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Abstract: 
Questions have arisen regarding the applicability of seismic sensors to detect mining (re-entry) with a tunnel boring 
machine (TBM). Unlike cut and blast techniques of mining which produce impulsive seismic signals, the TBM 
produces seismic signals which are of long duration. (There are well established techniques available for detecting and 
locating the sources of the impulsive signals.) The Yucca Mountain repository offered an opportunity to perform field 
evaluations of the capabilities of seismic sensors because during much of 1996, mGing there was progressing with the 
use of a TBM. During the mining of the repository's southern branch, an effort was designed to evaluate whether the 
TBM could be detected, identified and located using seismic sensors. Three data acquisition stations were established in 
the Yucca Mountain area to monitor the TBM activity. A ratio of short term average to long term average algorithm 
was developed for use in signal detection based on the characteristics shown in the time series. For location of the 
source of detected signals, FK analysis was used on the array data to estimate back azimuths. The back azimuth from 
the 3 component system was estimated from the horizontal components. Unique features in the timing of the seismic 
signal were used to identify the source as the TBM. 

Introduction: 

Figure 1 
YMP Mine Layout 

There are various possibilities of storing nuclear material, all of which include some form of burial in a stable 
geological media. Once a suitable repository is determined to be safe from environmental leakage, another issue arises. 
Currently there is no known technique which could prevent a state willing to recover the stored material from doing so. 
Thus, repositories containing irradiated fuels, because of their plutonium content, will have to be safeguarded by the 
International Atomic Energy Agency (IAEA) for as long as deemed appropriate by the international community. To 
counter such an event, it is thought a local seismic net installed about the repository would detect any reentry attempt. 
The Yucca Mountain repository offered an opportunity to perform field evaluations on the capabilities of seismic 
sensors. During much of 1996, a Tunnel Boring Machine (TBM) was being used to mine a five mile long tunnel 
(Figure 1). During the mining of it's southern branch, an effort was designed to evaluate whether the TBM could be 



detected, identified and located using seismic sensors. To accomplish this goal, seismic sensors were installed at three 
sites located at different ranges and azimuths. The different station ranges give an idea of what the limits of detection 
are with increasing range. This paper is limited to a TBM source and other sources or mining activities may require 
different methods of analyses. 
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Experimental Description: 
Unlike standard cut and blast techniques of mining which produce impulsive seismic signals, the TBM produces a 
signal of long duration which slowly emerges out of the noise. There are well established techniques for detecting and 
locating the sources of impulsive signals. This is not the case for a TBM source. The TBM emits very low amplitude 
signals over a long period of time and the seismic energy will be only slightly above the ambient seismic noise. This 
makes detection difficult and with the emergent nature of the signal, location is also difficult. Three data acquisition 
stations were established in the Yucca Mountain vicinity to monitor the TJ3M activity. Two of these stations were 3 
element arrays of vertical sensors and the other was an orthogonal 3-component sygem. Figure 2 shows the locations 
of the three sites along with the extent of the southern branch of the tunnel that was mined during the experiment's 
tenure. Station UZ14 is a 3 element vertical m y  at a range near 5 km from the TBM and with the elements separated 
by about 100 m. Station SD7 is also a 3 element vertical array with about a 50 m-gauge separation at a range of about 1 
km. WT17 is a 3 component system with the two horizontal components aligned east-west and north-south at a range 
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Figure 2 

