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EXECUTIVE SUMMARY

The DOE Office of Environmental Management (DOE EM) faces the challenge of
decommissioning thousands of excess nuclear facilities, many of which are highly contaminated.
A number of these excess facilities are massive and robust concrete structures that are suitable
for isolating the contained contamination for hundreds of years, and a permanent
decommissioning end state option for these facilities is in situ decommissioning (ISD). The ISD
option is feasible for a limited, but meaningful number of DOE contaminated facilities for which
there is substantial incremental environmental, safety, and cost benefits versus alternate actions
to demolish and excavate the entire facility and transport the rubble to a radioactive waste
landfill. A general description of an ISD project encompasses an entombed facility; in some
cases limited to the below-grade portion of a facility. However, monitoring of the ISD structures
is needed to demonstrate that the building retains its structural integrity and the contaminants
remain entombed within the grout stabilization matrix. The DOE EM Office of Deactivation and
Decommissioning and Facility Engineering (EM-13) Program Goal is to develop a monitoring
system to demonstrate long-term performance of closed nuclear facilities using the ISD
approach. The Savannah River National Laboratory (SRNL) has designed and implemented the
In Situ Decommissioning Sensor Network, Meso-Scale Test Bed (ISDSN-MSTB) to address the
feasibility of deploying a long-term monitoring system into an ISD closed nuclear facility.

The ISDSN-MSTB goal is to demonstrate the feasibility of installing and operating a remote
sensor network to assess cementitious material durability, moisture-fluid flow through the
cementitious material, and resulting transport potential for contaminate mobility in a
decommissioned closed nuclear facility. The original ISDSN-MSTB installation and remote
sensor network operation was demonstrated in FY 2011-12 at the ISDSN-MSTB test cube
located at the Florida International University Applied Research Center, Miami, FL (FTU-ARC).
A follow-on fluid injection test was developed to detect fluid and ion migration in a cementitious
material/grouted test cube using a limited number of existing embedded sensor systems.

This In Situ Decommissioning Sensor Network, Meso-Scale Test Bed (ISDSN-MSTB) — Phase 3
Fluid Injection Test Summary Report summarizes the test implementation, acquired and
processed data, and results from the activated embedded sensor systems used during the fluid
injection test. The ISDSN-MSTB Phase 3 Fluid Injection Test was conducted from August 27
through September 6, 2013 at the FIU-ARC ISDSN-MSTB test cube. The fluid injection test
activated a portion of the existing embedded sensor systems in the ISDSN-MSTB test cube:
Electrical Resistivity Tomography-Thermocouple Sensor Arrays, Advance Tensiometer Sensors,
and Fiber Loop Ringdown Optical Sensors. These embedded sensor systems were activated 15
months after initial placement. All sensor systems were remotely operated and data acquisition
was completed through the established Sensor Remote Access System (SRAS) hosted on the
DOE D&D Knowledge Management Information Tool (D&D KM-IT) server.

The ISDSN Phase 3 Fluid Injection Test successfully demonstrated the feasibility of embedding
sensor systems to assess moisture-fluid flow and resulting transport potential for contaminate
mobility through a cementitious material/grout monolith. The ISDSN embedded sensor systems
activated for the fluid injection test highlighted the robustness of the sensor systems and the
importance of configuring systems in-depth (i.e., complementary sensors and measurements) to
alleviate data acquisition gaps.
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1. PURPOSE

This In Situ Decommissioning Sensor Network (ISDSN), Meso-Scale Test Bed (MSTB) — Phase
3 Fluid Injection Test Summary Report summarizes the test implementation, acquired and
processed data, and results from the activated embedded sensor systems used during the fluid
injection test.

The ISDSN-MSTB goal is to demonstrate the feasibility of installing and operating a remote
sensor network to assess cementitious material durability, moisture-fluid flow through the
cementitious material and resulting transport potential for contaminate mobility in a
decommissioned closed nuclear facility. The original installation and remote sensor network
operation was demonstrated in FY 2011-12 and is outlined in Test Plan - In Situ
Decommissioning Sensor Network, Meso-Scale Test Bed [1]. The fluid injection test concept is
outlined in Test Plan - In Situ Decommissioning Sensor Network, Meso-Scale Test Bed — Phase
3 Fluid Injection Test [2].

As part of the Technical Task Plan SR-09-17-01, In Situ Decommissioning Technology
Development and Demonstration, the Department of Energy’s (DOE), Office of Deactivation
and Decommissioning and Facility Engineering (EM-13) funded the Savannah River National
Laboratory (SRNL) to design and implement the ISDSN-MSTB to address the feasibility of
deploying a long-term monitoring system into an in situ decommissioning (ISD) closed nuclear
facility.

