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EXECUTIVE SUMMARY

Understanding the geophysical response near an underground explosion is crucial for generating
insights into the source and emplacement conditions that produce distinct observations in
monitoring scenarios occurring at greater distances. Recently, Shot A of the Low Yield Nuclear
Monitoring (LYNM) Physics Experiment 1 (PE1) series was conducted at the Nevada National
Security Site to provide ground truth for subsurface explosion signal models. This experiment
resulted in measuring near-soutrce ground motion at distances ranging from 70 to 1000 m/kt with a
99% success rate, yielding high-fidelity knowledge of the near-field response that can serve as
benchmarks for future numerical modeling and experiment planning. However, technical challenges
exist in observing near-source phenomena while safeguarding sensitive data acquisition components
from the detrimental effects of ground motion in the subsurface. This report outlines tools and
techniques to address challenges associated with observing near-source accelerations and within the
tunnel drift of the PE1 test bed. Additionally, we describe key systems designed with both modern
advancements and legacy guidance to maximize the collection of high-quality ground motion data,
which may be applied to constitutive and computational models, leading to new or improved
understanding of the near- and far-field signals produced by underground explosions.



ACRONYMS AND DEFINITIONS

Acronym/Term Definition
AWD Accelerated weight drop
DAG Dry Alluvium Geology
DAQ Data acquisition system
HE High explosive
GZ Ground zero
IDAQ Integrated data acquisition system
IMU Inertial measurement unit
NS Near-source
PE1 Physics Experiment
Pl Pacific Instruments
PNNL Pacific Northwest National Laboratory
SDG Stanford Delay Generator
SPE Source Physics Experiment
UGT Underground test




1. INTRODUCTION

The Physics Experiment 1 series consists of three planned chemical explosive experiments hosted in
Area 12 of the Nevada National Security Site (NNSS) within the Aqueduct Mesa (Myers, 2024). The
campaign utilized an underground complex known as P-Tunnel (U12.P). The first experiment,
known as PE1-A, was structured around complex sensor networks, ranging from prompt
measurements taken within the explosive cavity, to atmospheric measurements taken at distances
more than 5 km. The range of deployed sensors are designed to capture the full scope of subsurface
explosion phenomena, including both near-field and far-field measurements.

Near-field measurements (sometimes called free-field) are taken from within the native geology, with
minimal boundary discontinuities that might exist in the complex subterranean environments. Near-
tield monitoring instruments are designed to withstand significant loading in response to bulk
ground motion, which is well-coupled to the instrument. Near-source measurements (a subset of
near-field) are subject to high amplitude loading by virtue of their small stand-off distances, the
instrument packages must be able to capture complex ground motion as explosive energy causes
material compaction and transmission of a strong local ground shock. In contrast, far-field
measurements are taken at greater standoff distances from the explosion relative to the near-field,
these may include shallowly buried instruments outside of a tunnel complex or permanent
monitoring stations. Instrument stations considered far-field could range from 100’s of meters to
10’s of km in distance from the surface location of a ground zero (GZ) depending on source size.

Together, these measurements of the ground motion enhance our understanding of the zuzerplay
between an energetic source and unigue geology, which is vital for global monitoring as it helps to interpret
far-field signals more accurately. A significant number of UGTs have been conducted at the NNSS
in three geologies: granite, alluvium and tuff. These silicate rocks demonstrate distinctive
deformation, attenuation, and transmission responses to explosive insult. Granite is the strongest
mechanically, having minimal pore volume resulting in the highest density and therefore
compressional wave velocities. Alluvium is on the opposite end of the mechanical spectrum from
granite, consisting of settled detritus from nearby tuff and carbonate rock mountains at the NNSS.
Ground motion in granite and dry alluvium was studied during the Source Physics Experiment
(SPE) Phase 1 and Phase 2 (also known as the Dry Alluvium Geology (IDAG) series) with chemical
explosive yields in tons TNT equivalent (Townsend, 2019 and Larotonda, 2021). Both SPE Phase 1
and DAG prioritized near-source ground motion, creating opportunities to understand low yield
chemical explosives as nuclear surrogates (Rougier, 2015) and correlate diagnostics not previously
used in ground motion studies (Mellors, 2021).
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Figure 1-1. Geographic and geologic setting
NNSS site map (left), Area 12 stratigraphic column (center) and detailed lithology (right)