All the sensors installed were Model GS-13, spring mass seismometers. The gauges were placed in 1 meter holes 
which were completely filled with sand. UZ14, the larger site was located on a drilling pad situated in a valley whose 
axis trended to the northwest. SD7 was in a much more confined space and located on the edge of a butte. WT17 was 
situated in relatively flat surroundings compared to UZ14 and SD7. The analog data at each station were converted to 
24 bit digital data at a rate of 125 sampleshec and recorded on a 1 GB hard drive. This allowed for continuous 
operation in the field for up to 4 days before data was downloaded to a laptop and recording restarted. Thus, the system 
needed to be interrupted only twice a week. Data collection began on day 3 10 (Nov. 5,1996) and was terminated on 
day 352. The activity of the TBM was determined solely kom the mining logs kept by the operators. The recorded 
times were listed to the minute and are probably good to within a couple of minutes which is reasonable for our 
purposes. The locations of the TBM during operations are not known exactly. TBM surveys are done at the end of 
each shift and we have the locations at the start of the day shift (08:OO PST). Obviously, with mining proceeding 
during the day, any location we have is an interpolation between surveys. 

Identification and Detection: 



It is assumed that any detection scheme should be automated. Because the TBM signal is of such low amplitude, if we 
wish to avoid numerous false alarms, then characteristics unique to the TBM must be utilized. One of the standard 
detection methods is the short term, long term average. This method calculates some measure of the signal amplitude ( 
energy) in two time windows of differing lengths. If the short term average changes abruptly due to a signal anival, the 
long term average wilI remain relativeIy stable and only be slightly perturbed. However, the ratio of the short term to 
long term average will increase to some threshold. 

An example of TBM signals is shown in figure 3. This signal was detected at all the stations. When the TBM is 
operating, it shows an increase of amplitude for several minutes followed by a period of relative quiet. This 
corresponds to mining with the TBM followed by a setup for moving and re-gripping to the tunnel ribs. These time 
intervals can vary, but the process is repeated over several hours as long as the TBM is in a suitable medium. This was 
the situation in the early segment of the experiment when the TBM was in competent rock (tuff). In the later stages of 
monitoring the TBM, a fault was crossed and very sandy, loose material was encountered. During this time interval, 
very little mining was accomplished due to the inability of the TBM gripping well t'o the tunnel ribs. This caused the 
TBM to be very ineffective in mining and a reduction in seismic coupling. This lack of coupling the source to the 
ground produced signals with jagged envelopes compared to the relatively smooth rectangular envelope in the earlier 
stages. Although the signals encountered in this environment might not be identified with a TBM, the pace is so slow 
that one would question the need of using a TBM in such circumstances. 
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Figure 3 

To accomplish our task, an algorithm based on a modified long term to short term ratio was developed for use as a 
signal detector and identifier. This detection scheme is based on the characteristics shown in the time series. The basic 
properties are the steady amplitude envelope of the signal and it's duration. Very few local signals would last several 
minutes and the detection algorithm uses this fact. To fit our purposes, the long term is averaged over 75 seconds and 
the short term is averaged over 15 seconds. In addition, the threshold ratio must be maintained for at least 100 seconds. 
This effectively eliminates any local explosions which may have a 10 second duration. At present, the signal duration 
and the constant amplitude envelope are the only method of identifying the TBM. The are no frequency bands in the 
spectrum associated with the TBM. A small subset of the data was chosen to apply the detection algorithm. This 
included days 3 19,320,32 1 , and 325. Table I show the results of the detection analysis. Each day contains the number 
of TBM detections, the number of missed detections, the number of events triggered at all the stations and the number 
of events which triggered by at least two stations. False alarms were caused by miscellaneous activities such as ground 
support, shift changes, and rock bolt drilling. The maintenance of the TBM seems to cause considerable noise and 
since this is associated with TBM activity, it is not registered as a false alarm. The TBM log does list other types of 
activities when triggering occurred and it is assumed these operations are what produced the detection. All these 
operations are put into the false alarm category. 



Table I 

31 9 
320 
321 
325 

Total No. of TBM Missed Detections False Two Trigger Three Trigger 
Events Alarms Detectin Detection 

23 2 7 a 7 
15 3 13 4 3 
19 4 9 a 7 
14 7 9 10 6 

Listing of Various Detections on Four Days of Mining. 