2. BACKGROUND

The DOE Office of Environmental Management (DOE-EM) is presently decommissioning
excess industrial, radiological, and nuclear facilities that no longer have a continuing mission.
Some nuclear facilities are massive and robust concrete structures that are suitable for isolating
the contained contamination for hundreds of years, and the DOE closure strategy for these
nuclear facilities, estimated to be as high as 125 facilities, is defined as in situ decommissioning
(ISD) [3]. The ISD strategy is to grout certain areas of a nuclear facility to contain the hazardous
and radioactive elements within the massive outer concrete walls and foundation slabs, allowing
the building to be abandoned in place and avoiding the cost consequences of demolition, waste
packaging, transport, and disposal, and potential health hazards from worker exposure scenarios.
However, monitoring of the ISD structures is needed to demonstrate that the building retains its
structural integrity and the contaminants remain entombed within the grout.

The “Technology Requirements for In Situ Decommissioning (ISD) Workshop Report” [4]
identified the need to develop a monitoring system to demonstrate that the long-term
performance of ISD facilities meets the DOE program goals, conforms to project-planning
predictions, and satisfies stakeholder expectations. A diverse suite of mechanical and chemical
sensors distributed throughout the facility would provide information on the structural properties
of the exterior facility shell and the migration of fluids through the grouted sections that contain
radioactive and hazardous waste. Additionally, the collected data could be used to validate the
assumption used in performance assessment models.
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In October 2010, an independent panel of scientists and engineers met to assist the DOE EM 13
and SRNL with the identification of the best sensing technologies and deployment strategies for
monitoring highly-radioactive nuclear structures that are designated for closure using the ISD
approach. The expert panel report [5] identifies short- and long-term objectives needed to
develop and deploy a remote monitoring network for the 105-C Reactor Building at the
Savannah River Site, which is DOE-Savannah River's next candidate structure for closure using
the ISD approach. A key short-term objective for FY 2011 is the recommendation of the expert
panel to construct and operate a grout-filled, MSTB to assess the performance of the sensors
when embedded in grout, evaluate the sensor response as the grout cures, establish baseline
measurement response, and demonstrate that the sensors can detect fluid and ion migration in the
grout. The expert panel considers the MSTB to be a requirement prior to deploying a network in
a nuclear facility because of the uncertainty in both the performance of the sensors in a massive
grout monolith and the interpretation of the measurement data.

Characteristics of the sensor deployment and operation that affect the uncertainty of the
measurements include:

* Embedding sensor modules in grout: location of the point of deployment, physical
tolerances (mechanical bending, crushing, impact, etc.), and physical dimensions of
sensor modules.

* Installation: connection and multiplexing of various sensor types (electrical vs. fiber)
within the sensor system, wiring from the sensor to the logger, and transferring data from
the logger to a user.

* Power requirements: estimated total power for all of the sensor types, tolerance of power
fluctuations, and consequences of power outage (must be self-protected or insensitive to
power outage, short recovery times),

¢ Power sources: flexibility of using land lines, batteries, and solar cells (with AC-DC
converters).

¢ Data acquisition system requirements: instrumentation integration, compatibility,
environmental conditions, sensor drift, and longevity.

e Data output from sensors: Data management and transmission, distribution, formatting,
processing, quality assurance/quality contrel (QA/QC), and reporting protocols.

Based on the expert panel recommendations and DOE's EM-13 Program Goal to develop a
monitoring system to demonstrate long-term performance of closed nuclear facilities using the
ISD approach, the ISDSN MSTB Project was initiated.

The initial activity for the ISDSN — MSTB Project was focused on commercial off-the-shelf
(COTS) and/or laboratory-tested (ready for field deployment) sensor systems to assess fluid flow
and ion transport parameters through grout and/or concrete. Selected sensor systems for the
sensor network were:

e Idaho National Laboratory (INL)
- Electrical Resistivity Tomography with Thermocouples Arrays (ERT-T)
- Advanced Tensiometers (AT)

¢ Mississippi State University (MSU)
- Fiber Loop Ringdown — Fiber Optical Sensors (FLRD)

¢ University of Houston (UH)
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- SMART Aggregate” - Piezoelectric Sensor (SA)

- Fiber Bragg Grating — Fiber Optical Sensors (FBG)
¢ University of South Carolina-Columbia (USC)

- Acoustic Emission - Piezoelectric Sensor (AE)

- pH/Temperature Sensor (pH-T)

- Moisture/Temperature Sensor (M-T)

The ISDSN-MSTB test cube was designed to install/embed the sensor network into a
cementitious material/grout. The sensor network was operated to monitor during grout placement
and curing period. The embedded sensor network was completed at the end of FY 2012. Results
from this activity are reported in SRNL Report, “In Situ Decommissioning Sensor Network,
Meso-Scale Test Bed — Phase 1 and Phase 2 Final Report", SRNL-STI-2013-00050 [6].