In contrast, chemical surrogate experiments have not been conducted in tuff since the Non-
Proliferation Experiment also known as the chemical kiloton (Denny,1994). The tuffaceous
structures at the NNSS consist of a variety of volcanic units which are overlayed on carbonates and
siliclastic rock. The volcanic formation is substantially layered and consists of either non-welded or
bedded tuffaceous members, depending on their degree of geologic alteration as shown in Figure 1-
1 (Bodmer, 2024). The members may be further divided into sub-units based on subtle textural
differences (compactable matrix or granular structure), degree of permeability, porosity, and a range
of pore volume saturation, all of which affect the tuff’s mechanical behavior. These properties
influence dynamic compression behavior (Erskine, 1994) and have been empirically shown to
change ground motion effects (Perret, 1974) and create potential variability in source to geology
coupling across tunnel complexes (Fourney, 1994). Instrumentation boreholes in the present
experiments were expected to span from Calico Hills sub-units VNT-C (vitric non welded tuff) to
UZNT (upper zeolitic non welded tuff), so understanding the degree of geologic variability is critical
to understand the source response into the formation and subsequent ground motion.

To elicit a response representative of a low-yield explosion, 2.8 m® of a chemical high explosive
(HE), Composition B was detonated on October 18, 2023. During the explosion, approximately
16.3 tons of TNT-equivalent energy was released into a mined cavity that was backfilled with dry
sand to create seismic coupling (Myers, 2024). Expected effects generated by the chemical explosion
ranged from prompt ground motion to fractures driven into the formation by source gas and
accompanying tracer material migration away from the cavity into the test bed. This was referred as
experiment A, one of three chemical explosive experiments to be conducted under the PE1
experimental venture.






2. SYSTEM DESIGN

2.1. Sensor Modules

From a technical standpoint, the PE1 series has primarily focused on developing a high-fidelity test
bed to better observe source and geology interactions. With the goal of maximizing our
understanding of ground motion, we considered several existing explosion models designed to
maximize near-field acceleration data (Ford, 2020). While substantial physics differences exist
between chemical and nuclear sources, chemical sources can be estimated to be about twice as
effective at creating ground motion in volcanic tuff (Goldstein, 1994). Prior to the PE1 mining
activities, the effective acceleration (due to degree of saturation/mechanical properties where the
source was to be emplaced) was not well known, but we anticipated a reasonable range of
accelerations below 1 kilo-g, at scaled ranges from about 70 to 1000 m/kt'®> (Ford, 2020). To
capture this data, we selected a series of gauge ranges from existing off-the-shelf integrated
electronics piezo-electric (IEPE) sensors, which use bias voltage calibrated linearly to the
measurement of interest. Because the accelerometer data acquisition system (DAQ) must be located
as far away from the experiment as possible to minimize ground shock to sensitive acquisition
electronics, utilization of long cables is critical in near-field explosive measurements; IEPE sensors
are advantageous in this context because, when they are powered with greater driving currents, they
are capable of propagating measurement signals to greater distances with improved signal-to-noise
ratios.

To propetly emplace and grout the sensors into a series of P-tunnel boreholes, the IEPE sensors
were packaged into aluminum modules and potted in place with non-conductive epoxy (in a manner
similar to legacy ground motion instruments) (Smith, 1996). Different levels of ground motion were
expected in the two different borehole positions, so two different module styles were required: near-
source and drift.

The basic module designs differed based on expected measurement range which was driven by their
installation location and complexity relative to the chemical explosive source. The near-source modules
were conveyed through the tunnel wall or rib into boreholes with locations above, below and to the
side of GZ thus creating opportunity for very close-in measurements (10’s of meters distance). Drift
accelerometers were installed in vertical boreholes in the mine floor or invert at much greater
distances from GZ (100’s of meters) with lower amplitude expectations and aptly named for their
location in the mined tunnel or drift.

