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ABSTRACT: Hager GeoScience, Inc. (HGI) has been monitoring tunnel boring machine (TBM)
vibrations associated with mining of the MetroWest Water Supply Tunnel, a 17.6-mile long, deeprock, pressurized tunnel outside Boston, Massachusetts. The purpose of the monitoring is to detect
TBM-induced vibrations and characterize their waveforms, to study the potential impacts on residences above and adjacent to the tunnel alignment. The monitoring is being conducted at the
ground surface as the TBM passes underneath the sensors at depths between 200 and 450 feet.
Monitoring is performed using commercially available seismographs and amplifiers. Data are
analyzed using signal analysis software developed by HGI. TBM mining has been occurring simultaneously along three tunnel headings with variable geologic settings. HGI has monitored at
locations along each heading.
1 PROJECT BACKGROUND
The MetroWest Water Supply Tunnel (MWWST) is a 17.6-mile long, deep-rock pressurized tunnel
currently under construction in eastern Massachusetts. It was designed to provide a redundant water supply for metropolitan Boston communities served by the Massachusetts Water Resources
Authority (MWRA). Presently, water is supplied by the aging Hultman and Weston aqueducts.
The MWWST is broken down into three tunnel construction contracts (Fig. 1). From west to east,
the sections are as follows:
• Construction Package 1 (CP-1) – Approximately 4.9 miles of tunnel from Shaft D in Marlborough to Shaft E in Southborough.
• Construction Package 2 (CP-2) – Approximately 12 miles of tunnel from Shaft D in Southborough past Shaft L in Framingham to the Wye Intersection in Weston.
• Construction Package 3 (CP-3 & CP-3A) – A “Y” shaped tunnel segment from the Wye Intersection to Shaft 5A and from the Wye intersection to Shaft W. All CP-3 tunnel segments are
within the town of Weston.
The excavated diameter of the tunnel is approximately 16 feet. Two identical Robbins beamdriven Tunnel Boring Machines (TBMs) were assembled in Shaft L, one to mine westward to Shaft
E, the other to mine eastward to the Wye Intersection in Weston. A third, Construction Tunneling
Services “shuffle shoe” TBM was assembled in Shaft E to mine westward to Shaft D. After completion of the CP-2 west tunnel segment in April of 1999, the TBM was disassembled and moved
to Shaft 5A to mine the CP-3 tunnel segment.
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Figure 1. Monitoring locations and cross-section along the MetroWest Water Supply Tunnel.