The TBM logs listed 71 TBM boring operations occurring during the four days listed in Table I. These TJ3M 
operations would run for varying lengths of time, some for 5 minutes, others for an hour. It is possible to have several 
detections within the hour and if this occurred, it was counted as a single event. Of the total of 71 TBM mining 
operations listed in the logs, the closest station (SD7) at a range near 1 km detecte’d 61 (85.9Y0) and WT17, the next 
closest (-3 km) detected 63 (88.7%). UZ14 was at the furthest range near 5 km and detected the least number: 37 
(52.1%). Almost all the missed detections were due to excessive noise prior to TBM operations. This caused the 
threshold ratios to be too low for a trigger. That is; the long term average was higher than usual lowering the ratio 
average. Not surprisingly, the closest stations had the most TBM detections and the furthest station (UZ14) the least. 

Location: 
Standard techniques of locating earthquakes depend on identifying wave types and noting their arrival times. These 
methods are heavily weighted on the first arrivals since the initial time is not contaminated by the coda of the event and 
greater timing accuracy can be attained. Unfortunately, this method is not possible when analyzing small continuous 
signals. In the case of the example shown earlier (Figure 3), the signals are very emergent and determining a first 
arrival to a reasonable degree of accuracy is impossible. To work around this situation, some method other than timing 
needs to be applied. This involves using ampiitudes to estimate the arrival angle (back azimuth). I f  these angles are 
known along with station locations, lines can extrapolated back from two stations and their intersection yields the 
approximate epicenter. Two methods are chosen which require analyzing at least two stations to obtain their back 
azimuths. These methods depend on the type of station under consideration (array or 3-component). The first applies 
FK array analysis. The second method determines the back azimuth at the station WT17 by vectoring the horizontal 
components. These stations are all located in rugged terrain in which the waves can scatter off the uneven free surface 
or objects with differing impedance contrasts and produce variable back azimuths. Although the spectra is broadband, 
a series of low frequency bands are used to enhance stability and yield better results. The FK analysis is performed 
over frequency 4 bands, 1-3,2-4,3-5,and 4-6 Hz. The higher frequencies produced considerable variability in back 
azimuths due to the shorter wavelengths which are much more susceptible to scattering. There is considerable amount 
of energy above 6 Hz, so much of the signal is not used. Although lower frequencies reduce scattering, lateral 
heterogenities still exist which bend the rays and bias the back azimuths. To eliminate this bias, events in day 3 19 are 
used as a calibration set in which an average back azimuth is found and compared to the known azimuth to allow for a 
correction in each frequency band. In all cases, the analysis is applied to a 200 second window during TBM operations. 
The back azimuths are given in Table I1 along with the standard deviations associated with the averaging. 

Day 31 9 WT17 
north (Volts) east (Volts) Back Azimuth degrees 

Mean 133.01745 
STD 1 S632645 

Mean 
STD 

Day 319 UZ14 
freq. 1-3 freq. 2-4 freq. 3-5 freq. 4-6 

11.231563 9.1304801 4.9165028 4.7062775 
160.44 169.08333 151.18 149.92857 

Day 319 SD7 
freq. 1-3 freq. 2-4 freq. 3-5 freq. 4-6 

Mean 130.34286 120.01429 I 12.22857 ioa.ia57i 



STD 4.2914089 1.4507798 1.155731 1 3.4498447 

Table I1 
Back Azimuth Estimates in Degrees for Each Station 

In this analysis, it has been assumed that the bias is due entirely to the propagation path. However, this is not 
necessarily the case. Another factor which can affect amplitudes and therefore corrections in the 3-component system 
is a radiation pattern associated with the source. Both the FK and vector analysis use a 200 second window in their 
estimates and these signals not only include longitudinal waves, but also shear waves. A shear wave is polarized 90" 
with respect to the longitudinal wave so they can distort the vector. This is critical in the 3-component systems since 
horizontally polarized shear waves are always generated even with presumably purely compressional sources such as 
explosions. Arrays are dependent on coherency, not wave types and are not critically affected by the radiation pattern. 
In Table 11, the 3-component station WT17 has a stable vector angle between 130" and 135". The true bearing is about 
165" towards the station. Le. This is a back azimuth of 345". Thus a correction ofjOo must be added to get the proper 
back azimuth. If the source has a significant radiation pattern, this method is not valid since the bias correction would 
also be dependent on the source. If the source was moved to another location, the bias would change. 