2.2. Near-Source Accelerometer Module

The five near-source modules (Figure 2-1), were to include PCB Corporation +/-5 kilo-g IEPE
accelerometers, residing at scaled ranges from 70 to 450 m/kt!/°. To create measurement
redundancy, two matching orthogonal sets of single-axis sensors were designed into each module
body. To assess electromagnetic noise that could be caused by inductance of firing cables,
detonation of the chemical explosive, or even tunnel infrastructure, a placebo sensor with an
unstressed piezoelectric crystal was also included as a reference channel.
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Figure 2-1. Near-source accelerometer module

These modules were emplaced in three relatively deep near-source instrumentation boreholes had
length-to-diameter (I./D) ratios exceeding 400 and were planned at sub (45° below), super (45°
above) and near horizontal inclinations as discussed further in Section 3. The blind installation of
the near-source modules was planned on semi-rigid PVC pipe. While the emplaced module locations
were planned to effectively evaluate the motion generated by the source; the local azimuthal
orientation of the module within the borehole was to be measured with a Xsens inertial
measurement unit (IMU) with an attitude and heading reference system (including an independent
set of gyroscopes, accelerometers, and magnetometers) integrated into each module. The inertial
measurements were also designed to align the local sensor axis to the source cavity and allow us to
evaluate corrections to the primary accelerometer measurements using the roll about the axis of the
module caused by spurious pipe rotation or helical buckling of the conveyance pipe during
installation.

2.3. Drift Accelerometer Module

The seven drift modules utilized lower-range 50 g Dytran Corporation sensors and 500 g PCB
Corporation sensors designed to take measurements in scaled ranges from about 180 to 1000
m/kt'/3. The drift modules were emplaced and grouted into relatively shallow boreholes with L./D
ratios < 100. Drift instrumentation boreholes were to be drilled vertically into the invert or floor of
the U12p.06 drift tunnel as discussed further in Section 3. At these depths sensors modules were
mechanically aligned (radially) to the source therefore IMUs were deemed unnecessary.

24, Prototype Accelerometer Module

To assess the survivability of the modules at shock levels near the top of the sensors’ range, a
prototype near-source module was constructed using relatively short cables, a National Instruments
(NI) CompactDAQ Chassis, and several IEPE-compatible NI-9230 cards. To evaluate the modules’
performance, the prototype was then subjected to a 4 kilo-g shock with a 10% pulse duration of
about 0.9 ms. The resulting magnitude response (in dB) versus frequency (in Hz) is shown for the
event duration in Figure 2-2. The top frame represents the longitudinal response to the shock down
the axis of the cylinder (x- axis), which introduced significant modal oscillations in the orthogonal
axes. The center and bottom frames show the shocks applied to the module in the radial and
tangential directions, which introduced relatively little transverse signal. The sensors onboard the
prototype module survived over 70 mechanical shocks ranging from 40 to 4 kilo-g’s in the principal
directions.

11
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2.5. Accelerometer Module Data Cables

Long sensor datalink cables connected each of the near-field and drift modules to the accelerometer
DAQ location nearer the mine entrance at the 650 infrastructure alcove. Short cable lengths were
preferred, but lengths of < 1200 ft were required; to prevent excessive cable lengths from behaving
as an undesirable low-pass filter, a signal conditioner was used to drive current to the sensors. The
final cable design consisted of 12 pairs of stranded conductors that were both shielded and twisted
to minimize the datalink’s exposure from radio frequency and electro-magnetic interference
distortion. Each datalink cable bundle was also shielded and included a drain wire. Frequency
response of the installation’s design was calculated as a function of driving current (which raises or
lowers the maximum frequency response of the system), as governed by Equation (1):

10°
fmax = 27CIV] /(IC 5 EQ2-1
For an IEPE accelerometer, there is a tradeoff between the maximum frequency (f,,,) response
versus the instantaneous voltage (a function of measured acceleration), where cable capacitance (C)
and driving current (I) are constants. The expected sensor gain can be correlated to the sensor
range (in g) and the voltage range (+/- 5V). Table 2-1 gives each module’s sensor range, the
approximate gains, and expected cable capacitance of planned lengths.