2 TECHNICAL APPROACH
2.1 Objective
The foremost objective of the TBM monitoring program was to monitor the vibration levels at residential structures to assess whether structural damage could be caused by TBM mining. Of secondary concern was the annoyance factor that could surface if TBM vibrations were perceptible to the
humans and animals residing above the tunnel alignment. Based on previous research and reasonable application of theory, it was known that the vibration levels that could be expected at the surface would be primarily a function of geological and geometric factors. These include depth of
mining, soil-to-rock ratio, rock and soil types, bedrock structures, groundwater conditions, and direct distance to the TBM. Other factors include the operational characteristics of the TBM and the
nature of engineered structures housing the humans and animals.
It was also known that TBM vibrations for this project would be harmonic with low signal
strengths. The threshold of human perception of ground vibration is arguable, but it is widely accepted that the lower limits of human perception of ground vibrations from blasting range from approximately 0.04 to 0.05 in/sec at frequencies between 20 and 80 Hz (Bollinger, 1980). The Bureau of mines Report of Investigations 8507 (p. 64, Figure 61) shows that the lowest perceptible
level of steady state vibrations is approximately 0.0085 in/sec at a frequency of 3 Hz, and greater
than 0.01 in/sec for frequencies between 20 and 80 Hz. This report also cites Goldman (1948) who
states that at 10 Hz the lower limit of “slightly perceptible” steady state vibration levels to humans
is 0.0086 in/sec.
From the above information, it is clear that a wide range of signal detection would be required
to measure vibration levels that cause structural damage suggested by the USBM/OSM charts, and
to detect TBM vibrations at all levels to avoid uncertainties.
Therefore, the HGI goal was to design a cost-effective monitoring program for the project that
would not turn into a major research project and would provide timely information for processing
complaints. The challenge to HGI was to design a monitoring system that would use commercially
available equipment and analyze a wide range of signal strengths.
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In order to satisfy the stated project concerns regarding TBM vibrations, the concept of the
monitoring program was to gather empirical data regarding the change in vibration levels as the
TBM advances on a stationary object. It has already been shown from previous studies that the decay rate of the vibrations is not linear and can be expressed as a function of the inverse of the distance squared. However, the harmonic waveforms produced by the TBM are directional and vary
in their initial and sustained power levels due to mechanical and other factors. In addition, the 2-D
geometry of the system defining the stationary monitoring location and the deep-seated, continuously moving TBM are constantly changing.
2.2 Field Program
After successfully conducting a pilot program in Framingham, MA in June of 1998, HGI designed
a full-scale monitoring program for the MWWST. A total of nine monitoring locations were chosen
by the MWRA, the Construction Manager (Stone and Webster), and HGI. Eight of the monitoring
events have been completed to date, as shown in Figure 1. Locations were chosen for proximity to
residential areas and individual structures, ease of access, and coverage of a variety of rock types
and mining conditions over the length of the tunnel. Using a combination of commercially available seismographs and custom signal processing software, HGI developed a system that is portable,
economical, and can be operated by one person.
Data were collected with commercially available single-channel seismographs manufactured by
GeoSonics Inc. Two different models were used, an SSU 2000DK and an SSU 3000LC, each
equipped with a three-component geophone and 100x signal amplifier. The SSU 2000DK seismograph continuously produces a 15-second record for every minute of monitoring time. This recording interval allowed for statistically representative continuous collection of data for extended
periods. The SSU 3000LC produces continuously recorded data for approximately 20 minutes. A
sampling frequency greater than 300 samples per second was chosen to obtain signal frequencies
within the range of 0 to 160 hertz (Hz).
An HGI field vehicle housed the monitoring system, which was comprised of the two seismographs, two amplifiers, and two laptop computers. Most of the monitoring locations were in residential neighborhoods where a low profile was preferred. Geophones were placed within 10 feet of
the structure in a shallow hole. A 12-inch spike coupled the geophone to the ground; loosely filled
sand bags were placed on top. On one occasion, a geophone was placed in the basement of a residence located directly over the path of a TBM.
Monitoring was to commence when the advancing TBM was approximately 100 feet in front of
the geophone, and continue until the TBM had passed approximately 100 feet beyond it. The objective was to collect several “on-off” cycles of mining at various distances from the geophone location. Cycles with short off periods represented re-grip cycles of the TBM and were most desirable for recording (Fig. 2). The two TBMs operating in the CP-2 tunnel segments stopped to reset
the grippers that hold them in place during mining after each six-foot “push.” Long off cycles usually represented maintenance down-time; these required longer stand-by time by HGI personnel
and proved to be unpredictable mining periods. The CP-1 TBM is capable of continuously mining
while advancing. Off cycles were, therefore, more difficult to detect.
A major obstacle associated with each monitoring event was for HGI to accurately locate the
vertically projected TBM position on the ground surface at any given time, and to deploy the
monitoring equipment and personnel when the TBM was in a full-scale mining mode.
When possible, HGI personnel maintained radio or telephone contact with the Construction
Manager or Contractor to confirm the TBM status. On some occasions, HGI personnel were stationed at the Contractor’s field office to ascertain the status of the TBM and to radio/telephone the
information to monitoring personnel. Data streams were periodically sampled during data collection to assess the operating status of the TBM. When the TBM appeared to be operating, the seismographs were triggered to collect continuous data. On some occasions monitoring periods lasted
several days with monitoring activity 24 hours per day.
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Figure 2. Example of waveform graph showing on-off cycle of TBM.

3 DATA PROCESSING AND ANALYSIS
Once collected, TBM monitoring data were transferred to a computer. Data transfer was accomplished by diskettes and direct serial connections for the SSU 2000DK and SSU 3000LC, respectively. Complete digital waveform files were created for each 15-second record from the SSU
2000DK. With a sampling rate of over 300 samples per second and a three-component geophone,
each 15-second record generated approximately 15,000 pieces of data.
Data analysis was performed using software developed by HGI. EVT is a proprietary signal
analysis program capable of chaining multiple seismic files together into a continuous record and
analyzing them as a whole. The program has a full suite of signal filters and frequency analysis
utilities. EVT is capable of streaming together several records for analysis. The number of records that can be analyzed is limited only by the hardware configuration being used.
Shift reports provided by the Construction Manager were used to confirm signals representing
TBM mining. The mining times and mined distances in each shift report were used to calculate a
mining rate. This rate was used to plot the TBM location at any time during the mining periods.
Figure 3 shows the time-distance relationships of the TBM monitoring periods. The figure also illustrates the difficulty of optimizing the use of personnel during the monitoring event.
Unfiltered and filtered waveform and spectral amplitude graphs were prepared to evaluate the
peak and steady-state particle velocities, frequency range and distribution, and energy associated
with signal frequencies. This information can be obtained for each wave component and for any
time period desired. Using switches and cursors, portions of the wave components can be isolated
and evaluated in detail. Figures 2 and 4 are examples of waveform and spectral amplitude graphs.
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Figure 3. Time-distance relationship of a TBM monitoring event.