3. PARTICIPANTS

The Phase 3 — Fluid Injection Test participants were:

e Savannah River National Laboratory (SRNL)

Florida International University Applied Research Center (FTU-ARC)
Idaho National Laboratory (INL)

» Mississippi State University (MSU)

The Savannah River National Laboratory was the ISDSN-MSTB Phase 3 — Fluid Injection Test
Project Director in collaboration with Florida International University Applied Research Center.
Sensor System Principal Investigators were Idaho National Laboratory with the electrical
resistivity tomography-thermocouple sensor arrays, and advance tensiometer sensor systems; and
Mississippi State University with the Fiber Loop Ringdown Optical Sensors. The remaining
sensor systems embedded in the grout monolith test cube were not activated during the Phase 3 -
Fluid Injection Test.

Savannah River Nuclear Solutions/SRNL procurement actions were completed with Florida
International University, Idaho National Laboratory, and Mississippi State University to secure
their participation. Florida International University coordinated the necessary environmental
reviews and actions to conduct the fluid injection test at the ISDSN-MSTB test cube site.

4. OBJECTIVES
The ISDSN-MSTB Phase 3 — Fluid Injection Test objectives are:

1. Inject an inert solution into the pre-positioned injection wells in the ISDSN-
MSTB test cube.

2. Detect fluid and ion migration in a cementitious material/grouted test cube using a
limited number of the existing embedded sensor systems in the ISDSN-MSTB
test cube.
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3. Determine the resulting transport potential for contaminate mobility/release
through a cementitious material.

Data sets collected from the MSTB will be evaluated to assess the accuracy and sensitivity of the
various sensor systems and to determine if different sensor types produce measurements that can
be correlated to boost decision confidence. Information and data obtained from this work will
serve as the baseline data set for the selection of future sensors. Sensor selection should include
the design and deployment of a sensor to either monitor key component(s) and/or augment an
existing surveillance and maintenance protocol for a deactivated or decommissioned nuclear
facility.

5. TEST PARAMETERS

The test parameters identified below are key indicators to assess the presence of excess
moisture/fluid in the grout and the potential for ion migration within a grout monolith. Target
values and response ranges for the test parameters are identified below in Table 1.

Table 1. — Phase 3 Test Parameters

Test Parameter | Target Response Range | Comments
Value
Water Presence 10 to 100 mL to | Assessment of
detect water water/fluid present,

not volume

Temperature 20°C 10°C-50°C | Target is expected
to be near ambient
temperature

Fluid/Contaminant | 10" cm/sec | 10~ cm/sec ~ | Target value to

Ton Mobility 10 * cv/sec assess the

Potential qualitative transport
potential

Ion Concentration 3% or less 5% to 1% Target value to
assess the
qualitative transport
potential

The data sets collected from the individual sensor systems are qualitative in nature, since the
sensor system field of view is limited to an area adjacent to the sensor head. This data quality is
similar to groundwater well monitoring data, but transport behavior is within the grout monolith.
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6. TEST CONCEPT

The Phase 3 - Fluid Injection Test was conducted at the ISDSN-MSTB test cube located at
Florida International University Applied Research Center (FTU-ARC). The fluid injection test
activated a portion of the existing embedded sensor systems in the ISDSN-MSTB test cube;
electrical resistivity tomography-thermocouple (ERT-T) sensor arrays, advance tensiometer (AT)
sensors, and Fiber Loop Ringdown (FLRD) Optical Sensors.

The injection fluid was an inert dilute non-hazardous material solution. The selected inert
solution was potassium chloride (KCl), which provided sufficient conductivity contrast for
sensor systems. Target concentration for the injection fluid was 5% or less by volume. FIU-ARC
coordinated the necessary environmental permits for this activity.

Fluid injection was conducted in two events by FIU-ARC. The initial fluid injection event used
an inert injection fluid solution. The subsequent event used deionized water. The injection rate is
essentially gravity drainage as controlled by the hydraulic properties of the test cube. Test cube
injection wells located in panels 2, 3, 4, 5, and 6 were filled simultaneously. The embedded
injection wells vertical lengths range from 2 ft. to 6 ft. (0.6 m to 1.8 m), nominally. Sensor
system data acquisition was proposed to be conducted for approximately 14 days or less to detect
fluid and ion migration through the cementitious material/grouted test cube.

7. FLUID INJECTION TEST

Information presented below is summarized from the Florida International University Applied
Research Center Technical Report, “In Situ Decommissioning Sensor Network Phase 3 — Fluid
Injection Test Final Report”, September 2013 [7].