12



Table 2-1. Sensor and Cable Parameters

Sensor Cable Drive
Sensor Range (g) Sensitivity Capacitance Current
(mV/g) () (mA)
Drift 50 100 36000 6
Drift 500 10 36000 6
Near-source 5000 1 36000 6

Assuming a constant driving voltage for an IEPE signal conditioner, a performance curve of the
maximum frequency response of the system can be plotted against a peak instantaneous
acceleration. The entire system’s spectral response (sensor to accelerometer DAQ) was assumed to
be limited by the DAQ sampling rates which were assumed to create an upper limit to performance
(Figure 2-3). An imposed 40 kHz Nyquist frequency creates a pseudo-performance ceiling from a
80kHz DAQ sampling rate, although the sensor performance was expected to exceed the system
ceiling at relatively low accelerations.

Frequency Amplitude Response

50000

Drift (50g)
40000

— Drift (500g)

——NMNear Source (S000g)

30000

Tiax (HZ)

20000

10000 AN

Acceleration (g)

Figure 2-3. Expected frequency response of drift and near-source cables

2.6.

The 650 alcove was designed to house a large portion of the underground DAQ infrastructure by
virtue of lowered ground motion as a function of distance from the source. It was located ~ 950 feet
from the experiment and connected to the IEPE sensor modules by cables that could be up to 1200
ft. long. The accelerometer DAQ equipment included a Pacific Instruments (PI) 6000 series IEPE
Acquisition System. Because our configuration used an analog sensor, we estimate accelerometer
DAQ sensitivity as a function of digitizer resolution, accelerometer internal amplification and
voltage range, which is shown in Table 2-2 as a function of nominally estimated sensitivity, a 16-bit
digitization scheme and two possible accelerometer DAQ range values.

Data Acquisition Facility
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Table 2-2. DAQ and System Sensitivity

Sensor . DAQ DAQ
Sensor Range (g) Sensitivity Rzg(iig;gé;i}‘s) Sensitivity (g) Sensitivity (g)
(mV/g) (+/- 5V range) | (+/- 10V range)
Drift 50 100 65536 0.0015 0.0030
Drift 500 10 065536 0.0153 0.0306
Near-source 5000 1 65536 0.1526 0.3052

The 650 facility (see Section 3) also housed several 6029 PI IEPE amplifier-digitizer cards packaged
into a 6000 series enclosure. The accelerometer DAQ system received a timing and firing pulse from
a separate underground integrated data acquisition (IDAQ) network, which was run into a Stanford
Delay Generator (SDG) to isolate potential noise on the trigger signal into the accelerometer DAQ.
The IDAQ network developed by Pacific Northwest National Laboratory (PNNL) was not only
used as a mechanism to distribute timing and firing signals, but also enabled data transfer and
remote operation of the connected systems from outside the tunnel. Accelerometer DAQ
components and the SDG were mounted into a rigid enclosure with cable breakout panels, a host
computer with non-volatile storage and uninterruptable power sources. To prevent ground motion
from damaging electronic components, wire-rope shock isolators were integrated into the feet of the
rigid enclosure, which was mounted into the P-Tunnel infrastructure (Figure 2-4).

[ 2]

L
b

Figure 2-4.
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3. INSTALLATION AND EMPLACEMENT

Key locations for the explosive chambers can be seen below in Figure 3-1. The first of the HE
experiments; PE1-A in the northernmost part of P-Tunnel known as the U12p.06 drift. The DAQ
infrastructure for the accelerometers was placed in the 650 Alcove, where ground motion was

predicted to be orders-of-magnitude lower.

EXP & G2

650 Alcove

Figure 3-1. P-Tunnel infrastructure and experiment locations

Near-source module boreholes were drilled in the west rib of the tunnel at sub, super and horizontal
inclinations, with conductor casing and closure flanges to support conveyance and grouting
operations; drift module boreholes were drilled vertically into the invert (Figure 3-2).