Figure 4. Example spectral amplitude graphs.

4 PROGRAM RESULTS
Many factors influence the effect of harmonic waves produced by the TBM as they travel through
the earth. Key parameters include the travel distance, path, and media, geologic structures, and
groundwater conditions. It is beyond the scope of our project to measure the effect of these parameters under controlled conditions. HGI’s objective was to design a cost-effective method to
measure the range of TBM vibrations using available equipment and propriety software. However,
a few observations can be made that may relate the measured TBM vibration characteristics to
some of the key parameters mentioned above.
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Figure 5. Change of steady state particle velocity with distance of the TBM from the monitoring location.
Positive numbers represent distance to the advancing TBM. Negative numbers represent distance to the departing TBM.
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Table 1. Relationship between geologic conditions and maximum steady state vibrations, with associated
predominant maximum and minimum frequencies.
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Figure 6. Change in steady state particle velocity with distance from the TBM. Positive numbers are distances to the advancing TBM. Negative numbers are distances to the departing TBM.

7

North American Tunneling ' 00, Ozdemir (ed.) © 2000 Balkema, Rotterdam, ISBN 90 5809 162 7

Figure 5 shows the change in frequency with distance of the TBM from the monitoring station
in both the advancing and departing stages of mining at three of the monitoring locations. The
Flanagan and Sears Road locations show a pattern typical of most of the monitored sites. The center frequency value increases slightly for vibrations from an advancing TBM. The frequency values
remain constant or decrease slightly as the TBM reaches and passes the monitoring location. At
these locations, the frequency ranges with the higher spectral amplitudes are similar.
The results from monitoring at the Northborough Road site depart from the typical pattern of
center frequency changes with distance from the monitoring location. The center frequency at this
site drops significantly as the TBM approaches and reaches the monitoring location. The center
frequency then rises dramatically in two stages until it remains constant or decreases slightly approximately 100 feet beyond the monitoring station. This pattern is confirmed by a geophone located within the basement of a house directly over the tunnel alignment. As expected, the center
frequency measured on a concrete floor inside the structure was lower than that measured outside it
in the soil.
The maximum steady state vibrations measured for the eight monitoring locations, and the
maximum and minimum frequencies measured during the periods of maximum steady state vibrations are shown in Table 1. This table also summarizes the key factors affecting the characteristics
of TBM vibrations.
Figure 6 shows the change in steady state particle vibration levels with distance from the TBM
for the same three monitoring locations. The pattern observed at these sites is to be expected and is
similar to that at the remaining sites. The steady state vibration level rises and falls as the TBM approaches and leaves the monitoring location. The significantly larger increase in steady state peak
particle velocity measured at the Northborough Road location correlates with the dramatic changes
in center frequency values measured at that site.
5 CONCLUSIONS
The peak particle velocities of TBM vibrations measured to date achieve levels that are perceptible
by humans. Using the USBM criteria (Siskind et al. 1980), most of the TBM steady state peak particle velocities and the frequencies of the associated vibrations measured for this project should not
cause structural damage. However, the criteria do not address the effect of very low frequency vibrations on structures.
In addition to distance and geological factors, mechanical factors also affect the measured TBM
vibration levels. The steady state particle velocities measured at any distance interval can vary due
to the operational characteristics of the TBM. In many instances, the thrust of the TBM can change
depending on the cutting action and condition of the TBM parts. Figure 2 shows the variability of
the waveform peaks and steady state vibration levels. A typical mining cycle shows higher vibration levels at start-up, followed by a drop to a slightly lower level during prolonged mining periods.
If we include geologic information with the observations above, we can conclude that the vibration characteristics observed at the Northborough Road site are related to the geologic fault structures shown in Figure 7. Most of our experience with measuring higher frequency vibrations on or
inside structures indicates that the energy is usually attenuated at the structure/ground interface.
Consequently, the vibration levels measured at these locations are lower than those in the adjacent
natural ground. In the case of the Northborough Road site, the highest vibrations and the lowest
frequencies were measured on the concrete basement floor of a structure as the TBM was mining
beneath it. The characteristics of the vibration frequencies measured at this site suggest that the
source of these vibrations may be less related to the grinding action of the TBM cutters than to rock
movement created by difficult mining in highly fractured rock. Naturally occurring earthquakes
exhibit low frequencies, usually in the range from less than 1 Hz up to 20 Hz (Dowding, 1985,
p 66). It is reasonable to assume that the very low frequencies measured at the interior and exterior
monitoring locations of the Northborough Road site reflect micro-seismic events caused by mining
rock rubble and fractured rock zones directly below these stations (Fig. 7).
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Figure 7. Geologic setting below the Northborough Road monitoring location showing orientations of fault
and shears.
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