Test Cube Preparation

The Fluid Injection Test was conducted at the ISDSN-MSTB test cube located at Florida
International University Applied Research Center (FIU-ARC). The ISDSN-MSTB test cube has
internal dimensions of 10 ft.-W by 10 ft.-L by 8 ft.-D (3 m by 3 m by 2.4 m). The test cube was
installed with its base 4 ft (1.2 m) below ground surface; see Figure | for general test cube
configuration. The rain cover was removed from the test cube and a tent enclosure was placed
around the test cube to minimize rainfall intrusion during the fluid injection test.
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a. General Test Cube Lam

c. ISDSN-MSTB Test Cube with Tent Enclosure

Figure 1. - General ISDSN-MSTB Test Cube Configuration

Injection wells are located on panels 2, 3, 4, 5 and 6 and general well locations within the test
cube are shown in Figure 2. Table 2 shows the dimensions of each well — | inch diameter PVC
pipe (2.5 cm). Detail drawings of each well and their corresponding sensor panel are shown in
the Appendix A — As-Built Drawings of Sensor Panels 2, 3, 4, 5 and 6.
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Figure 2. — General Well Locations within the Test Cube

Table 2. — Injection Well Depths

Revision 0

Injection Well # | Pipe Height —in. (cm) | Stub Height — in. (cm) | Well depth — in. (cm)
1 76.6 4.3 72.3
{Panel 2) (194.6 cm) (10.9 cm) (183.6 cm)
2 41.1 4.6 36.5
(Panel 3) (104.4 cm) (11,7 cm) (92.7 cm)
3 76.3 43 72
(Panel 4) {193.8 cm) (10.9 cm) {182.9 cm)
4 28.7 4.5 24.2
(Panel 5) (72.9 cm) {11.4cm) (61.5 cm)
5 52.9 5 47.9
(Panel 6) (134.4 cm) {127 cm) (121.7 cm)

During the initial installation of the wells during test cube grout placement, the bottom end of the
well was sealed with duct tape to prevent grout from entering and filling the well. In preparation
for the fluid injection test, the bottom seal was removed using a hole saw on a rod extension. The
top of each well pipe was capped to prevent foreign objects from entering the well. These caps
were removed prior to testing activities.

Once the wells were re-opened, a bore scope was used to inspect each of the wells. The bottom
of well 1 was submerged in water, while the bottoms of wells 2 & 3 were moist and wells 4 & 5
were dry; Figure 3 shows the bore scope images from the well inspection.
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Figure 3. - Well Inspection Images Using a Bore Scope

Wells 1, 2 and 3 were pumped dry and monitored for water intrusion. After 24 hours of
monitoring, no water re-entered the wells. Water present in the wells was speculated to be caused
by condensation and the proximity of the well to the test cube perimeter where exposure to rain
water was possible. All wells were dry prior to initiating the fluid injection test.

Injection Fluid and Delivery System

The injection fluid used was a non-hazardous inert solution of potassium chloride 5% by volume
(KCl) and deionized (DI) water. The fluid injection delivery system was designed and fabricated
at FIU, which allows fluid to be injected into any of the five wells at the same time or
independently. The system consisted of a 5-gallon tank connected to a PVC pipe manifold;
(Figure 4). Plastic tubing was connected to the manifold and injection wells to convey the fluid.
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Figure 4. — Fluid Injection Delivery System

Fluid Injection Test

Fluid injection was conducted over a 3 day period from August 27 — 30, 2013. The first day
consisted of injecting a 5% KClI solution into all of the injection wells, while during the
remaining two days only deionized water was injected. At the beginning of the first day of
injection (8/27/13), all the wells were filled to the top with 5% KCI. Throughout the day; each
well was monitored and topped off whenever the fluid level dropped by more than a 0.25 in.
(0.63 cm) from the top; see Figure 5.

Figure 5. -- FIU Researcher Monitoring Well Levels.
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At the end of the day, all the wells were filled to the top and left overnight. Each morning, the
well fluid level for each well was recorded. At conclusion of the first 24 hour period, the
injection fluid transitioned from KCI to DI water and the same injection methodology was
followed for a 48 hour period. After completing the fluid injection period, an additional eight day
monitoring period was accomplished. The total fluid injection volumes for each injection day are
shown in Table 3.

Table 3. — Fluid Injection Volumes

Initial Fill Daytime Volume Overnight Volume Total Injected
Date Volume Change Change Volume
Liters Liters Liters Liters
(gallons) (gallons) (gallons) (gallons)
8/27/13 4.02 0.13 0.25 4.40
(KCl Sol.) (1.06) (0.03) (0.07) (1.16)
8/28/13 4.02 0.10 0.15 4.27
(DI Water) (1.06) (0.03) (0.04) (1.13)
8/29/13 0.07 0.13 0.20
(DI Water) N (0.02) (0.03) (0.05)
Total Volume Injected 8.87
(2.34)

Weather data was collected during the testing period from a local weather station located 1.63
miles northeast of the test site and groundwater elevation was obtained from USGS well G-3565,
located 5.13 miles southwest of the test site. Weather and groundwater level data are presented in
Appendix B - Weather and Groundwater Level Data for August 25 through September 7, 2013,

Fluid Injection Test Summary

The fluid injection test at the ISDSN-MSTB test cube was conducted using two injection fluids:
a non-hazardous inert solution of potassium chloride 5% by volume (KCI) and deionized (DI)
water. The injection fluid was conveyed into five injection wells located in panels 2, 3, 4, 3, and
6 over a three day test period. The total volume of KCl solution injected into the test cube during
the day | injection period was 4.40 liters. DI water was injected into the test cube for two days
after the KCl injection period was completed. The total volume of the DI water injected was 4.47
liters.