Exp A GZ

Figure 3-2. Instrument borehole locations
Near-source (left); Drift (right)

The accelerometer modules installed in sub-horizontal (AC-1, DA1-DA7) boreholes were conveyed
along with a removable tremie tube, which was continuously pulled out of the open hole as it filled
with grout. Instruments in super and horizontal boreholes (AC-2 and AC-5) were accommodated
with one or more tremies and the grout was pumped in stages. In AC-2, grout was pumped through

15



the closure flange into a tremie that ran to the toe of the well where grout was gravity-forced back
towards the flange. Air displaced by grout was allowed to return down the instrument’s conveyance
pipe, which was also run to the toe next to the nearest instrument (AC-2-1). Grout was pumped into
the borehole to ensure annular instrument coverage in several stages, which was observed with a
small borehole logging camera that imaged near-source instruments through clear PVC sections in
the conveyance workstring. This same process served as a secondary verification of the instruments
along the conveyance pipe, ensuring that they could be accurately logged at the desired depth in the
boreholes.

Figure 3-3 shows examples of typical instrument mounting on semi-rigid PVC pipe (clear and
opaque), including completed near-source rib mounted collars, and a grout-filled conductor casing
of drift boreholes within a vault box installed into the tunnel invert.

Figure 3-3. Typical: Instruments emplaced in drift vaults and rib collars.
PVC pipe (left top: drift, bottom left: near-source), completed drift conductor within vault box (top right) and near-
source conductor, collar (bottom left) and closure flange (bottom right)

In the final installation, we secured the instrumentation cable runs along the west rib (tunnel wall)
towards the 650 facility, where the cables were passed under minecar rails and connected to the
floor-mounted DAQ enclosure. Installation coordinates from GZ of the HE source are listed in
Table 3-1.

16



Table 3-1. Emplaced Instrument Locations and Source Range

Scaled

Delta Delta Delta Range Range Range*
Instrument | Easting (ft) | Northing (ft) | Elevation (ft) (ft) (m) (m/kt!?)
AC-1-1 10.27 4.71 109.25 109.83 33.47 132.01
AC-1-2 29.85 39.79 69.30 85.30 26.00 102.52

AC-2-1 3.17 3.03 -81.78 81.90 24.96 98.44

AC-2-2 35.23 34.98 -45.23 67.16 20.47 80.72
AC-5-1 -35.41 93.04 -3.53 99.62 30.36 119.73
DA-1 72.00 76.02 37.77 111.31 33.93 133.78
DA-2 12.14 280.81 38.32 283.67 86.46 340.95
DA-3 11.79 384.69 38.39 386.78 117.88 464.87
DA-4 11.49 468.80 38.86 470.55 143.42 565.56
DA-5 11.69 599.42 39.57 600.84 183.13 722.16
DA-6 11.76 676.54 39.48 677.79 206.58 814.64
DA-7 -3.26 788.08 39.95 789.10 240.51 948.43

* For 16.3 ton soutce

17




4, INSITU PERFORMANCE

4.1. Noise Assessment

To better account for the long cable lengths, we conducted a preliminary noise assessment to verify
the performance of the entire accelerometer system that was installed in the underground. These
assessments consisted of data collects during both quiet and highly active periods in the tunnel. For
example, when ventilation off and no personnel activity, as well as periods of significant activity
such as mining. Despite an incoming trigger, the typical zero offset or DC gain on the sensors was
shown to have a noise floor ~ 0.1% of the full-scale signal of a 50 g & 500 g drift accelerometer, on
all 148 channels (Figure 4-1, left). To evaluate the system’s upper frequency performance and
investigate any AC power coupling from the mine infrastructure, we used a spectral wavelet
transform across all channels. Interrogation of the spectral content of the instrument waveforms
during a quiet period in the tunnel illuminated the performance ceiling, which was expected to be >
5 kHz (Figure 4-1, right). Additionally, interrogation for 60 Hz AC power coupling into instrument
cables or DAQ) components was not present at substantial levels.
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Figure 4-1. Initial drift accelerometer noise assessment;
Noise floor and trigger response (left); Wavelet transform with no excitation (right).