We can get an idea of how well the locations are going to be determined by the stability of the back azimuths of the 
calibration set. Table Il indicates that the two closest stations SD7 and WT17 have the least variation in the angles. 
The furthest station, UZ 14, has the greatest variation, up to 1 1 O and a true bearing of 165". Table I1 indicates that the 
bias increases with increasing frequency bands with a similar trend at the SD7 station. SD7's true bearing is 127". The 
scatter in station UZ14 would have been worse if several of the angles were not stricken from the table because they 
were outliers. This was done to eliminate wild variations in the angles. Thus it can be surmised from analysis that 
station UZ14 produces the greatest scatter and stations WT14 and SD7 the least. 

Only those events that were detected at all three stations are used in the location analysis. The results are shown in 
Figures 4 and 5. Included in the plots are the TBM location on day 319. From day 3 19 to day 325, the TBM moved 
east about 40 m. The locations found using the two arrays (figure 3) not only show considerable scatter in the results, 
but they lie along a line collinear with the SD7 site. This indicates a consistent back azimuth found at station SD7 and 
highly variable results from UZ14 station. The average deviations in the range differentials between the approximate 
TJ3M position and the calculated location are about 1500 m. 

Loutioru from SO7 and uL14 

In contrast to this bleak picture, figure 5 shows a much more promising result. These locations were determined from 
the SD7 array and the 3-component WT17 station. Unlike station UZ14, Table I1 indicates that both stations, SD7 and 
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WT17 have very low standard deviations in the back azimuths of day 3 19. This translates into much less scatter in the 
locations with average deviations in the range differentials of about 300 m, a five fold decrease in error compared to the 
SD7 and UZ14 calculation. This improvement can be attributed to better signal to noise ratios ( S / N )  of the closer 
stations SD7 and WT17. No analysis was done on the WT17 and UZ14 pair since the stations were almost collinear 
with the TBM source. Any slight error in angle would produce a large error in location along the line connecting the 
stations. 
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Figure 5 
Conclusion: 
Under normal operations the TBM is easily identified by the signal envelope and it's duration. These properties are 
used to develop an automatic detection algorithm. We have shown that a TBM can be detected out to a range of 5 km 
under conditions that are not optimal. Sensors within 3 km were able to detect over 85 % of the TBM operations in a 
four day window. At 5 km, the detection dropped to 52%. Locations are highly dependent on S/N characteristics. 
Epicenters determined from stations SD7 and WT17, the closest stations, were found to be an average of 320 m from 
the TBM. Stations SD7 and UZ14 results were less encouraging with locations averaging 1500 m from the TBM. 
UZ14 was 5 km from the source and the signals to noise ratios were much less than at other stations. 

This experiment is by no means in an optimal configuration. There are several factors that can enhance these 
operations. The Nevada Test Site (NTS) is not blessed as a homogeneous, isotropic medium for the propagation of 
seismic waves and back azimuths can be skewed by the rough irregular geological features. In other more 
homogeneous media, such as salt, we would not have to contend with such difficulties and location of epicenters should 
be more reliable. Another factor that would improve detection and location is placing the sensors in boreholes. This 
would reduce the surface noise and lessen attenuation through the weathered zone. It would also improve gauge 
reliability by providing a stable environment for the sensors to operate. One can be optimistic that under better 
conditions (more isotropic, less attenuating media), detection and location will improve. 

DISCLAIMER 

This report was prepared as an a m u n t  of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise docs not necessarily constitute or imply its endorsement, ream- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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