Fluid migration was monitored by the activated embedded sensor systems and data collected for
an additional eight days. Sensor System Principal Investigators were able to monitor the fluid
injection event through the established Sensor Remote Access System (SRAS) hosted on the
DOE D&D Knowledge Management Information Tool (D&D KM-IT) server. An internet video
link was also established to facilitate field observation during the fluid injection event. The fluid
injection and follow-on monitoring period was shortened to accommodate the fiscal year funding
cycle.

10
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8. SENSOR SYSTEMS

The fluid injection test activated a portion of the existing embedded sensor systems in the
ISDSN-MSTB test cube; electrical resistivity tomography-thermocouple (ERT-T) sensor arrays,
advance tensiometer sensors (AT), and Fiber Loop Ringdown (FLRD) Optical Sensors.
Summarized below are the results from the data collected for each of activated sensor system
during the test.

8.1. ELECTRICAL RESISTIVITY TOMOGRAPHY ARRAYS

Information presented below is from the Idaho National Laboratory Project Report, “Phase 3 —
ERT, Temperature, & Tensiometer Monitoring”, September 27, 2013 [8]. The INL supplied the
ERT-T and AT sensors previously embedded in the ISDSN-MSTB test cube and collected data
to monitor grout curing during the 2012 ISDSN-MSTB Phase 2 Sensor Network Installation. The
ERT-T and AT sensors were activated for the Phase 3 Fluid Injection Test.

ERT-T Survey Design

The ERT-T arrays comprised of electrical resistivity tomography electrodes dispersed 10 in.
(25.4 cm) apart attached on an 8 ft (2.4 m) non-metallic pole and thermocouples were evenly
attached in-between the electrodes. The ERT-T array make-up consisted of 10 electrodes and 5
thermocouples. The data collection schedules were changed from the previous setting to reflect
the expected rapid movement of fluid through the system. Original data collection schedules
required approximately 7.5 hours to collect a full data set while the new schedules require two
hours per data set. Three ERT-T array geometries were collected including a 5-spot “well” data
set using the vertical arrays 1-5 with a skip value of 3 (Figure 6-a), a three spot “well” array set
using arrays 3-3 with a skip value of 2 (Figure 6-b), and a base set using the horizontal arrays (9-
12) with a skip value of 3 (Figure 6-¢). These geometries represent the best chance for
monitoring as they bound the area of the fluid injection.

System Activation

The embedded ERT-T arrays were activated prior to the fluid injection test and baseline data was
collected to establish sensor functionality after being dormant for 15 months. Remote data
collection was conducted as part of an initial system operability test. The sensor array generally
functioned as expected. A minor amount of noise was observed in the signals from electrodes 8-
10; however, sensor performance remained within acceptable limits.



SRNL-STI-2013-00569
Revision 0

S5-Spot (Skip3_5tar} oo 3-Spot (Skip2_345) o
Wwwammaymny. """'wh;ulp::dn;mn;..;p.;.ap._..u;
a

M ! 1
10°

1
<0,0> 4, Five Spot “Star” Data Acquisition <0,0> b, Three Spot “3-4-5" Data Acquisition

3-Spot (Skip2_ 345)

Panal
Panel  ponel  Pacel Panel  Panel  Paned  Panel  Panel t
3 7 4 3 2

[

i -

10"
<0,0> ¢ Battom of Cube Duta Acauisition

Figure 6. - ERT-T Array Geometry for Data Acquisition

ERT-T Data Quality Assessment

Data quality in ERT-T surveys is measured by conducting a reciprocal measurement. This is a
measurement where the transmitting electrode pair and receiving electrode pair, from an earlier
measurement, are repeated with the pairs switched. The two different measurements are
compared, and assuming the system is linear and constant, the reciprocal measurements should
match. The degree to which they don’t match is a measure of a non-linear or changing system
which will invalidate some of the main assumptions underlying geophysical processing and
inversion techniques. The reciprocal measurements for these data collection schedules had
measurements being performed after 200 of the ‘regular’ measurements. This meant that only a
few minutes had passed before reciprocals were measured, thus ensuring a ‘constant’ system in
the event of rapid infiltration.
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Figure 7 shows an example of the percent difference for some of the reciprocal measurements
from these data sets. This data set showed good reciprocal behavior with the vast majority of
reciprocal error being less than 10% (red dashed line). This indicates acceptable data quality and
little systematic change between measurements.