4.2. Dynamic Response Testing

Once the instrument network was assembled, the dynamic response of the system was evaluated
using an accelerated weight drop (AWD) on the invert of the U12p.06 drift, creating vertical ground
motion to elicit accelerometer response. Additionally, a series of strikes were conducted over the top
of each drift vault at 1, 3, and 5 meter horizontal distances from the instruments locations. Due to
the extremely weak ground motion, noise floor, and resolution, the near-source accelerometers were
not able to resolve any excitation in either temporal or spectral analysis. The drift accelerometers’
temporal and wavelet transform response to the AWD excitation was favorable and consistent

across the drift accelerometer array; the 50 g orthogonal sets are shown as a typical example (Figure
4-2).
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Figure 4-2. AWD drift accelerometer response
Temporal response(top) and seismic wavelet transform (bottom)

4.3. Experiment Performance

On October 18, 2023, the chemical HE source was detonated, resulting in full data collection on all
148 channels. Seismic signals were recorded on all accelerometer channels at 80 kHz and all IMU
channels at 1 kHz. Only two channels experienced anomalous waveforms resulting in a 99% data
return rate. An example of the near-field response is shown below in Figure 4-3.

19



150 - AC-1-2 "Set A" Raw (Serial N2002) 150 DA-1 "Set A"(Serial D3003)
Vertical-A
Radial-A
100 - Transverse-A
—~ 50
()
T 2
= c
[=} \
B | S o
s [ b I
: g |
<< < |
50
00l -100 F
. -150 -
0 005 01 045 02 025 03 035 04 045 05 0 o1 02 § 03 04 05
Time (s) Time (s)

Figure 4-3. Raw waveform from near-source and drift accelerometers
AC-1-2 (left); DA-1 (right)

The further field accelerometers returned similar data quality, measuring accelerations close to 50 g
in DA-1 for the radial direction (Figure 4-3, right) as amplitude decayed with increasing distance
from the source. Ford (2020) predicts the transition to the linear (elastic) regime to start at
approximately 150 m/kt'/® which starts somewhere between DA-1 and DA-2. Stacked radial
waveform arrivals for the drifts are shown in Figure 4-4 showing reasonable transit times through
undeformed rock. Changes in the waveform are observable across the drift array as high frequency
components of the wave form are decrease along with the temporal amplitude as distance from the

source increases.
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Figure 4-4. Radial waveform from drift accelerometers
Trigger (top) and DA-1 to DA-7 (second from top to bottom)

Immediately after the experiment, the accelerometer data acquisition system was reconfigured to
collect data on remote triggering off the closest, high sensitivity DA-1 module at sensor responses
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close to AWD amplitudes with the intention of capturing aftershocks. Data capture was triggered by
a vertical ground motion threshold set by doubling the static noise floor of approximately 0.01 g
with a sample rate of 2 kHz. Oversampling occurred with over 4,000 records being created by the
accelerometer system over the course of several weeks.

Data exfiltration was accomplished remotely using the IDAQ, leading to data QC and minimal post

processing before uploading into the LYNM PE1 data repository for use by the wider science
community.
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5. CONCLUSIONS

The first chemical explosive experiment (Experiment A) in the PE1 series successfully generated and
collected prompt-free field ground motion data. Instruments designed and shock-tested for in-situ
emplacement survived the experiment and continued to be responsive after the experiment was
complete. Critical data was successfully acquired by the custom DAQ system, which was also
successfully isolated from potentially damaging ground motion. The infrastructure installed for
Experiment A will be repurposed for future experiments. Data from the experiments will be used to
validate computational models to continue to advance our scientific understanding of signal
propagation for underground explosions and, more specifically, how data from new experiments can
be combined with legacy UGT data to better reveal how differences in sources influence near-field
ground motion in volcanic tuff. Experience gained in this experiment will inform improvements to
design and emplacement of instrumentation development for subsequent B and DL experiments.
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