CUA-048.0
Page 11 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T2-9-H-1 Reviewed By 86 *
Sample No. 72-9-H-1 Review Date  4/1z/1#
Sample Depth N/A l.ab No. 12925

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 14.4
Wet Unit Weight, pcf: 131.9
Dry Unit Weight, pcf: 115.3
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C | 2.0E-07

Remarks:

RCN: CUA-049.0
Page 13 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T3B-1-H-1 Reviewed By (9 ¢
Sample No. T3B-1-H-1 Review Date ¥/ !3/ 14
Sample Depth N/A . Lab No. 12926

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: ‘ Core
Sample Orientation: Vertical
Initial Water Content, %: 11.9
Wet Unit Weight, pcf: 133.1
Dry Unit Weight, pcf. 119.0
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |5.7E-08

Remarks:

RCN: CUA-049.0
Page 15 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 TestedBy JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T3B-5-H-1 , Reviewed By ﬁﬁ}
Sample No. T3B-5-H-1 Review Date / ’/ 1214
Sample Depth N/A Lab No. 12927

Sample Description Cencrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 11.6
Wet Unit Weight, pcf: 133.8
Dry Unit Weight, pcf: 119.9
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |2.9E-07

Remarks:

RCN: CUA-049.0
Page 17 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 TestedBy JW
Project Name CUA Grout Sample Testing Test Date 8/13/2014
Boring No. T3B-9-H-1 Reviewed By 95'3’
sample No. T3B-9-H-1 Review Date /!/iz/if
Sample Depth N/A : Lab No. 12928

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 11.7
Wet Unit Weight, pcf: 133.4
Dry Unit Weight, pcf: 119.5
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |9.5E-07

Remarks:

RCN: CUA-049.0
Fage 19 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 TestedBy JW
Project Name CUA Grout Sample Testing Test Date 972272014
Boring No. T1-1-H-2 Reviewed By @eﬁf'
Sample No. T1-1-H-2 Review Date 112t
Sample Depth N/A Lab No. 13000

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: | Core
Sample Orientation: Vertical
Initial Water Content, %: 12.8
Wet Unit Weight, pcf: 134.0
Dry Unit Weight, pcf: 118.9
Compaction, %: _ N/A
Hydraulic Conductivity, cm/sec. @20 °C |4.0E-09

Remarks:

RCN: CUA-049.0
Page 21 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 9/22/2014
Boring No. T1-5-H-2 Reviewed By

Sample No. T1-5-H-2 Review Date u/ 1214
Sample Depth N/A Lab No. 13001

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.4
Wet Unit Weight, pcf: 131.8
Dry Unit Weight, pcf: 117.2
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |4.5E-09

Remarks:

RCN:; CUA-049.0
Page 23 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 9/22/2014
Boring No. T1-9-H-2 Reviewed By O &
Sample No. T1-9-H-2 Review Date /¢f1z/i¢
Sample Depth N/A Lab No. 13002

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.8
Wet Unit Weight, pcf: 132.1
Dry Unit Weight, pcf: 117.1
Compaction, %: N/A
Hydraulic Conductivity, cm/sec, @20 °C |2.0E-09

Remarks:

RCN: CUA-0498.0
Page 25 of 40
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 TestedBy JW
Project Name CUA Grout Sample Testing Test Date 922/2014
Boring No. T1-1-H-3 Reviewed By £¢€ ¢
Sample No. T1-1-H-3 Review Date #f} 2-/ 1
Sample Depth N/A Lab No. 13003

Sampie Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type:. Core
Sample Orientation: Vertical
Initial Water Content, %: 11.7
Wet Unit Weight, pcf: 135.0
Dry Unit Weight, pcf: 120.9
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C 4.1E-09

Remarks:

“RCN: CUA-049.0
Page 27 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 9/22/2014
Boring No. T1-5-H-3 Reviewed By 96;')‘
Sample No. T1-5-H-3 Review Date 111214
Sample Depth N/A Lab No. 13004

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.4
Wet Unit Weight, pcf: 132.2
Dry Unit Weight, pcf: 117.6
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |8.5E-07

Remarks:

RCN: CUA-049.0
Page 29 of 40
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HYDRAULIC CONDUCTIVITY

Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 9/22/2014
Boring No. T1-9-H-3 Reviewed By {4¢~
SampleNo.  TI-9-H-3 Review Date  J/fad [1#
Sample Depth N/A4 Lab No. 13005

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: ' Core
Sample Orientation: Vertical
Initial Water Content, %: 14.4
Wet Unit Weight, pcf: 132.2
Dry Unit Weight, pcf: 115.6
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C 8.9E£-07

Remarks:

RCN: CUA-049.0
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 10/14/2014
Boring No. T3B-1-H-2 Reviewed By }4#
Sample No. T3B-1-H-2 Review Date } J L/ #p
Sample Depth N/A Lab No. 13052

Sample Description Concrete Core

ASTM D5084 - Method I (CVFH)

Sample Type: Core
Sample Orientation: Vertical
Initial Water Content, %: 12.2
Wet Unit Weight, pcf: 133.4
Dry Unit Weight, pcf. 118.8
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |6.5E-09

Remarks:

RCN: CUA-049.0
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HYDRAULIC CONDUCTIVITY
Project No. 6163-13-0012 Tested By JW
Project Name CUA Grout Sample Testing Test Date 10/14/2014
Boring No. T3B-5-H-2 Reviewed By 954-
Sample No. T3B-5-H-2 Review Date  //f ‘3-/19‘

Sample Depth N/A Lab No. 13053
Sample Description Concrete Core ‘

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample QOrientation: Vertical
tnitial Water Content, %: 12.1
Wet Unit Weight, pcf: 131.9
Dry Unit Weight, pcf: 117.6
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |5.4E-09

Remarks:

RCN: CUA-049.0
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HYDRAULIC CONDUCTIVITY

Project No. 0163-13-0012 TestedBy  JW

Project Name CUA Grout Sample Testing Test Date 10/14/2014
Boring No. T3B-9-C-1 Reviewed By 9"3}‘
Sample No. T3B-9-C-1 Review Date /l/i 2—/ ¥
Sample Depth N/A Lab No. 13054

Sample Description Concrete Core

ASTM D5084 - Method F (CVFH)

Sample Type: Core
Sample Orientation: Vertical
tnitial Water Content, %: 12.0
Wet Unit Weight, pcf: 132.3
Dry Unit Weight, pcf: 118.1
Compaction, %: N/A
Hydraulic Conductivity, cm/sec. @20 °C |3.6E-09

Remarks:

- RCN: CUA-048.0
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RCN: CUA-049.0
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Equipment List
VSL Req#38917/CUA PO0000082081
AMEC Project Name: CUA Grout Sample Testing
AMEC Project No.: 6163-13-0012

Equipment Name Laboratory ID Calibration Due Date

Oven 109 11/28/2014
Balance 416 4/16/2015
Thermometer 2866 B/11/2015
Caliper 2376 1/31/2015

Pressure Transducer 3638 6/3/15

Timer 2607 12/13/2014

Timer 2608 12/13/2014

RCN: CUA-049.0
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