Figure 7. — Example of ERT-T Reciprocity Results

ERT-T Data Acquisition during Fluid Injection Test

ERT Data was collected continuously from mid-day August 26th through mid-day August 30th.
A system error occurred on August 30th and data collection was not started again until
September 3™, However, the initial data was sufficient to bound the infiltration periods. After
downloading the ERT-T files, the data was imported into an INL developed program for
inspecting and eventually writing the data to Universal Resistivity Format (URF) type inversion
input files. The data is inspected for quality (reciprocity) and in this case the degree of change to
estimate if inversion was a reasonable next step. Figures 8 through 10, the base data set (Arrays 9
through 12, Horizontal), 5-spot data set (Arrays 1 through 5, Vertical) and the 3-spot data set
(Arrays 3 through 5, Vertical) respectively, show data collected over the periods of injection,
roughly August 27th-30th. The data sets show little change with some variation seen in the lower
values, a typically noisy area. These trends in the data observed were not consistent, with
successive points randomly varying within the range. This result indicated the observed changes
were probably due to a source of noise in the system.

13
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Figure 10. - Raw ERT-T Data from the 3-spot data set (Arrays 3 through 5,
Vertical) for August 27" -30".

ERT Array Summary

The ERT-T arrays did not adequately monitor fluid migration during the fluid injection test. The
data acquired showed slight signal changes, but these changes were at the lower end of the
system’s performance envelope. Other contributing factors were the relative short duration of the
test and low volume of injected fluid into the test cube. The ERT-T system is the most constant
and comprehensive data set with respect to the infiltration period, but shows only small and
inconsistent changes in the noisier parts of the data. Further development is recommended to
process acquired data and analyze the acquired data at the lower end of the ERT-T system’s
performance envelope to filter environmental noise levels.

8.2. THERMOCOUPLES

Thermocouple Data Acquisition During the Fluid Injection Test

The temperature data was collected sporadically from August 26th through September 3rd. There
were a few days of continuous measurements, but based on the data uploaded to the database,
temperature data acquisition did not occur between midnight and almost 4 PM on a number of
days. This missing data tends to introduce jumps or tares in the data and makes trend analysis
difficult.

There appears to be three main temperature trends in the data, dependent upon physical position.
Figure 11 shows the typical behavior of the vertical temperature arrays at the corners of the
block. While the missing data masks the trends, the few full days of data indicate these arrays
were dominated by diurnal variations of one to two degrees Celsius, a value close to the limit of
these sensors. In the case of all four arrays at the corners (Arrays 1, 2, 3, and 4), there appears to
be no signature associated with injection. The lack of signal change at the corners indicates that
lateral fluid migration had not occurred during the test period.
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Figure 12 shows results from the vertical array in the center of the block (Array 5). Again
missing data makes interpreting difficult but this array shows a decreasing temperature profile,
with a smaller diurnal signature then the corner arrays. The noted signal change was close to the
error level of the thermocouple data acquisition system.
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The horizontal arrays along the bottom of the test cube showed a slight downward trend and no
diurnal effects. Significant temperature signal change was not observed due to fluid injection.
The lack of signal change at the bottom of the test cube indicates that full fluid vertical migration
had not occurred during the test period.

Thermocouples Summary

The thermocouple system attached to the ERT-T arrays did not adequately monitor any
significant temperature changes associated with the fluid injection test. Data acquisition was
incomplete during the fluid injection test period. Temperature changes indicate diurnal variations
and a very slow cooling of the overall system within the grouted test cube.

8.3. ADVANCED TENSIOMETERS

The advanced tensiometer did not adequately monitor any significant temperature changes
associated with the fluid injection test. Data acquired was erratic and initial instrument
calibration data was missing. The erratic data acquired for these instruments reflects the
influence of atmospheric pressure changes indicating a faulty seal between the rubber tip of the
tensiometer and the porous cup. The extended instrument dormancy (15 months) was a
contributing factor to this system’s inoperability.

8.4. FIBER LOOP RINGDOWN OPTICAL SENSOR

Information presented below is summarized from the Mississippi State University Project
Report, “Phase III — ISDSN Fluid Injection Test Using Fiber Optics Sensor”, September 2013

[91.

The Fiber Loop Ringdown Optical Sensor System (FLRD) was previously embedded in the
ISDSN-MSTB test cube and collected data to monitor grout curing during the 2012 ISDSN-
MSTB Phase 2 Sensor Network Installation. The FLRD sensors embedded consisted of fluid
sensors and crack-strain sensors. The FLRD sensors activated for the Phase 3 Fluid Injection
Test were the embedded fluid sensors on sensor panel 5 of the test cube. FLRD crack-strain
sensor results from the Phase 2 Sensor Network Installation indicated a high potential for micro-
crack development inside the grout monolith [6]. Other embedded sensor systems within the
grout monolith indicated a similar result. No destructive sample recovery was conducted to
validate material cracking affects.

System Activation

The embedded FLRD fluid sensor was activated prior to the fluid injection test and baseline data
was collected to establish sensor functionality after being dormant for an extended period (15
months). The baseline data showed the ringdown response time was very stable within 1 minute
of data collection and fairly constant at around 22.8 micro-second (us) with trigger level of 0.05
Volts (V). A second baseline was collected with a trigger level of 0.06 V and the ringdown
response time stabilized around 22.5 ps.
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FLRD Sensor Data Acquisition During the Fluid Injection Test

The FLRD sensor data acquisition was conducted using a remole network connection through
the DOE-EM KM-IT server to a Mississippi State University (MSU) laboratory computer. The
FLRD water sensors experienced a significant amount of signal change, approximately 10 hours
after the KCl solution injection had commenced. The FLRD signal change indicated a moisture
shift within the grout material surrounding the FLRD fluid sensor. The increased signal response
time continued for the KClI solution injection period (24 hours). The injection fluid transition
from a KCI solution to DI water commenced the following day and continued for 48 hours. The
FLRD fluid sensor signal response during the fluid injection period is presented in Figure 13.

23.6 - Ringdown time (Aug 27 to Aug 31)
23.4 -
23.2 -
230 -
22.8 1 Flushing with DI water started

FLRD system data acquisition
22.6 stopped recording

ringdown lime (us)

224 - —

Al around 9 pm, ringdown

9 v - - .ﬁ I
e Injection of brine time increases significantly

solution started at

8/27/13 9 am

22.0 I I I I I ! I

15:00
-0 . -00 Q .
321;20‘\3 B0 m—,nﬁ‘ﬁ?—‘ & m_m,mﬁ z0 gﬂno‘\'-‘ 030 g.zgrz,ﬁﬁ 180 31307'0‘3 @0 63“7'013 w®

axparmental time (Central time)
Figure 13. - FLRD Fluid Sensor Signal Response During the Fluid Injection Period

The FLRD system data acquisition stopped recording at 1500 hrs on August 30 and a data gap of
nearly 12 hours was experienced. Data acquisition was re-established by changing the trigger
level from 0.06 V to 0.05V. The trigger level change increased the ringdown response time to
approximately 31.5 ps. Since a baseline ringdown response time was recorded for a trigger level
of 0.05 V before the test started, the FLRD sensor still indicated the presence of fluid within the
test cube (Figure 14). The FLRD sensor response time decreased as moisture level decreased
during fluid monitoring period. The data collection gap appears to be related to the data
collection software storage capacity. Increasing the trigger level voltage, decreased the ringdown
response time interval and decreased the data volume to be stored.



SRNL-STI-2013-00569
Revision 0

A composite plot for the entire testing period was developed by adjusting the baseline response
time to 23.3 ps. The FLRD response time data showed an increase in signal response when
moisture level increased and a decrease in signal response as moisture level decreased; (Figure
I5). After reviewing the composite plot (Figure 15), fluid quality during the entire fluid injection
period (KCI — DI water injection) influenced the FLRD ringdown response time. It is speculated
a wavelength shift occurs when the light travels through differing fluid quality. The FLRD
ringdown response time slightly decreased when injection fluid transitioned from KCI (average
ringdown response time — 23.4 us) to DI water (average ringdown response time — 23.2 ps).
Technical discussion regarding this influence is discussed in Sensors and Actuators B Journal,

2013, “Reproducibly Reversible Fiber Loop Ringdown Water Sensor Embedded in Concrete and
Grout for Water Monitoring” [10].
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Figure 14. - FLRD Fluid Sensor Signal Response During the Fluid Monitoring Period
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Figure 15. — Composite FLRD Fluid Sensor Signal Response for Fluid Injection Test
FLRD Summary

The FLRD fluid sensors detected moisture level changes during the fluid injection test. The
sensor system was able to be re-activated after 15 months and functioned satisfactorily. FLRD
data showed after about 10 hours of the initial fluid injection (KCl), the ringdown response time
indicated the fluid had reached the sensor location. Adjusting the sensor trigger level from 0.06
V 10 0.05 V increased the average ringdown time of 31.5 us (at trigger level of 0.05 V) as
compared to 28.8 us (at trigger level of 0.06 V) which supplied a continuous data stream
indicating the presence of fluid in the grout. The FLRD response time data showed an increase in
signal response when moisture level increased and a decrease in signal response as moisture
level decreased. Further refinement of the data collection software capacity is recommended. The
FLRD fluid sensor data also indicated fluid quality can influence the ringdown response time,
but further investigation is needed to confirm this observation.
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9. CONCLUSIONS AND RECOMMENDATIONS

The ISDSN-MSTB Phase 3 Fluid Injection Test was conducted from August 27 through
September 6, 2013 at the ISDSN-MSTB test cube located at the FIU-ARC. The fluid injection
test activated a portion of the existing embedded sensor systems in the ISDSN-MSTB test cube;
electrical resistivity tomography-thermocouple sensor arrays, advance tensiometer sensors, and
fiber loop ringdown optical sensors. These embedded sensor systems were activated 15 months
after initial placement. All sensor systems were remotely operated and data acquisition was
completed through the established Sensor Remote Access System (SRAS) hosted on the DOE
D&D Knowledge Management Information Tool (D&D KM-IT) server.

An inert, non-hazardous KCI solution (5% by volume) was initially conveyed into five pre-
embedded injection wells in the ISDSN-MSTB test cube. The KCl solution was injected over a
24 hour duration followed by a subsequent fluid injection with DI water over 48 hour duration.
The activated portion of the embedded sensor systems monitored the presence of excess
moisture/fluid in the grout and the potential for ion migration within a grout monolith. The Phase
3 Fluid Injection Test Parameters and results are captured in Table 4. Fluid/Contaminant Ion
Mobility Potential could not be determined due the limited data collected.

The Fiber Loop Ringdown Optical Sensor System (FLRD) fluid sensors detected moisture level
changes during the fluid injection test. This sensor system was able to be re-activated after 15
months of dormancy and functioned satisfactorily. The FLRD response time data showed an
increase in signal response when moisture level increased and a decrease in signal response as
moisture level decreased. A secondary finding from data analysis was fluid quality can influence
the ringdown response time and recommend further investigation to confirm this observation.

The electrical resistivity tomography-thermocouple (ERT-T) sensor arrays and advanced
tensiometer (AT) instruments did not adequately display significant signal response during the
fluid injection test period. The ERT-T data showed slight signal changes, but these changes were
at the lower end of the system’s performance envelope. Further investigation is recommended to
process acquired data at the lower end of the ERT-T system’s performance envelope to mitigate
environmental noise levels. Thermocouple data acquisition was incomplete and a majority of the
temperature changes detected appears to be indicating diurnal variations and a very slow cooling
of the overall system within the grouted test cube. Advanced tensiometer data acquired was
erratic and incomplete. The advanced tensiometer extended instrument dormancy (15 months)
was a contributing factor to this system’s inoperability. Recommend further refinement of the
advanced tensiometer be pursued to resolve extended instrument dormancy when embedded in a
cementitious material/grout monolith.
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Table 4. - Phase 3 Fluid Injection Test Parameters and Results

Test Parameter | Target Fluid Injection Test Comments
Value Average Result
Water Presence | FLRD - Fluid Present ERT-T systern showed
ERT-T - Undetermined | slight signal changes,
but these changes were
at the lower end of the
system’s performance
envelope.
Temperature 20°C ERT-T -- Undetermined | Thermocouple data
acquisition system
operated sporadically.
Temperature trend
analysis was not
completed due to data
gaps.
Fluid/Contaminant | 10 " cm/sec | AT - Undetermined Insufficient data to
Ion Mobility determine this result.
Potential
Ion Concentration | 3% orless | FLRD - Fluid quality An indirect result from
(KCl to DI water) the FLRD system
influenced sensor ringdown response
ringdown response time. | time.

AT — Advanced Tensiometer

ERT-T - Elecirical Resistivity Tomography-Thermocouple Sensor Array
FLRD -- Fiber Loop Ringdown Optical Sensor System

The ISDSN Phase 3 Fluid Injection Test successfully demonstrated the feasibility of embedding
sensor systems to assess moisture-fluid flow and resulting transport potential for contaminate
mobility through a cementitious material/grout monolith. The ISDSN embedded sensor systems
activated for the fluid injection test highlighted the robustness of the sensor systems and the
importance of configuring systems in-depth (i.e. complementary sensors and measurements) to
alleviate data acquisition gaps. The ISD Sensor Network will be focused for field demonstration
on a deactivated nuclear facility within the DOE Complex.
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Appendix A. As-Built Drawings for Sensor Panels 2, 3,4, 5 and 6
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Appendix B. Weather and Groundwater Level Data for August 25 through
September 7, 2013
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Figure B-1. - Weather Data for 8/25/13 - 9/1/13 (Wunderground.com)
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Figure B-2. - Weather Data for 9/1/13 - 9/7/13 (Wunderground.com)
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Figure B-3. Daily Precipitation during Fluid Injection Testing Period.
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Figure B-5. - Groundwater Level in Reference to the ISDSN-MSTB Test Cube Location
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